
Vol.:(0123456789)

https://doi.org/10.1007/s10853-026-12458-9

J Mater Sci (2026) 61:10113–10130

Chemical routes to materials

Exploring the role of hydrolyzed Nb2O5 surfaces 
in manganese ion adsorption

Allef Leite1,2  , Jeferson Almeida Dias3  , Gelson Tavares da Silva4  , Rodrigo Leandro Bonifácio5  , 
Caue Ribeiro1  , Vagner Romito de Mendonça6  , and Tania Regina Giraldi7,* 

1 Nanotechnology Laboratory for Agribusiness, Embrapa Instrumentation, Rua XV de Novembro, 1.452, São Carlos, SP 13560‑970, 
Brazil
2 São Carlos Institute of Chemistry, University of São Paulo, Avenida Trabalhador São Carlense, 400, São Carlos, SP 13566‑590, Brazil
3 School of Applied Sciences, Metallurgy Laboratory, State University of Campinas, Rua Pedro Zaccaria, 1.300, Limeira, SP 13484‑350, 
Brazil
4 Department of Chemistry, Interdisciplinary Laboratory of Eletrochemistry and Ceramics, Federal University of São Carlos, 
Rodovia Washington Luís, Km 235, São Carlos, SP 13565‑905, Brazil
5 Chemical Analyses Laboratory, Poços de Caldas Laboratory, Brazilian Nuclear Energy Commission, 
Rodovia Poços de Caldas/Andradas Km 13, Poços de Caldas, MG 37719‑005, Brazil
6 Federal Institute of Education, Science and Technology of São Paulo, Avenida João Olímpio de Oliveira, 1.561, Itapetininga, 
SP 18202‑000, Brazil
7 Institute of Science and Technology, Federal University of Alfenas, Rodovia José Aurélio Vilela, 1.999, Poços de Caldas, MG 37715‑400, 
Brazil

ABSTRACT
This work investigates the adsorption of Mn2+ ions on hydrothermally synthe-
sized Nb2O5 nanoparticles obtained via an oxidant peroxo method, with par-
ticular emphasis on the role of functional groups present on the nanoparticle 
surface. Orthorhombic Nb2O5 was formed at a mild temperature (100 °C), yield-
ing nanocrystalline particles with high colloidal stability and a strongly negative 
surface charge. FTIR and zeta potential analyses reveal a carbonyl and hydroxyl-
rich surface that promotes electrostatic attraction toward Mn2+ species. Adsorp-
tion experiments demonstrate rapid Mn2+ uptake, reaching equilibrium within 
minutes, with kinetics best described by a pseudo-first-order model, indicating 
a physisorption-dominated process. Equilibrium data are best fitted by the Fre-
undlich and Redlich–Peterson isotherms, reflecting surface heterogeneity and 
multilayer adsorption, with an experimental adsorption capacity approaching 
116.67 mg g−1. These findings demonstrate that hydrolyzed Nb2O5 is an efficient 
and tunable adsorbent for Mn2+ removal, offering strong potential for water treat-
ment and environmental remediation applications.
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GRAPHICAL ABSTRACT

Introduction

Inorganic materials play a crucial role in a wide 
range of technological applications. Precise tuning 
of their surface properties is essential to optimize 
their overall performance. A detailed understand-
ing and control of these properties can significantly 
enhance their effectiveness in photocatalytic, ther-
mocatalytic, and adsorption processes. Among these 
materials, niobium pentoxide (Nb2O5) has attracted 
considerable attention in catalysis and adsorption 
due to its distinctive characteristics, including poly-
morphism and surface chemistry [1, 2]. Nb2O5 is of 
notable technological relevance, owing to its unique 
chemical and physical properties [3]. These attrib-
utes render it a highly promising material for diverse 
applications, such as gas sensing devices [4], pho-
tovoltaic solar cells [5], electrochromic systems [6], 
supercapacitors [7, 8], and adsorbent materials [9, 
10]. In addition, niobium oxides are integral to vari-
ous catalytic processes [11, 12], functioning either as 
the primary active phase [13] or as a support mate-
rial that enhances overall catalytic performance [12, 
13]. A remarkable feature of Nb2O5 is the coexist-
ence of Brønsted and Lewis acid sites, which endow 

it with amphoteric behavior, allowing it to act as 
either an acid or a base depending on the reaction 
medium. When Nb2O5 exhibits Brønsted acidity, 
the proton-donating groups are commonly repre-
sented as protons (H+) bonded to surface oxygen 
atoms, forming hydroxyl groups (-OH). Basic sites 
are typically attributed to oxygen ions (O−), which 
arise either through proton dissociation or via the 
dehydration of adjacent surface hydroxyl groups 
[14]. These intrinsic acid–base properties signifi-
cantly influence the material’s adsorption behav-
ior, impacting reaction mechanisms and enhancing 
selectivity in various chemical processes. The ver-
satility of Nb2O5, driven by its structural and elec-
tronic properties, continues to make it a subject of 
extensive research. In the present work, we focus on 
its adsorption potential for manganese. Although 
manganese occurs naturally in soil, air, water, and 
food and is an essential trace element involved in 
regulating metabolic processes in living organisms 
[15], both deficiency and excess can have deleteri-
ous effects, potentially causing severe harm or even 
death. This toxicity is primarily associated with the 
formation of complexes between manganese and 
enzyme functional groups within biological systems 
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[16]. Consequently, manganese is considered a rel-
evant contaminant in water environments.

Various types of adsorbents have been reported 
in the literature, specifically for the adsorption of 
Mn2+ ions. Kan et al.[17] investigated the adsorp-
tion of Mn2+ onto iron oxide-coated sand adsorbents 
under varying pH and temperature conditions. 
Equilibrium studies indicated that adsorption fol-
lowed both Langmuir and Freundlich isotherms, 
suggesting monolayer coverage and surface het-
erogeneity, with good affinity for Mn2+ (b = 1.656 
L mg−1, Qmax = 0.884 mg  g−1). Kinetic data best fit 
the pseudo-second-order model, implying a chem-
isorption-controlled process. Fikri et al. [18] exam-
ined the impact of different thicknesses of zeolite 
and activated carbon media adsorbents on reduc-
ing manganese concentrations in wastewater from 
nondestructive testing processes. They varied the 
adsorbent thickness between 40 and 80  cm and 
achieved a maximum Mn2+ removal efficiency of 
80%. Radoykova et al. [19] explored the removal of 
Mn2+ ions onto hydrolyzed lignocellulosic materials 
(HL) and alkaline-treated hydrolyzed lignin (AAHL) 
derived from paulownia, wheat straw, and maize. 
Adsorption followed the Langmuir model, indicat-
ing monolayer adsorption with parameters depend-
ent on the material and treatment. The adsorption 
capacity (Qmax) of HL materials was approximately 
twice that of AAHL samples, highlighting the influ-
ence of material structure. Specific surface area (S0) 
and adsorption capacity per unit surface (qs) were 
analyzed, with pAAHL(p) exhibiting the highest qs 
(0.58 mg m−2) despite having the lowest surface area.

Although Nb2O5 has been incorporated into com-
posites or mixed oxides for Mn2+ removal [20–22], 
existing studies do not isolate the intrinsic contri-
bution of Nb2O5 itself, nor do they examine how 
hydrolysis-driven surface reconstruction affects its 
adsorption behavior. Most reports employ Nb2O5 as 
part of multi-component matrices, making it difficult 
to discern how surface hydroxylation, acid–base site 
distribution, or crystallinity influence Mn2+ uptake 
[23]. To the best of our knowledge, no work has sys-
tematically evaluated Mn2+ adsorption on hydrother-
mally treated and hydrolyzed Nb2O5 obtained via 
an oxidant peroxo route, nor correlated the degree 
of surface hydroxylation with adsorption capacity. 
In this study, we address these gaps by isolating the 
role of hydrolyzed Nb2O5 surfaces and analyzing how 

controlled surface reconstruction affects Mn2+ affinity. 
The ability to manipulate the surface via structural 
modifications and maintain hydroxyl groups ought 
to enhance the material’s affinity for Mn2+ and the 
performance of the adsorption system. Several syn-
thesis methods have been studied for the preparation 
of Nb2O5, including sol–gel, combustion, polymeric 
precursors, microwave-assisted hydrothermal reac-
tion [24], and solvothermal treatment [7]. However, 
the hydrothermal treatment method stands out for 
promoting crystallization, modifying surface proper-
ties [9, 25, 26], and most importantly, enhancing sur-
face hydroxylation [11, 13, 18], which makes Nb2O5 a 
promising adsorbent for cationic species. The oxidant 
peroxo method (OPM) is notable for its simplicity and 
effectiveness. This approach involves forming a metal 
complex with hydrogen peroxide, followed by pre-
cipitation or crystallization under hydrothermal con-
ditions, thereby avoiding the use of halides or organic 
solvents that could influence the material’s formation 
or surface characteristics. The preference for OPM 
arises from its ability to conduct reactions at relatively 
mild temperatures (100–200 °C), thereby allowing pre-
cise control over nanoparticle surface chemistry and 
morphology. These moderate conditions help preserve 
surface hydroxyl groups, thereby maintaining acidic 
sites favorable for adsorption. Although a wide range 
of adsorbents has been reported for Mn2+ removal, the 
selection of Nb2O5 in this study is justified by its dis-
tinctive surface properties. Unlike many conventional 
adsorbents, Nb2O5 exhibits both Brønsted and Lewis 
acid sites, enabling multiple types of interactions with 
adsorbed species. Moreover, its highly hydroxylated 
surface enhances ionic adsorption, increasing its affin-
ity for Mn2+ in aqueous solutions [27]. The combina-
tion of these intrinsic properties, together with the 
ability to finely tune surface characteristics through 
synthesis, renders Nb2O5 a highly promising material 
for heavy metal removal applications.

Given that charged contaminants such as Mn2+ 
cations preferentially adsorb onto surfaces with 
opposite charges [14], the adsorptive potential of 
Nb2O5 for Mn2+ in aqueous solutions was system-
atically investigated. The structural, morphological, 
and surface properties of the nanoparticles were 
evaluated. Subsequently, the kinetics and adsorp-
tion isotherms of Mn2+ ions were determined, pro-
viding insights into adsorption rates, maximum 
capacities, adsorbent–adsorbate affinity, and surface 
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heterogeneity. This comprehensive assessment pro-
vides valuable information for the design of envi-
ronmentally friendly, cost-effective systems for Mn2+ 
removal, addressing the growing concern about 
heavy metal contamination, particularly in industri-
alized regions [28]. By understanding the interplay 
among synthesis conditions, structural characteris-
tics, and adsorption behavior, the full potential of 
Nb2O5 as an adsorbent for heavy metal remediation 
can be realized.

Experimental

Synthesis of Nb2O5 and hydrothermal 
treatment

The synthesis of Nb2O5 nanoparticles was carried 
out by dispersing 2 g of ammonium niobium oxa-
late ([Nb(C2O4)2(NH3)2].nH2O, CBMM, Brazil) in 
distilled water, followed by the addition of 4 mL of 
H2O2 (30% v/v, Dinâmica). The resulting solution was 
transferred to a stainless steel hydrothermal reactor 
and heated at 100 °C for different reaction times (4, 
12, and 24 h). After completion of the hydrothermal 
process, the products were collected and thoroughly 
washed with distilled water to remove residual spe-
cies. The samples were then dried in an oven at 80 °C 
for 24 h to ensure complete moisture removal. Finally, 
the obtained powders were ground in an agate mortar 
and labeled as xNbT, where x corresponds to the syn-
thesis time and T to the reaction temperature (4Nb100, 
12Nb100, and 24Nb100).

Characterizations

The crystallographic structure of the samples was 
analyzed using a Shimadzu XRD-6000 diffractom-
eter operated at 40 kV and 30 mA, equipped with a 
graphite monochromator. X-ray diffraction patterns 
were collected over a 2θ range of 15° to 60°, using a 
step size of 0.02°. The average crystallite size (D) was 
estimated using the Scherrer equation [29], based on 
the (001) reflection of the orthorhombic Nb2O5 phase. 
Peak deconvolution was performed using a Lorentz-
ian function to accurately determine the full width 
at half maximum (FWHM) of each diffraction peak. 
A cubic silicon standard (space group Fd3̅m) was 
measured under the same experimental conditions to 

correct for instrumental broadening effects, following 
standard procedures [30]. The (111) reflection of the 
silicon pattern was fitted using a Gaussian function, as 
it provided the best fit for this reference sample. The 
proportions of the peak areas for each phase relative to 
the total were monitored to identify possible trends in 
phase transformation as a function of the hydrothermal 
treatment period. For this purpose, the XRD patterns 
were refitted using Gaussian functions, enabling peak 
deconvolution and accurate integration. The tenden-
cies for phase evolution were then monitored using a 
methodology similar to that used in the literature for 
crystallinity estimation and phase proportion [31, 32]. 
Additionally, to evaluate sample purity, semiquan-
titative elemental analyses were performed by X-ray 
fluorescence using a Shimadzu EDX-720 instrument.

To evaluate the thermal stability of the samples, 
thermogravimetric analysis (TGA) was performed to 
monitor mass changes as a function of temperature. 
In addition, differential scanning calorimetry (DSC) 
was employed to record heat flow associated with 
thermal events. The measurements were carried out 
under controlled temperature conditions using a STA 
449 F3 Jupiter® analyzer over a temperature range of 
20 to 800 °C. A constant heating rate of 10 °C min−1 was 
applied, and the experiments were conducted under a 
synthetic air atmosphere. Both endothermic and exo-
thermic events were identified and recorded during 
the thermal analysis.

Fourier transform infrared spectroscopy (FTIR) was 
employed to identify functional groups present in the 
samples. The analyses were performed using an Agi-
lent® Cary 630 FTIR spectrometer operating in attenu-
ated total reflectance (ATR) mode, over the spectral 
range of 4000–650 cm−1, with a resolution of 4 cm−1.

N2 adsorption–desorption measurements were used 
to investigate the textural and morphological proper-
ties of the samples and determine the specific surface 
area and porosity. Prior to analysis, the samples were 
pre-dried in an oven at 105 °C for 24 h to remove resid-
ual moisture. Subsequently, vacuum degassing was 
performed at 105 °C for 3 h using a Micromeritics® 
VacPrep 061 system. Nitrogen adsorption measure-
ments were then carried out by varying the N2 pres-
sure from 7 to 635 mmHg.

The morphology of the nanoparticles was exam-
ined by field emission scanning electron microscopy 
(FE-SEM) using a JEOL JSM-6701F microscope. Parti-
cle size and structural features were further analyzed 
by transmission electron microscopy (TEM) using 
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an FEI Tecnai G2 F20 microscope operated at 200 kV 
and equipped for high-resolution TEM (HRTEM) 
and energy-dispersive X-ray spectroscopy (EDS). The 
images were recorded with a Ceta 16 M CMOS camera 
at 4096 × 4096 pixels (Thermo Fisher Scientific).

The surface charge characteristics of the samples 
were investigated by zeta potential measurements 
using a Malvern® Zetasizer Nano. Aqueous sus-
pensions were prepared at a concentration of 1 mg 
L−1 by dispersing the samples in deionized water. 
Initially, all samples were analyzed at their natural 
pH (5.8), which remained constant without further 
adjustment. Subsequently, the sample 24Nb100 was 
selected for a more detailed pH-dependent study. 
For this purpose, suspensions were prepared by dis-
persing 1 mg of the sample in 10 mL of deionized 
water, followed by sonication using a Branson digi-
tal sonifier. The pH of the suspensions was adjusted 
to approximately 3 to 9.5 using aqueous solutions 
of sodium hydroxide (NaOH, Synth®) and hydro-
chloric acid (HCl, Synth®). This procedure enabled 
the evaluation of the zeta potential behavior of the 
samples under different pH conditions.

The adsorption behavior of the samples toward 
Mn2+ ions was investigated through a series of 
experiments performed in triplicate under con-
trolled agitation at ambient temperature. Four sets 
of experiments were conducted: evaluation of the 
effect of Nb₂O₅ nanoparticle concentration, pH, 
adsorption kinetics, and adsorption isotherms.

Mn2+ adsorption tests for Nb2O5

The adsorption capacity of the Nb2O5 samples, pre-
pared by hydrothermal treatment at 100 °C for dif-
ferent durations (4, 12, and 24 h), was evaluated for 
the removal of Mn2+ at ambient temperature. Sample 
solutions contained 2.0 mg L−1 Nb2O5 and 10 mg L−1 
Mn2+. To investigate the effect of adsorbent concentra-
tion, Nb2O5 was tested at 0.5, 1.0, 1.5, and 2.0 mg L−1 by 
adding 0.005, 0.01, 0.015, and 0.02 g of Nb2O5, respec-
tively, to 10 mL of solution. Subsequently, adsorp-
tion experiments were carried out to investigate the 
effect of pH on Mn2+ adsorption, employing a fixed 
contact time of 1 h and suspensions containing 2.0 mg 
L−1 adsorbent and 10 mg L−1 adsorbate, with pH val-
ues ranging from 3.5 to 7.8. Adsorption kinetics were 
studied by contacting 0.02 g of Nb2O5 with 10 mL of 
a 10 mg L−1 Mn2+ solution for different contact times 

(1, 3, 5, 10, 20, 30, 40, 50, and 60 min). In comparison, 
adsorption isotherms were determined by dispersing 
a 2 g L−1 Nb2O5 suspension in Mn2+ solutions of vary-
ing concentrations (10, 15, 20, 50, 75, and 100 mg L−1) 
for 60 min. After stirring, all suspensions were cen-
trifuged, and the residual Mn2+ concentrations in the 
supernatants were determined using the high-resolu-
tion atomic absorption spectrometer (ContrAA® 300, 
Analytik Jena) with an air/acetylene flame.

Kinetic and isotherm modeling

Adsorption kinetics were evaluated using pseudo-
first-order and pseudo-second-order models in their 
nonlinear forms. The pseudo-first-order model [33] 
assumes that the adsorption rate is proportional to 
the number of unoccupied sites and is expressed as:

where Qt (mg g−1) is the amount adsorbed at time t 
(min), Qe (mg g−1) is the equilibrium adsorption capac-
ity, and k1 (min−1) is the pseudo-first-order rate constant.

The pseudo-second-order model [33] assumes that 
chemisorption is the rate-limiting step and is given by:

where k2 (g mg−1 min−1) is the pseudo-second-order 
rate constant.

Equilibrium adsorption data were analyzed using 
Langmuir, Freundlich, Temkin, and Redlich–Peterson 
isotherm models. The Langmuir model [34] assumes 
monolayer adsorption on a homogeneous surface with 
finite identical sites and is expressed as:

where Qmax (mg g−1) is the maximum monolayer 
adsorption capacity, KL (L mg−1) is the Langmuir 
affinity constant, and Ce (mg L−1) is the equilibrium 
concentration.

The Freundlich model [35] describes adsorption on 
heterogeneous surfaces and is given by:

where KF ((mg g−1)(L mg−1)(1/n)) is the Freundlich con-
stant related to adsorption capacity and n is the het-
erogeneity factor.
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The Temkin model [36] accounts for adsorb-
ate–adsorbent interactions and assumes a linear 
decrease in adsorption heat with surface coverage, 
expressed as:

where AT (L g−1) is the Temkin equilibrium binding con-
stant and B (kJ mol−1) is related to the heat of adsorption.

The Redlich–Peterson model [36] combines fea-
tures of Langmuir and Freundlich isotherms and is 
expressed as:

where KR (L g−1) and aR (L mg−1)g are model constants 
and g is an exponent between 0 and 1.

All kinetic and isotherm parameters were obtained 
by nonlinear regression using least-squares minimiza-
tion, avoiding linearization-induced bias. The quality 
of fit was assessed using the coefficient of determina-
tion (R2) and the chi-square statistic (χ2).

Results and discussion

Characterizations

X-ray diffraction (XRD) was used to investigate the 
crystalline structure of the adsorbents. Figure 1 shows 
the X-ray diffractograms of the samples obtained at 
100 °C, with varying hydrothermal treatment times. 
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The diffraction patterns of the samples are notably 
similar and are consistent with the orthorhombic 
phase of Nb2O5, as established by the Joint Commit-
tee on Powder Diffraction Standards (ICDD-JCPDS, 
n° 27–1003) [23]. The formation of the orthorhombic 
structure is consistent with literature reports, indicat-
ing that these phases are preferentially formed under 
high-temperature, low-pressure conditions. Inter-
estingly, in this study, the orthorhombic phase was 
obtained at mild temperatures. Moreover, the specific 
synthesis conditions employed may have favored its 
formation. The broad peak around 2θ ≅ 26°, marked 
with an asterisk in Fig. 1, corresponds to the combi-
nation of the hydrated niobium oxide peak and the 
(180) reflection of the orthorhombic Nb2O5 phase. The 
presence of hydrated niobium oxide is consistent with 
the literature on niobium oxide synthesis under mild 
conditions [14].

The diffraction peaks are also broadened, suggest-
ing the presence of small crystallites. This is charac-
teristic of nanocrystalline materials, with individual 
crystal sizes in the range of 10–200 nm, leading to XRD 
peak broadening [23]. To confirm this observation, the 
average crystallite size (D) was estimated. Figure S1 
(Supplementary Information) presents deconvolu-
tion graphs used for accurate measurement of peak 
broadening. The results showed that samples 4Nb100, 
12Nb100, and 24Nb100 exhibited D values of 2.5 nm, 
3.4 nm, and 2.8 nm, respectively, confirming their 
nanocrystalline nature. Interestingly, the crystallite 
sizes were consistent across all samples, regardless of 
synthesis time, suggesting that crystal formation was 
not significantly affected by variation in synthesis 
time and highlighting the robustness and reproduc-
ibility of the preparation method, even for short syn-
thesis durations. Moreover, the integrated peak areas 
of Nb2O5.nH2O relative to the total peak area were 
determined to be 9.7%, 10.5%, and 9.6% for samples 
4Nb100, 12Nb100, and 24Nb100, respectively. These 
results indicate that the Nb2O5.nH2O phase remained 
basically constant during the hydrothermal treatment, 
as reflected by the nearly unchanged relative peak 
areas. Thus, this result demonstrates that the propor-
tion of the hydrated phase does not affect differences 
in adsorption capability among the samples, as they 
remain nearly constant. Importantly, these percent-
ages represent only trends in phase evolution inferred 
from variations in sample peak areas and do not cor-
respond directly to phase quantification.

Figure 1   X-ray diffraction pattern of Nb2O5 nanoparticles.

10118



J Mater Sci (2026) 61:10113–10130	

The elemental analyses of the samples performed 
by XRF are presented in Table 1. All three samples 
exhibited high purity, with more than 99.1 at.% com-
posed of Nb, the main expected element. It is impor-
tant to note that XRF does not detect elements lighter 
than sodium, and therefore, they are not quantified 
by this technique. Consequently, the actual elemental 
purity is implicitly higher than the reported values, 
since the Nb cations in the samples are bonded to oxy-
gen anions to form Nb2O5, and XRF does not quantify 
oxygen. Minor signals from other elements were also 
detected and are attributed to trace impurities origi-
nating from the precursor and other reactants, as is 
common in chemical synthesis methods.

Table 1   Semi-quantitative elemental analyses of samples pre-
pared with different periods of hydrothermal treatment

Element (%) 4Nb100 12Nb100 24Nb100

Nb 99.13 ± 0.20 99.39 ± 0.20 99.30 ± 0.20
Cl 0.56 ± 0.05 0.51 ± 0.05 0.50 ± 0.05
Ta 0.24 ± 0.03 – –
Ga 0.05 ± 0.01 0.03 ± 0.01 0.05 ± 0.01
Pt 0.02 ± 0.02 – –
Cu – 0.07 ± 0.01 0.07 ± 0.01
Zr – – 0.08 ± 0.01

Figure 2   Field emission electron scanning microscopy images of Nb2O5 nanoparticles obtained by hydrothermal treatment at 100 °C 
for a 4, b 12, and c 24 h and d TEM image for the sample 24Nb100.
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FE-SEM images of the samples treated for differ-
ent durations support these results. Particles treated 
for 4, 12, and 24 h exhibited a spongy morphology, 
with some regions showing particles of spherical mor-
phology. Figure 2 presents the HRTEM image of the 
24Nb100 sample. The interplanar spacing of 0.345 nm 
corresponds to the (180) and (200) reflections observed 
in XRD at around 26°, confirming the material’s crys-
talline structure. Additionally, the crystallite sizes 
observed in the HRTEM image (highlighted by yellow 
arrows) agree with those calculated from the Scherrer 
equation.

Thermal analysis (TG/DSC) was employed to evalu-
ate the thermal stability of the Nb2O5 samples. Fig-
ure 3 presents the results for samples 4Nb100 (a) and 
24Nb100 (b). The analysis revealed a common pattern 
of mass loss in all samples (Figure S2), characterized 
by a sharp decrease below approximately 500 °C. The 
initial mass loss, observed up to around 300 °C, is 
attributed to the removal of surface-adsorbed water. At 
higher temperatures, the release of coordinated water 
from the bulk and the evaporation of volatile species 
originating from the niobium ammoniacal precursor 
are observed [14]. No further significant mass losses 
were detected at even higher temperatures. All mass 
loss events were of considerable magnitude, suggest-
ing that the produced Nb2O5 is predominantly non-
stoichiometric and contains residual impurities from 
the precursor complex.

Three well-defined peaks are observed in the DSC 
data of the samples. The first peak, around 100 °C, 
is endothermic and corresponds to the evaporation 

of water present in the system. The second peak, at 
approximately 340 °C, likely indicates the removal of 
structurally bound water and residual synthesis by-
products. The third peak, around 600 °C, suggests a 
modification of the material’s structure, correspond-
ing to the transition from the orthorhombic to an 
amorphous phase, followed by reformation of the 
orthorhombic structure with high crystallinity [37]. TG 
data (Fig. 3) show no mass change at this temperature, 
supporting the occurrence of an internal structural 
rearrangement.

Figure 3   Thermal analysis (TGA/DSC) for samples a 4Nb100 and b 24Nb100.

Figure  4   Fourier transform infrared spectroscopy spectrum of 
Nb2O5.
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To investigate the molecular structure and chemical 
interactions in Nb2O5, the samples were analyzed by 
FTIR, and the resulting spectra are shown in Fig. 4. 
The spectra reveal a broad absorption band with peaks 
between 3415 and 3183  cm−1, indicating vibrations 
associated with OH groups. These OH groups likely 
arise from surface hydroxylation and are consistent 
with previous observations [14], suggesting significant 
interactions between niobium and hydroxyl groups 
on the particle surface. Moreover, Fig. 4 shows that 
increasing the hydrothermal treatment time reduces 
the intensity of this band, indicating the removal of 
surface hydroxyl groups.

Bands associated with functional groups from 
synthesis residues are also observed. The band at 
1625  cm−1 corresponds to carbonyl groups (C = O), 
while the band at 1424 cm−1 is related to the oxalate 
ion (C(= O)2). The band at 1252 cm−1 corresponds to the 
stretching of the N–O bond, possibly resulting from 
the oxidation of ammonia to NOx groups. These bands 
are characteristic of the ammoniacal niobium precur-
sor complex [14]. A band attributed to the Nb–O–C 
bond was also identified at 1068 cm−1 [14].

The surface area, porosity, and pore size distribu-
tion were analyzed using the Brunauer–Emmett–Teller 
(BET) and Barrett–Joyner–Halenda (BJH) methods. 
Figure  5 shows the nitrogen adsorption isotherm 
for the 24Nb100 sample. Similar analyses were per-
formed for the 4Nb100 and 12Nb100 samples, which 
showed identical isotherm profiles (Figures S2 and S3). 
The isotherms are classified as Type IV according to 

IUPAC [38], indicative of the presence of mesopores 
and macropores in the material.

Table 2 presents the specific surface area, aver-
age pore size, and total pore volume of each sample. 
The average pore size is within the typical range for 
mesoporous materials (20–500 Å), indicating the pres-
ence of mesopores in the samples.

The specific surface area decreases with increas-
ing hydrothermal treatment time, consistent with the 
increase in crystallite size. However, the longer treat-
ment time did not lead to pore closure, as might be 
expected at higher temperatures. Table 2 also presents 
the zeta potential values of nanoparticle suspensions 
at pH 5.8. The samples exhibited zeta potentials below 
-24.9 mV, indicating high colloidal stability. This sug-
gests that repulsive forces dominate over attractive 
van der Waals forces, favoring both particle dispersion 
in the solution and electrostatic attraction with posi-
tively charged ions [39]. The role of zeta potential in 

Figure 5   Nitrogen adsorption isotherm of 24Nb100.

Table 2   BET surface area, pore volume, pore size, and zeta 
potential of samples subjected to hydrothermal treatment at 
100 °C

Samples BET surface 
area (m2 g−1)

Pore vol-
ume (cm3 
g−1)

Average 
pore size 
(Å)

Zeta 
potential 
(mV)

4Nb100 206 0.17 36 −27.5
12Nb100 153 0.15 39 −34.9
24Nb100 126 0.15 44 −24.9

Figure  6   Zeta potential of the 24Nb100 sample varying pH in 
the range of 4 to 10.
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adsorption on porous materials is particularly impor-
tant. Adsorption involves multiple stages, including 
convective transport and diffusion within the pores, 
and suspension stability critically influences parti-
cle–solute interactions. Figure 6 shows a zeta poten-
tial study of the 24Nb100 suspension at varying pH 
values; the isoelectric point was not detected, suggest-
ing that it may occur at lower pH values than those 
studied. Literature reports [14] indicate that the iso-
electric point of Nb2O5 obtained via the peroxide oxi-
dation method lies below pH 2.0. This characteristic is 
advantageous for potential applications, as it prevents 
particle aggregation and maintains a larger active sur-
face area for adsorption and suspension stability. For 
Mn2+ removal, the negatively charged Nb2O5 surface 
electrostatically attracts and binds positively charged 
Mn2+ ions, enhancing adsorption efficiency.

Mn2+ adsorption on Nb2O5 nanoparticles

The adsorption capacity of the samples toward Mn2+ 
ions was evaluated. Adsorption experiments were 
initially conducted using the three Nb2O5 samples: 
4Nb100, 12Nb100, and 24Nb100, to identify the sample 
with the highest Mn2+ removal in aqueous solution. 
Figure 7a shows the adsorption results. The 24Nb100 

sample exhibited the highest Mn2+ removal (78.9%), 
compared to 4Nb100 (69.1%) and 12Nb100 (66.5%). 
Santos et al. [23] demonstrated that surface hydroxyl 
groups on Nb2O5 play a key role in the adsorption of 
charged species. In the present study, FTIR analysis 
(Fig. 4) confirmed the presence of surface hydroxyls 
in all samples. Furthermore, zeta potential measure-
ments indicate values around -30 mV for all samples, 
suggesting strong electrostatic interactions with Mn2+ 
ions.

The superior adsorption capacity of 24Nb100 can 
be attributed to its larger mesopore size and greater 
accessible internal pore volume. Although the aver-
age pore diameters of 12Nb100 and 4Nb100 are within 
the mesoporous range (36–39 Å), the slightly larger 
pores of 24Nb100 (44 Å) reduce steric hindrance along 
the diffusion pathways, facilitating deeper penetra-
tion of solvated Mn2+ ions. The geometric descriptor, 
defined as the ratio of pore volume to BET surface 
area, indicates that 24Nb100 has a higher effective 
pore thickness (11.9  Å) than 12Nb100 (9.8  Å) and 
4Nb100 (8.25 Å), reflecting a more open internal pore 
environment. This enhanced volumetric accessibil-
ity allows a larger fraction of the surface to actively 
participate in adsorption, demonstrating that, in this 
system, mesopore architecture and effective internal 

Figure 7   a Amount of Mn2+ 
adsorbed per adsorbent area 
for the 4Nb100, 12Nb100, 
and 24Nb100 samples, b 
Study of pH effect on Mn2+ 
adsorption for the 24Nb100 
sample at pH 3.5, 4.5, 5.4, 
6.3, and 7.8, c Study of 
particle concentration vari-
ation (0.5 g L−1, 1.0 g L−1, 
1.5 g L−1, and 2.0 g L−1) for 
the 24Nb100 sample, and d 
Percentage of adsorption of 
the 24Nb100 sample varying 
contact time at 1, 3, 5, 10, 20, 
30, 45, and 60 min.
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volume govern adsorption performance more than 
absolute surface area. Consequently, the larger pores 
of 24Nb100 fully account for its higher Mn2+ uptake 
under the studied conditions [40].

Since the 24Nb100 sample exhibited the high-
est adsorption, it was selected for all subsequent 
experiments, including particle concentration, pH, 
adsorption kinetics, and isotherms. To evaluate the 
influence of pH on the adsorption performance of the 
24Nb100 sample, experiments were conducted over 
a pH range of 3.5 to 7.8. The adsorption results are 
summarized in Fig. 7b, showing that the adsorption 
capacity increased from 44.9% at pH 3.5 to a maxi-
mum of 80.8% at pH 6.3. The enhanced adsorption 
at pH 5.4–6.3 can be attributed to the favorable sur-
face charge of Nb2O5 under these conditions, which 
promotes electrostatic interactions with Mn2+ ions. 
Conversely, at pH values above 7.0, the adsorption 
efficiency decreased slightly (79.7% at pH 7.8), and 
the standard deviation increased markedly (17.6%), 
indicating a high degree of variability in the meas-
urements. This behavior can be explained by the 
onset of Mn(OH)2 precipitation at higher pH, which 
limits the reliability of adsorption measurements and 
underscores that pH 7.8 represents the upper prac-
tical limit for these studies. At highly acidic condi-
tions (pH 3.5–4.5), adsorption was significantly lower 
(44.9–52.7%), reflecting the competition between H+ 
ions and Mn2+ for active sites on the Nb2O5 surface. 
These results justify maintaining the natural pH of 

the manganese acetate solution (5.8) for the main 
adsorption experiments, as this pH is close to the 
optimal while minimizing alterations to the system. 
Overall, the pH-dependent study demonstrates that 
24Nb100 exhibits stable and effective Mn2+ removal 
at pH 6.0. In contrast, deviations toward more acidic 
or more alkaline conditions reduce adsorption effi-
ciency due to proton competition or metal hydrox-
ide precipitation, respectively. Figure 7c presents 
Mn2+ adsorption as a function of Nb2O5 concentra-
tion. The influence of Nb2O5 particle concentration 
on metal ion adsorption has been investigated, and 
increasing the adsorbent concentration can enhance 
heavy metal adsorption due to a larger available 
surface area for adsorbent–solute interactions [11]. 
However, very high particle concentrations may 
hinder adsorption by promoting particle collisions 
and agglomeration. Under the conditions studied, 
2.0 g L−1 particles achieved the highest adsorption 
(76%). Therefore, 2.0 g L−1 was selected for the sub-
sequent study on contact time variation (Fig. 7d). 
Adsorption occurred rapidly during the first min-
ute of contact, with approximately 78% of Mn2+ ions 
removed by Nb2O5, and equilibrium was reached 
quickly. Figure 8a illustrates this behavior in the 
Qt-versus-time plot, showing a steep initial increase 
followed by a gradual leveling off until stabilization. 
Equilibrium between adsorption and desorption was 
observed within 10 min; however, experiments were 
extended to 60 min to confirm system stability. The 

Figure 8   a Nonlinear fittings of pseudo-first-order and pseudo-second-order model for the experimental isotherm and b Nonlinear fit-
tings of Langmuir, Freundlich, Redlich–Peterson, and Temkin isotherms for Mn2+ on sample 24Nb100.
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constant Mn2+ concentration after equilibrium dem-
onstrates the robustness of the adsorption process, 
indicating that the material reaches its maximum 
capacity and maintains stable conditions over time, 
which is essential for practical applications. To con-
firm the adsorption kinetic model, the experimental 
data were fitted to pseudo-first-order and pseudo-
second-order models. Figure 8a shows the curves of 
the fitted models compared to the experimental data, 
allowing validation of the adopted kinetic model.

The parameters of the pseudo-first-order and 
pseudo-second-order models, including the equilib-
rium adsorption capacity (Qe) and the adsorption rate 
constants (k), were determined. The determination 
coefficient (R2) was also calculated for each model, as 
shown in Table 3. Inspection of the correlation coef-
ficients and the fit of each model to the experimental 
data revealed that the pseudo-first-order model pro-
vided a superior fit. The R2 value of 0.99 indicates an 
excellent fit, close to the ideal value of 1. The adsorp-
tion capacity calculated from the pseudo-first-order 
model was 8.017 mg g−1, in excellent agreement with 
the experimental value (8.042 mg g−1), showing a neg-
ligible difference of only 0.3%.

The evaluation of kinetic models is essential for 
understanding the adsorption mechanism and pre-
dicting system behavior. In this study, the pseudo-
first-order model provided the best fit, reflecting its 
assumption that the adsorption rate is proportional to 
the concentration of Mn2+ ions in solution. This sug-
gests that the adsorption of Mn2+ on Nb2O5 is predom-
inantly governed by the availability of active sites and 
physisorption rather than chemisorption, as described 
by the pseudo-second-order model involving electron 
sharing or exchange. The high surface area of Nb2O5 
contributes significantly to its adsorption capacity 
by providing numerous active sites, consistent with 
the experimentally observed high Qe values. Similar 
trends have been reported in the literature, where 
Ho and McKay [39] and Lagergren [41] showed that 

the pseudo-first-order model often better describes 
adsorption dominated by physical interactions. The 
close agreement between the experimental and calcu-
lated adsorption capacities (0.03 mg g−1) confirms the 
reliability of this model for predicting Mn2+ uptake, 
which is crucial for designing and optimizing practi-
cal systems. These results indicate that Nb2O5 is an 
efficient adsorbent for Mn2+ removal, with rapid kinet-
ics and predictable behavior, facilitating the optimiza-
tion of contact time, adsorbent dosage, and metal ion 
concentration in water treatment and environmental 
remediation applications.

The adsorption isotherm was studied by varying 
Mn2+ concentrations to 10, 15, 20, 50, 75, and 100 mg 
L−1. Figure 8b illustrates the fits made for isotherm 
models. The adsorption behavior of Mn2+ ions onto 
Nb2O5 was evaluated using the Langmuir, Freun-
dlich, Temkin, and Redlich–Peterson isotherm mod-
els to elucidate the nature of the surface interactions 
and adsorption mechanism. The fitting parameters 
obtained from nonlinear regression are summarized 
in Table 4. The Langmuir model yielded a maximum 
adsorption capacity (Qmax) of 148.9 mg g−1, indicating 

Table 3   Kinetic parameters for Mn2+ adsorption on Nb2O5 sub-
jected to hydrothermal treatment at 100 °C for 24 h (24Nb100)

Qe (mg g−1) K (g min mg−1) R2

Pseudo-first-order 
model

8.0 2.2 0.99

Pseudo-second-
order model

8.2 0.9 0.88

Table 4   Langmuir, Freundlich, Redlich–Peterson, and Temkin 
isotherms for Mn2+ on sample 24Nb100

Model Parameters

Langmuir
Qmax (mg g−1) 148.9
KL (L mg−1) 0.05
R2 0.988
χ2 4.52
Freundlich
KF ((mg g−1)(L mg−1))1/n 15.9
n 2
R2 0.993
χ2 0.56
Temkin
AT (L g−1) 0.6
B (kJ mol−1 L−1) 30.9
R2 0.982
χ2 0.98
Redlich–Peterson
KR (L g−1) 8.8
aR (L mg−1)g 0.1
g 0.88
R2 0.993
χ2 0.52

10124



J Mater Sci (2026) 61:10113–10130	

a high affinity of Nb2O5 toward Mn2+ ions. At the same 
time, the relatively low Langmuir constant (KL = 0.05 
L mg−1) suggests moderate binding energy between 
the adsorbate and the surface. Although the Lang-
muir model assumes monolayer adsorption on a 
homogeneous surface with identical sites, the fit qual-
ity (R2 = 0.988, χ2 = 4.52) shows that it only partially 
describes the adsorption process, indicating surface 
heterogeneity or the coexistence of multiple adsorp-
tion mechanisms.

Both the Freundlich and Redlich–Peterson models 
provided superior fits to the experimental data, reflect-
ing a mixed adsorption mechanism. The Freundlich 
model exhibited R2 = 0.993 and χ2 = 0.56, with a Fre-
undlich constant KF = 15.9 ((mg g−1)(L mg−1)1/n) and 
heterogeneity factor n = 2, indicating favorable adsorp-
tion and a non-uniform distribution of active sites. The 
Redlich–Peterson model, a hybrid isotherm combin-
ing features of Langmuir and Freundlich, also showed 
excellent agreement (KR = 8.8 L g−1, aR = 0.1 L mg−1, 
g = 0.88, R2 = 0.993, χ2 = 0.52). The exponent g, which 
is close to but less than unity, indicates that adsorption 
does not strictly follow ideal Langmuir behavior and 
instead exhibits Freundlich-type heterogeneity. The 
Temkin model, which accounts for adsorbate–adsor-
bent interactions and assumes a linear decrease in 
adsorption heat with surface coverage, also presented 
reasonable agreement (R2 = 0.982, χ2 = 0.98). The Tem-
kin constant B = 30.9 kJ mol−1 L−1 indicates moderate 
interaction strength, consistent with weak interactions 
rather than strong chemisorption. However, its infe-
rior fit relative to the Freundlich and Redlich–Peterson 
models suggests that adsorbate–adsorbate interac-
tions are not the primary driving force. Overall, these 
results indicate that Mn2+ adsorption on Nb2O5 occurs 
on energetically heterogeneous surfaces, involves mul-
tilayer formation, and is dominated by physical inter-
actions, with the Freundlich and Redlich–Peterson 
models best capturing this mixed adsorption behavior.

To provide a clearer benchmark for comparison and 
to contextualize adsorption capacities of oxide-based 
materials, reported maximum Mn2+ uptake values 
(Qmax) for various metal oxide adsorbents are sum-
marized in Table 5.

Table 5 compares the maximum adsorption capaci-
ties reported for various metal oxide-based adsor-
bents toward Mn2+ removal. Simple MnO-based 
systems, such as MnO–Coated hollow polymethyl-
methacrylate spheres, exhibit relatively low capac-
ity (8.37 mg g−1) under Langmuir fitting. Supported 
manganese oxide on zeolite (MnOx/zeolite) shows 
an intermediate capacity (73.0 mg g−1) with behav-
ior fitting both Langmuir and Freundlich models. In 
comparison, magnetite–maghemite nanocomposites 
reach higher values (79.36 mg g−1) under Langmuir 
assumptions. Dried MnOx demonstrates significant 
uptake (125.7 mg g−1). Notably, the Nb2O5 adsorbent 
obtained in this work exhibited a high Mn2+ adsorp-
tion capacity (116.67 mg g−1), surpassing most previ-
ously reported metal oxide-based materials and high-
lighting its strong potential for efficient divalent metal 
ion removal.

For a better understanding of adsorption mecha-
nisms and to investigate the role of surface functionali-
ties in the adsorption mechanism, FTIR spectra were 
collected before and after the Mn2+ adsorption process. 
These results are presented in Fig. 9d. After adsorp-
tion, a noticeable shift in the C = O stretching band was 
observed, indicating an interaction between Mn2+ ions 
and carbonyl-containing surface groups. This band 
displacement suggests the involvement of these func-
tional groups in the adsorption mechanism via surface 
complexation, indicating a contribution from localized 
chemisorption processes.

To further assess the influence of synthesis-derived 
surface groups, the material was thermally treated at 
300 °C to reduce carbonyl and oxalate-related func-
tionalities. The effectiveness of this treatment was 

Table 5   Maximum Adsorption Capacities (Qmax) of Metal Oxide-Based Adsorbents for Mn2+

Adsorbent (metal oxide base) Qmax (mg g−1) Isotherm model References

MnO–Coated hollow polymethylmethacrylate 8.4 Langmuir [42]
Magnetite–maghemite nanocomposite (Fe/Mn oxide) 79.4 Langmuir [43]
Activated carbon with Fe/Mn oxide 49.7 Langmuir [44]
Manganese oxide-coated zeolite (MnOx/zeolite) 73.0 Langmuir/Freundlich [45]
MnOx (dried manganese oxide) 125.7 Experimental [46]
Nb2O5 116.67 Experimental Our work

10125



	 J Mater Sci (2026) 61:10113–10130

confirmed by FTIR analysis, which showed the dis-
appearance of the corresponding absorption bands. 
Adsorption experiments performed with the thermally 
treated material revealed a pronounced decrease in 
Mn2+ removal efficiency, from 77.56% for the untreated 
sample to 28.56% after thermal treatment (Fig. 9a). 
This significant reduction demonstrates that surface 
functional groups generated during synthesis play 
a key role in defining active adsorption sites. In fact, 
the XRD diffractogram (Fig. 9b) shows that there was 
no change in the crystalline structure of the material 
when heated to 300 °C. This result demonstrates that 
the adsorptive properties are indeed linked to the sur-
face groups.

The kinetic data were best described by the pseudo-
first-order (PFO) model, indicating that the overall 
adsorption rate is predominantly controlled by physi-
cal interactions and mass transfer processes rather than 
by surface chemical reactions. This behavior suggests 
that although chemical interactions are present, they 
do not constitute the rate-limiting step in the adsorp-
tion process. Equilibrium data were better fitted by 
the Freundlich and Redlich–Peterson isotherm mod-
els, reflecting the heterogeneous nature of the Nb2O5 
surface and the presence of adsorption sites with dif-
ferent energies. In particular, the Redlich–Peterson 
model, with a β value lower than unity, indicates a 
non-ideal adsorption behavior combining features of 

Figure  9   Influence of thermal treatment and surface chemis-
try on Mn2+ adsorption by Nb2O5: a Mn2+ adsorption efficiency 
before and after thermal treatment at 300  °C, b XRD patterns 
showing preservation of the Nb2O5 crystalline structure after 
thermal treatment, c FTIR spectra before and after thermal treat-

ment, indicating removal of synthesis-derived surface groups, d 
FTIR spectra before and after Mn2+ adsorption, showing band 
shifts associated with interactions between Mn2+ and surface 
oxygen-containing species.
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both Langmuir- and Freundlich-type mechanisms, 
consistent with a mixed adsorption process.

Although Mn2+ adsorption also involves electro-
static interactions and coordination with inorganic 
hydroxyl groups associated with the oxide surface, the 
combined kinetic, isotherm, and spectroscopic results 
clearly indicate that synthesis-derived functional 
groups significantly enhance Mn2+ uptake. Overall, 
these results demonstrate that both inorganic hydroxyl 
sites and synthesis-derived functional groups con-
tribute synergistically to a heterogeneous adsorption 
mechanism governed by physically controlled kinetics 
and localized chemical interactions.

Conclusion

Hydrothermally treated Nb2O5 synthesized via the 
oxidant peroxo method exhibited mesoporosity, and 
negatively charged, hydroxylated surfaces under mild 
synthesis conditions. Although increasing hydrother-
mal treatment time reduced the BET surface area, it 
promoted a more accessible pore architecture, which 
proved decisive for Mn2+ adsorption. The sample 
treated for 24 h showed the highest adsorption effi-
ciency, demonstrating that pore accessibility and effec-
tive internal volume govern adsorption performance 
more strongly than surface area alone. Mn2+ adsorp-
tion was rapid, reaching equilibrium within minutes. 
Kinetic data were best described by the pseudo-first-
order model, indicating that physical interactions 
and mass transfer predominantly control the process. 
Equilibrium data were better fitted by the Freundlich 
and Redlich–Peterson isotherms, revealing surface 
heterogeneity and a mixed adsorption mechanism. 
FTIR analyses before and after adsorption, together 
with thermal treatment experiments, demonstrated 
that synthesis-derived surface functional groups play 
a key role in Mn2+ uptake, while the crystalline struc-
ture remains unchanged. This study demonstrates that 
surface chemistry and pore accessibility are critical 
parameters for optimizing Mn2+ adsorption on Nb2O5, 
providing fundamental insights for the rational design 
of oxide adsorbents for heavy metal removal.
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