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ABSTRACT

Lignocellulosic felts derived from hemp and flax were investigated as sustainable biosorbents for manganese ions removal
from aqueous solutions, both in their native form and after functionalization through 1,2,3,4-butanetetracarboxylic acid (BTCA)
grafting. Batch experiments were conducted to assess the influence of initial metal concentration, adsorbent dosage, pH, and ionic
strength on biosorption performance. BTCA modification significantly enhanced Mn?* uptake, with flax-based felts outperforming
hemp due to their higher a-cellulose content, finer fiber morphology, and larger effective surface area. Mn** removal increased
with adsorbent dosage and reached its maximum at pH values promoting deprotonation of BTCA carboxyl groups, confirming
a complexation-driven mechanism. Increasing the solution ionic strength (0.1-0.5 M NaCl) reduced removal efficiency by
competitive Na* interactions with cellulose, hemicellulose, and BTCA-derived -COO™ groups, though modified felts maintained
superior performance. Adsorption isotherm modelling revealed distinct behaviors among materials: native felts fit moderately
well to the Langmuir model, while BTCA-modified flax showed excellent agreement with Langmuir and Dubinin—Radushkevich
models. The mean free energy of 18 kJ mol™! confirmed chemisorption via metal-carboxylate coordination as the dominant
mechanism. Overall, BTCA-modified flax felts emerged as highly effective and environmentally friendly biosorbents, offering
strong potential for Mn?" removal in industrial wastewater treatment applications.

for the largest share of global manganese production, with
approximately 29% and 58%, respectively [10]. This classification

1 | Introduction

Manganese, together with Iron, frequently occurs in water
sources used for drinking water supply, with the former generally
present at much lower concentrations [1-3]. Both elements occur
naturally in soil and in most surface- and groundwater sources,
but they may also originate from human activities [4-9]. In 2023,
manganese was included in the list of Critical Raw Materials of
the European Union, highlighting its strategic importance and
supply vulnerability. South Africa and China currently account

further emphasizes the need for sustainable management and
recovery strategies for this element.

Furthermore, Mn is an essential element for many living organ-
isms due to its role in enzymatic functions. It is considered one
of the least toxic trace elements for humans, with diet being
the primary source of exposure [11-13]. However, manganese
levels in drinking water remain a topic of ongoing debate. High
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manganese concentrations have been reported in occupational
environments such as manganese mines, ore-processing plants,
dry-cell battery manufacturing facilities, and ferromanganese
production plants, where airborne concentrations may range
from 10 to 250 mg/m? [14-16].

While manganese homeostasis is generally well regulated when
exposure occurs via ingestion, inhalation represents a critical
pathway. Inhaled Mn can bypass hepatic regulation, reach the
brain directly, and accumulate in specific regions of the central
nervous system, potentially leading to neurotoxic effects such as
impairments in memory, attention, and motor functions [14-18].
Young children are particularly vulnerable to elevated manganese
exposure [19]. Moreover, radiolabeled manganese studies have
shown that the metal is slowly taken up and retained in neural
tissues [20, 21].

In France, the quality standards for drinking water set maximum
concentrations of 0.2 mg/L for iron and 0.05 mg/L for manganese.
Unlike iron, which has an emission concentration limit of 5 mg/L
combined with Al, no regulatory limit exists for Mn in industrial
wastewater [22]. As a result, this element is discharged into rivers
at non-negligible concentrations, contaminating water bodies
used as drinking-water sources.

Nevertheless, several companies, such as those in the surface
treatment sector, are concerned by the issue of metallic sub-
stances present in their emissions, some of which are classified
as hazardous substances or priority hazardous substances [23-
25]. Although Manganese does not fall into these categories,
studies conducted by Crini and coworkers have shown that Mn
concentration released from the surface-treatment industry can
be relatively high [24]. Conventional treatment methods rely
mainly on chemical precipitation via alkaline agents such as
lime, resulting in the formation of metal hydroxides [26]. If
emission standards are met, treated effluents are discharged into
the environment.

In France, the recently introduced Plan EAU 2030 requires
additional efforts from industries to further reduce contaminant
discharges into the environment [27-29]. Complementary treat-
ment methods such as ion-exchange resins and reverse osmosis
exist, but they are costly for small industrial facilities. Resins are
sensitive and require upstream protection with activated-carbon
filters [30, 31]. There is therefore a need for simple, efficient,
environmentally friendly, and economically sustainable solutions
for small-scale industries [32].

In this context, biosorption using lignocellulosic materials has
emerged as a promising alternative for metal removal from
aqueous media [33, 34]. Lignocellulosic felts derived from natural
fibers combine renewability, low cost, mechanical robustness,
and a high density of functional groups, such as hydroxyl and
carboxyl moieties, capable of interacting with metal ions [35-38].
Hemp and flax fibers, in particular, are attractive due to their high
cellulose content, tunable surface chemistry, and availability from
agricultural sources [39-43].

In this study, the potential of lignocellulosic felts derived from
hemp and flax, as sustainable biosorbents for the removal of
manganese ions (Mn*") from aqueous solutions, was investigated

using the classical batch method. Native felts were compared
with felts chemically modified through grafting with 1,2,3,4-
butanetetracarboxylic acid (BTCA) to enhance the density of
carboxylic functional groups. Batch experiments were conducted
to assess the influence of initial metal concentration, adsorbent
dosage, pH, and ionic strength on biosorption performance.
The experimental data were modelled using common isotherm
models such as Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R).

2 | Results and Discussion
2.1 | Felt Characterization

The surface morphology of native and modified felts was exam-
ined by scanning electron microscopy (SEM), while structural
changes were further investigated by solid-state NMR spec-
troscopy. SEM observations in Figure 1 revealed that both hemp
and flax felts consisted of large fiber bundles interspersed with
isolated single fibers. A BTCA coating was clearly visible on the
surface of treated hemp and flax fibers. No significant morpholog-
ical differences were observed between native hemp and flax felts;
however, HEMPM exhibited a less smooth surface compared to
untreated hemp, while FLAXM displayed a pronounced increase
in surface roughness, indicative of a more effective grafting pro-
cess. Overall, qualitative SEM analysis confirmed that chemical
modification significantly altered the surface morphology and
roughness of the fibers. In addition, upon their handling, treated
samples displayed increased stiffness compared with the raw
materials. As demonstrated by Welsh et al., polycarboxylic acids
like citric acid and BTCA effectively improve the dimensional
stability and stiffness of paper. Beyond paper science, these agents
are industrially significant as formaldehyde-free alternatives for
the durable press finishing of cotton and wool [44-46].

Elemental surface analysis (Figure S2) showed no substantial
differences between hemp and flax before and after modification.
Carbon and oxygen were the predominant elements detected
on the fiber surfaces. Trace amounts of sodium, magnesium,
aluminum, silicon, phosphorus, sulfur, chlorine, potassium, cal-
cium, and chromium were also observed, likely originating from
soil or fertilizer uptake and incorporation into the hemp and
flax plant cell walls [47]. A detailed discussion of these mineral
components has been reported elsewhere [48]. Potassium and
calcium, in particular, are essential for plant metabolism and
growth-related physiological processes, with calcium ions known
to act as bridging agents between pectin molecules [49-52]. After
chemical treatment, hemp and flax fibers exhibited the same
elemental composition than native samples, with the additional
presence of sodium, attributed to activation of the modified felts
using an aqueous NaHCO; solution prior to use.

These findings were further supported by solid-state *C NMR
analysis. The CP/MAS spectrum of native flax (Figure 2, top) dis-
played broad resonances between 50 and 110 ppm, characteristic
of disordered cellulose and corresponding to the glucopyranose
units of the raw fiber. In contrast, the spectrum of FLAXM showed
additional signals, notably a broad band in the 170-180 ppm
region assigned to carboxylic groups, confirming successful
crosslinking with BTCA. This band (labeled a and d) corresponds
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HEMPM

FIGURE 1 | Electron microscopy images of the felts surface. At the top of the figure, native felt fibers are depicted, while BTCA-grafted fibers are

shown at the bottom.
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FIGURE 2 | Solid-state 3C cross polarization magic angle spinning (CP-MAS) nuclear magnetic resonance spectra of the native flax felt (top), and
BTCA-modified flax felt (bottom). The CPMAS for flax shows the peaks of disordered cellulose (C1-C6 broad signals attributable to the glucopyranose
unit) in the range of 50-100 ppm. The spectrum of modified flax shows a large band between 170 and 180 ppm (peaks noted a and d) attributed to
carboxylic groups and two other signals (labeled ¢ and b) due to the cross-linking agent. These new peaks confirm the cross-linking reaction by the

BTCA (see Figure S1).
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TABLE 1 | Values of ion exchange capacity for the different materials.

Lignocellulosic sample

Ion exchange capacity (meq COOH per g)

HEMP 0.15 + 0.02
HEMPM 1.3+0.1
FLAX 0.64 + 0.04
FLAXM 1.4+ 0.1
100 - 100 ¢ FLAX
FLAXM
80 - 80 -
H H
g 60- g 60
e e
< <
= 40 = 40
* ®
20 - 201
A B
0 0

0 20 40 60 80 100

Mn concentration | mg L™

0 20 40 60 80 100

Mn concentration | mg L

FIGURE 3 | Effect of the initial Mn concentration on the removal efficiency of hemp- and flax-based felts, in their native (HEMP, FLAX) and
BTCA-modified (HEMPM, FLAXM) forms. (A) HEMP versus HEMPM; (B) FLAX versus FLAXM. Experimental conditions: adsorbent dose =1 g; pH

= 5; contact time =1 h; temperature = 22 + 1°C; volume of solution = 0.1 L.

to esterified and free carboxylic groups arising from BTCA present
as both ester crosslinks and residual carboxylic acids. Additional
resonances between 30 and 50 ppm (labeled b and c) were also
attributed to the BTCA crosslinking agent. Similar spectra were
obtained for modified hemp felts, in agreement with previously
reported results [47] (Figure S3).

2.2 | Differencesin Ion Exchange Capacity

The ion-exchange capacity (IEC) of hemp and flax felts was
determined by pH-metric titration using the calcium acetate
method, as previously described [53]. As summarized in Table 1,
potentiometric titration revealed a substantial increase in the
concentration of carboxylic groups after grafting. The IEC of
hemp increased from 0.15 + 0.02 meq g~ for the native material
(HEMP) to 1.3 + 0.1 meq g! for the modified felt (HEMPM).
Notably, native flax exhibited an IEC approximately four times
higher than that of native hemp, with a value of 0.64 + 0.04 meq
gL, Following grafting, FLAXM reached an IEC of 1.4 + 0.1 meq
g!, representing the highest ion-exchange capacity among the
felts investigated.

2.3 | Comparison Between the Lignocellulosic
Felts for Mn Removal

Mn uptake was investigated using the batch method for the
four different felts. Figure 3 illustrates the effect of the initial
Mn concentration on the removal efficiency of the four inves-
tigated felts. In all cases, Mn removal decreases as the metal
concentration increases, reflecting the progressive saturation of

available biosorption sites. However, clear differences emerge
between the unmodified felts (HEMP and FLAX) and those
functionalized with BTCA (HEMPM and FLAXM). Among the
natural materials, HEMP displays the lowest biosorption per-
formance across the entire concentration range, with removal
efficiencies dropping below 20% at concentrations above 20 mg
L. FLAX performs slightly better than HEMP, although it
also exhibits a pronounced decline in removal at higher Mn
levels. As reported by Mongiovi et al., the flax-based felt pro-
vides a higher exchange surface area due to its finer fibers
and higher a-cellulose content compared with hemp, which is
consistent with the superior performance observed here [34].
Furthermore, the biosorption process is likely controlled by a
combination of external mass transfer and diffusion within the
porous fibrous structure, followed by interaction with active
sites.

The BTCA modification significantly enhances the biosorption
capacity of both fibers. HEMPM shows a marked improvement
compared with the native hemp felt, maintaining removal effi-
ciencies above 50% up to approximately 60 mg L' and displaying
a more gradual decrease thereafter. FLAXM is the most effective
adsorbent overall; its removal efficiency remains high across the
full concentration range, and the decline with increasing Mn
concentration is notably less severe than that observed for the
other materials. The direct comparison between the modified
felts (Figure 3) confirms that FLAXM outperforms HEMPM,
indicating a stronger affinity toward Mn and a higher density of
effective binding sites.

Overall, the results demonstrate that (i) BTCA grafting substan-
tially increases the biosorption capacity of both hemp and flax
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FIGURE 4 | Influence of the felt bath ratio on Mn removal for native (HEMP, FLAX) and BTCA-modified (HEMPM, FLAXM) felts. (left) HEMP
versus HEMPM; (right) FLAX versus FLAXM. Increasing the felt dosage enhances Mn removal for all materials, with the modified felts showing the

most pronounced improvement. Experimental conditions: initial Mn concentration = 50 mg L™; pH = 5; contact time = 1 h; temperature = 22 + 1°C;

volume of solution 0.1 L.

felts, (ii) flax inherently performs better than hemp, both before
and after modification, and (iii) FLAXM represents the most
efficient biosorbent for Mn removal among those evaluated.

2.4 | Effect of Adsorbent Dosage on Mn Removal
Efficiency

Figure 4 shows the influence of the felt bath ratio on Mn
removal for the unmodified and BTCA-modified felts. For all
materials, the removal efficiency increases as the felt dosage
increases, reflecting the higher number of available biosorption
sites introduced into the system. However, the extent of this
improvement varies substantially among the four felts. HEMP
exhibits the lowest performance, with only a modest increase in
Mn removal even at the highest tested dosage. FLAX performs
better than HEMP, showing a more pronounced and nearly linear
improvement as the felt bath ratio increases, in agreement with
the higher surface accessibility and fiber fineness previously
reported for flax-based felts.

The BTCA-modified materials display a markedly enhanced
response to increasing dosage. HEMPM shows a strong, dose-
dependent increase in Mn removal, reaching values above
80% at the highest felt bath ratio. FLAXM stands out as
the most efficient adsorbent, achieving high removal effi-
ciency even at low dosage and approaching quantitative Mn
removal as the felt amount increases. The comparison between
the modified felts clearly highlights that FLAXM consis-
tently outperforms HEMPM, suggesting that the BTCA graft-
ing is more effective on the flax substrate, likely due to
its higher a-cellulose content and greater accessible surface
area.

Overall, the results demonstrate that the adsorbent dosage is a
key parameter governing Mn removal and that the combination
of BTCA functionalization and flax-based structure provides
the most effective configuration for maximizing biosorption
performance.

2.5 | PH Influence on the Biosorption Process

Solution pH is a key parameter governing Mn removal, as it
simultaneously affects metal speciation in solution and the degree
of ionization of the functional groups present on the adsorbent
surface. In this study, the influence of pH was evaluated within
the 2-6 range, which corresponds to the typical pH values of
effluents generated by the surface-treatment industry. At low pH
(2-3), the surface of both hemp and flax felts is predominantly
protonated, leading to strong electrostatic repulsion between
positively charged functional groups and Mn?* ions. This results
in limited biosorption, particularly for the unmodified materials.
The introduction of BTCA, however, significantly alters the sur-
face chemistry of the felts: the grafted BTCA molecules contribute
multiple carboxylic groups with pKa values of 3.43, 4.58, 5.85,
and 7.16 (Figure 5A) [54, 55]. As the pH increases, these groups
progressively deprotonate, generating negatively charged sites
capable of strongly interacting with Mn?* through electrostatic
attraction and metal-carboxylate complexation. However, the
pKa of the grafted COOH cannot be defined precisely because it
is difficult to state that BTCA is esterified by one, two, or more of
its carboxylic groups (Figure S1).

This sequential deprotonation mechanism provides a clear inter-
pretation of the observed pH-dependent removal efficiency.
Around pH 3, only the most acidic carboxyl group [pKa =
3.43] begins to deprotonate, resulting in a limited but noticeable
increase in Mn uptake. At pH 4-5, two additional carboxyl
groups [pKa 4.58 and 5.85] become deprotonated, markedly
enhancing the density of negatively charged biosorption sites.
This leads to a significant improvement in Mn removal for the
modified felts, which consistently outperform the natural ones
(Figure 5B). By pH 6, the surface bears a high proportion of
deprotonated carboxylates, maximizing electrostatic attraction
and coordination with Mn?*. In this condition, biosorption
is governed predominantly by metal-carboxylate complexation,
explaining the high efficiencies observed for BTCA-modified flax
and hemp. Control experiments performed in the absence of
adsorbent confirmed that no Mn removal occurred within the
investigated pH range, excluding precipitation phenomena.
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FIGURE 5 | (A) Chemical structure of 1,2,3,4-butanetetracarboxylic acid (BTCA) and its pKa; (B) effect of solution pH (2-6) on Mn removal by
natural (HEMP, FLAX) and BTCA-modified (HEMPM, FLAXM) felts. Modified felts consistently show higher removal efficiency due to the progressive
deprotonation of BTCA carboxyl groups and the resulting increase in negatively charged adsorption sites, which enhances electrostatic attraction and

metal-carboxylate complexation with Mn?*. Experimental conditions: adsorbent dose = 1 g; initial Mn concentration = 50 mg L™!; contact time = 1 h;

temperature = 22 + 1°C; volume of solution = 0.1 L.

Overall, these results show that the pH-dependent ioniza-
tion of BTCA carboxyl groups plays a central mechanistic
role in Mn uptake: higher pH values increase the negative
charge of the adsorbent surface, thereby promoting more
efficient biosorption through a combination of electrostatic
interactions and complex formation. This also accounts for
the superior performance of BTCA-modified felts compared
to their unmodified counterparts across the entire pH range
investigated.

The pH-dependent protonation and deprotonation of surface
functional groups not only governs Mn?* adsorption but can
also be exploited for desorption and material regeneration. In
particular, the protonation of carboxylate groups under acidic
conditions promotes the release of previously adsorbed Mn?**
ions, enabling the reuse of the biosorbent.

This mechanism was applied to evaluate the reusability of the
BTCA-modified felts, as reported in the Supporting Information
(Figure S4). Regeneration was performed using a dilute acidic
solution, followed by rinsing and reuse in fresh Mn?* solutions.
The results demonstrate that both materials retain significant
adsorption capacity over multiple cycles, with the modified flax
felt exhibiting higher initial performance but a more pronounced
decrease upon reuse, likely due to its lower mechanical resistance
compared to hemp-based felts.

In summary, these findings confirm that the adsorption process is
at least partially reversible and that the developed materials can
be regenerated through simple pH adjustment, supporting their
potential for practical applications.

2.6 | Ionic Strength Effect on Biosorption

To elucidate the contribution of BTCA carboxyl groups to Mn?*
binding, the effect of increasing ionic strength was investigated

100 4 {»

80 4

60 -

e

HEMP HEMPM  FLAX  FLAXM
[ ][NaCll=0M [][NaCl]=0.1 M [][NaCl] = 0.5 M

% Mn removal

FIGURE 6 | Effect of ionic strength on Mn?* removal by native and
BTCA-modified hemp and flax felts. Percentage Mn removal (%) obtained
for HEMP, HEMPM, FLAX, and FLAXM in solutions containing 0 M,
0.1 M, and 0.5 M NaCl. The progressive decrease in removal efficiency
with increasing NaCl concentration highlights the competitive role of Na*
ions, which screen or occupy the biosorption sites of lignocellulosic fibers
and interact with the carboxylate groups introduced by BTCA grafting.
Experimental conditions: initial Mn concentration = 50 mg L™}; pH = 5;
adsorbent dose =1 g; contact time = 1 h; temperature = 22 + 1°C; volume
of solution = 0.1 L.

by adding NaCl at 0.1 M and 0.5 M. As shown in Figure 6, the
presence of Na* progressively reduced Mn removal in all mate-
rials, although the magnitude of this effect differed significantly
between native and BTCA-modified felts. For the unmodified
HEMP felt, Mn removal decreased only slightly from 19 + 1%
in the absence of NaCl to 17 + 1% at 0.1 M and 10 + 1% at
0.5 M, reflecting the limited number of weakly acidic -OH groups
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(from cellulose and hemicellulose) available for metal binding. In
contrast, HEMPM showed markedly higher biosorption capacity
under all conditions, removing 91 + 5% of Mn in the absence of
NaCl, 66 + 3% at 0.1 M and 23 + 1% at 0.5 M. A similar pattern
was observed for FLAX and FLAXM. Native FLAX removed 40 +
2%Mn at 0 M, decreasing to 35 + 2% at 0.1 M and 27 + 1% at 0.5 M,
whereas FLAXM maintained the highest efficiencies across the
series, falling from 100% at 0 M to 73 + 4% at 0.1 M and 62 + 3% at
0.5M.

These trends clearly indicate that Na* competes with Mn**
through electrostatic screening of negatively charged biosorption
sites. In native fibers, Na* mainly shields the surface -OH
groups, reducing their ability to interact with Mn?". In BTCA-
modified felts, however, Na* can also interact directly with
deprotonated -COO~ groups, which are primarily responsible
for strong complexation with Mn?*. As ionic strength increases,
Na* increasingly saturates these high-affinity sites, diminishing
the driving force for Mn?* complexation. According to the Le
Chatelier principle, increasing the concentration of competing
Na* shifts the ion-exchange equilibrium toward Na*-COO~
association, thereby reducing Mn?* uptake. This mechanism also
explains the regeneration behavior of BTCA-modified felts, where
Na* effectively displaces Mn**from carboxylate sites.

The sharper decline observed for HEMPM and FLAXM, there-
fore, confirms the dominant role of BTCA carboxylate groups in
Mn?* uptake and highlights the sensitivity of these functional
groups to competitive cation effects.

2.7 | Adsorption Isotherms Modeling

A comprehensive investigation of the adsorbate-adsorbent equi-
librium relationships for lignocellulosic felts was performed using
the Langmuir, Freundlich, Temkin, and D-R isotherm models
(Figure 7). The resulting trends indicate that multiple interaction
mechanisms contribute to Mn?** uptake, reflecting the heteroge-
neous chemical composition of the felts and complicating the
interpretation of a single prevailing adsorption model.

The native HEMP exhibited the best linearity under the Lang-
muir formalism, suggesting monolayer adsorption on a relatively
homogeneous distribution of active sites. The corresponding
maximum adsorption capacity, Q,, calculated from the Langmuir
plot, was approximately 0.33 mg g='. A similar behavior was
observed for native FLAX, although its higher Q, value of 0.83 mg
g™! indicates superior Mn?** affinity, most likely due to the
higher a-cellulose content and lower hemicellulose fraction of
flax compared to hemp.

Unlike the native felts, HEMPM did not show a clear pre-
dominance of any of the four models. The poor exclusivity
of the fit suggests that Mn?* uptake occurs through multiple
concurrent mechanisms, consistent with the introduction of
BTCA carboxylate groups generating both specific complexation
sites and residual native biosorption domains.

In contrast, FLAXM displayed remarkably good agreement with
Langmuir, Temkin, and D-R models, indicating that BTCA
modification led to a more uniform population of biosorption

sites and enhanced Mn?* affinity. Its Langmuir Q, reached
10.7 mg g~!, about 13-fold higher than FLAX and nearly 3-fold
higher than HEMPM, confirming the strong impact of BTCA
functionalization. This substantial increase can be linked to
flax’s inherently higher a-cellulose content, which provides more
accessible hydroxyl groups for BTCA crosslinking and thus more
available -COO~ binding sites.

The D-R model further supported the presence of strong inter-
actions in FLAXM: the mean free energy (E) was 18.2 kJ
mol ™, significantly exceeding the 8 kJ mol™! threshold typically
associated with physisorption. This strongly suggests that Mn>*
uptake is dominated by chemisorption, most plausibly through
coordination with BTCA-derived -COO~ groups. Although E-
values for the other felts also fall within the chemisorption
domain, their weaker fit to the D-R model prevents definitive
mechanistic conclusions (Table 2).

Finally, it is worth noting that structural differences, such as the
higher thickness of HEMP (5 mm) compared to FLAX (3 mm),
may influence BTCA penetration and internal accessibility of
biosorption sites, contributing to the observed variability in the
isotherm behaviors and complicating direct comparison between
materials.

In addition to the linearized models commonly reported in
the literature, non-linear regression analysis was performed to
fit Langmuir, Freundlich, Temkin, and D-R isotherm models,
in accordance with recent recommendations in the literature.
The non-linear fitting results are reported in Figure 8, while
the corresponding parameters are summarized in Table 3. The
comparison between non-linear and linearized models highlights
that, although the general trends are consistent, noticeable
differences in the estimated parameters can be observed. In
particular, non-linear fitting provides a more accurate description
of the experimental data, especially at low and high concentration
ranges, where linearization may introduce distortions due to error
transformation.

For modified felts (HEMPM and FLAXM), all models exhibit a
good agreement with the experimental data, confirming the well-
defined biosorption behavior induced by BTCA functionalization.
On the contrary, native felts (HEMP and FLAX) show a larger
deviation between models, reflecting the more heterogeneous
nature of the biosorption process.

The comparison between Tables 2 and 3 highlights the extent
to which parameter estimation depends on the fitting approach,
emphasizing the importance of non-linear regression for a more
reliable interpretation of biosorption mechanisms.

It is interesting to note that even in the nonlinearized form,
the mean free energy is greater than 8 kJ mol™, confirming
a chemisorption behavior due to the presence of carboxylate
moieties on the felts surface

Overall, from a physicochemical point of view, both isothermal
representations show that the grafting process uniformed the
surface. Indeed, the biosorption process results are repeatable
with better fittings for grafted felts compared to non-modified
felts. Nevertheless, the heterogeneous surface make complex
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FIGURE 7 | Adsorptionisothermsof Mn?* on native (HEMP, FLAX) and BTCA-modified (HEMPM, FLAXM) lignocellulosic felts. Linearized plots
according to the Langmuir, Freundlich, Temkin, and D-R models are shown. Experimental conditions: adsorbent dose =1 g; pH = 5; contact time =1h;

temperature = 22 + 1°C; volume of solution = 0.1 L.

determines which biosorption process majorly occurs on the
lignocellulosic felts.

2.8 | X-Ray Computed Nanotomography
Reconstruction

To further support these observations, a surface investigation
was conducted using x-ray computed nanotomography (nano-
CT) on individual fibers extracted from the BTCA-modified
flax felt, which exhibited the highest manganese concentrations
among all samples. This technique allowed for nondestructive,
three-dimensional visualization of the fiber morphology and the
distribution of adsorbed Mn at the microscale. Figure 9 presents
the reconstructed images of the flax fibers before biosorption
(Figure 9A) and after exposure to manganese (Figure 9B-D), with
manganese highlighted in red. The 3D reconstruction prior to
biosorption confirms the SEM observations, revealing a highly
rough surface, which may contribute to increased accessibility
of reactive sites for functionalization. Following manganese
biosorption, the nano-CT images show that manganese is pri-
marily localized along the external surface of the fibers. This
preferential surface localization can be explained by stronger
interactions between manganese ions and the carboxylate groups

introduced by BTCA, particularly in the regions most exposed
to the solution. These findings indicate that biosorption occurs
mainly at the fiber surface rather than within the bulk and
strongly support a chemisorption-dominated mechanism, driven
by the BTCA carboxyl groups.

2.9 | Performance Comparison of Biosorbents for
Mn?** Removal

To better contextualize the performance of the proposed mate-
rials, a comparison with recent low-cost biosorbents reported in
the literature for metal removal is presented (Table 4). It should
be noted that a direct comparison remains challenging due to
the variability in experimental conditions, including pH, initial
metal concentration, contact time, and adsorbent dosage, which
strongly influence biosorption capacity and removal efficiency.
Furthermore, Mn(II) biosorption is less studied than Pb or Cd.

Despite these differences, some general trends can be high-
lighted. Several lignocellulosic and waste-derived materials, such
as Phragmites australis, corncob biomass, and tannic acid-
functionalized cellulose, exhibit biosorption capacities ranging
from approximately 6 to over 30 mg g, often accompanied by
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TABLE 2 | Isotherm parameters obtained from the linear modelling of the Mn?* adsorption through native lignocellulosic (HEMP, FLAX) and
BTCA-modified (HEMPM, FLAXM) felts.

Freundlich isotherm Langmuir isotherm Dubinin-Radushkevich
model model Temkin isotherm model isotherm model
HEMP Kr (L n R? K (L Q,(mg R? K, (L B, R? Kpr Qy(mg EKJI R?
mg) mg') g’ mol ") (mol*  g™)  mol™)
72
0.18 41 0.62 0.25 0.33 0.93 0.85 1.3 0.60 23X 0.95 14.6 0.70
10~°
HEMPM K (L n R? K (L Qp(mg R? K (L B, R? Kpr Qy(mg EKJI R?
mg™) mg™)  gh) mol ™) (mol>  g)  mol™)
%)
1.40 4.2 0.74 0.08 3.80 0.88 70 0.4 0.81 21X 6.7 15.3 0.80
107°
FLAX Kr (L n R? Kt (L Qg (mg R? K; (L B, R? Kpr Qo(mg E(KJ R?
mg™) mg) gl mol ™) (mol>  g)  mol™)
%)
0.33 3.0 0.74 0.20 0.83 0.91 323 0.15 0.62 2.9 x 2.8 13.1 0.82
10~°
FLAXM K (L n R? K (L Q,(mg R? K (L B, R? Kpr Qy(mg E(KkI R?
mg) mgh) gl mol ™) (mol*  g™)  mol™)
%)
3.50 6.1 0.95 0.03 10.7 0.92 94.4 0.8 0.97 1.5 % 10.0 18.2 0.97
107°
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FIGURE 8 | Nonlinear isotherm fitting of Mn?* adsorption onto native (HEMP, FLAX) and BTCA-modified (HEMPM, FLAXM) lignocellulosic
felt. Experimental conditions: adsorbent dose =1 g; pH = 5; contact time =1 h; temperature = 22 + 1°C; volume of solution = 0.1 L.
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FIGURE 9 | Nanotomography images of a fiber extracted from the FLAXM sample before and after biosorption. (A) 3D reconstruction of the fiber
prior to biosorption; (B) fiber image after biosorption along the longitudinal plane; (C) fiber image after biosorption along the transverse plane; (D) 3D
reconstruction of the fiber after biosorption. High-intensity voxels corresponding to the metallic element Mn are shown in red.

high removal efficiencies. In this context, the BTCA-modified flax
felt developed in the present study shows moderate biosorption
performance (g, = 6.0-10.7 mg g'), while still achieving
excellent removal efficiency (>99%). This indicates that, although
the maximum uptake is not among the highest reported, the
material is highly effective under the tested conditions.

Importantly, the results highlight the role of surface func-
tionalization in enhancing biosorption performance. Compared
to untreated lignocellulosic felts, BTCA grafting significantly
improves Mn** uptake through the introduction of carboxylic
groups, promoting complexation mechanisms. Furthermore, the
relatively simple preparation method and the use of renewable,
low-cost precursors make these materials attractive for practical
applications, particularly in decentralized or small-scale water
treatment systems.

It is also worth noting that most of the studies reported in
the literature identify the Langmuir model as the best-fitting
isotherm, suggesting monolayer biosorption on relatively homo-

geneous surfaces. A similar trend was observed in the present
work, especially for the BTCA-modified flax, further supporting
the comparability of the biosorption mechanism with other
biosorbents.

3 | Conclusion

This study demonstrated the suitability of lignocellulosic felts
derived from hemp and flax, both in their native form and chem-
ically modified through BTCA grafting, as effective biosorbents
for Mn?* removal from aqueous solutions. The batch experiments
revealed that biosorption performance is strongly controlled by
material composition, BTCA functionalization, and operating
conditions such as pH, adsorbent dosage, and ionic strength.

Increasing the felt dosage enhanced Mn** uptake for all materials;
however, BTCA-modified felts consistently outperformed their
native counterparts, confirming the central role of carboxy-
late functionalities in metal complexation. Between the two
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fiber types, flax displayed superior performance compared to
hemp, both before and after modification. This improvement
is attributable to flax’s inherently higher a-cellulose content,
finer fibers, and greater available surface area, which collectively
favor BTCA anchoring and subsequent metal binding. These
structural characteristics contribute to enhanced ion-exchange
capacity, further explaining the higher Mn?* removal observed for
flax-based felts.

Solution pH was another decisive factor, particularly for BTCA-
modified materials. The progressive deprotonation of BTCA car-
boxylic groups within the pH 3-6 range, consistent with their pKa
values, enabled stronger electrostatic attraction and coordination
of Mn?*, Maximum removal was observed at pH values where
the majority of ~-COOH groups shifted to -COO~, confirming the
complexation-driven mechanism. Conversely, low pH inhibited
biosorption by suppressing carboxylate ionization and promoting
competition between Mn?* and H* ions for the same active sites.

The influence of ionic strength further supported this interpre-
tation. The addition of NaCl (0.1-0.5 M) reduced Mn*" uptake,
particularly in BTCA-functionalized felts, due to competitive
interactions between Na* and the -COO~ binding sites. Never-
theless, FLAXM and HEMPM maintained significantly higher
removal efficiencies than unmodified materials even under saline
conditions, demonstrating the robustness of BTCA-mediated
complexation.

Isotherm modelling revealed that different biosorption mecha-
nisms operate depending on the felt type. Native felts displayed
moderate affinity, best described by the Langmuir model, sug-
gesting monolayer adsorption onto relatively homogeneous sites.
In contrast, FLAXM showed excellent agreement with Langmuir,
Temkin, and D-R models and achieved Langmuir’s maximum
adsorption capacity (10.7 mg g™), over an order of magnitude
greater than native flax. The mean free energy (greater than 18 kJ
mol™), obtained through the D-R model, indicated a chemisorp-
tion mechanism consistent with coordination between Mn?** and
BTCA-derived carboxylate groups. Although chemisorption also
appeared to dominate in the other felts, their weaker model fits
prevented additional mechanistic detail.

Overall, these findings highlight the effectiveness of BTCA-
modified flax felts as a promising, sustainable and low-cost
material for Mn?* removal from contaminated waters. Their high
affinity, strong performance across variable conditions and clear
chemisorption-driven behavior position them as particularly
suitable candidates for industrial wastewater treatment appli-
cations. Future work should investigate regeneration, kinetic
behavior and performance in real effluents to further support
their practical implementation.
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Information [65-84]. Materials and methods: materials and chemicals;
grafting modifications of felts; scanning electron microscopy and

energy x-ray analysis; computed nano-tomography analysis; nuclear
magnetic resonance; ion exchange capacity; batch method for manganese
biosorption; adsorption isotherm models. Grafted felts reutilization.
Figure S1: Schematicillustration showing the possible reaction between
1,2,3,4-butanetetracarboxylic acid (BTCA) and anhydro-glucose units

of two cellulose chains. Figure S2: EDX spectra of native (HEMP, FLAX)
and BTCA-modified (HEMPM, FLAXM) lignocellulosic felts. Figure S3:
NMR spectra of the BTCA-modified hemp felt (top) and native hemp felt
(bottom). In the panel, the labeled carbons associated with their respective
peaksare displayed. Figure S4. Percentage of manganese removal

for different cycles of reutilization for modified flax and hemp felts.
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