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Carboxylated wood membranes for
selective capture and recovery of critical
and commodity metal cations
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Bio-based materials for selective metal cation capture are increasingly sought after as economic and
sustainable alternatives to conventional polymeric/ceramic membranes. Here, spruce wood
membranes were carboxylated via anhydride esterification with succinic anhydride (SA) and maleic
anhydride (MA). Said membranes were used in cation-exchange filtration processes to capture/
recover lithium (Li*) and ferric (Fe*") ions from aqueous solutions. Structural and chemical analyses,
e.g., FTIR, SEM-EDX, WAXS, TGA and DVS experiments, confirmed formation of Na-carboxylate
exchange sites, following anhydride esterification and Na-charging with NaHCO3, while preserving the
aligned wood microchannel architecture. Gravity-driven filtration experiments demonstrated
significant differences as aresult of these two modification routes. MA-modified membranes achieved
near-quantitative Li* removal (v99.9%) with excellent regeneration stability over three cycles, whereas
SA-modified membranes showed greater variability and partial performance decline. For Fe®*", MA-
modified membranes exhibited significantly higher, stable removal efficiencies (=72 %) than succinic-
modified membranes. Equilibrium ion-exchange experiments showed Langmuir-type monolayer
adsorption on chemically homogeneous carboxylate sites, with higher affinity for Fe**
(K=0.017-0.020 L-mmol™) than for Li* (K = 0.0063-0.0078 L-mmol™), reflecting the influence of the
cation valence and coordination. Overall, MA modification provides a balanced combination of ion-
exchange efficiency, structural robustness, and regeneration compatibility, establishing chemically
modified wood membranes as promising, sustainable platforms for metal cation capture and recovery
in water treatment applications.

Base/commodity metals, such as Cu, Mn, Pb, Fe, as well as critical/stra-
tegic metals such as Co and Li, enter water bodies from mining, battery
manufacturing, electroplating, and chemical industries, posing risks even
at trace concentrations due to their toxicity and long-term environmental
persistence'. Conventional treatment processes - including precipitation’,
ion exchange’, reverse osmosis’, spray drying’, adsorption®, and electro-
chemical methods’ - are effective but often constrained by high
energy consumption, membrane fouling, operational costs, and limited
sustainability.

Recent research has focused on developing high-performance adsor-
bents and membrane systems to overcome these limitations. Nanos-
tructured metal oxides offer high affinity and rapid kinetics for metal
uptake®, while biomaterials such as chitosan-based sorbents provide tunable

chemical functionality through amino and hydroxyl groups, enabling che-
lation and adsorption of multivalent ions™"'. Moreover, the recovery/
selective capture of such commodity or critical/strategic metals offers an
economic incentive towards closed-loop production processes and circular
economy. Membrane-based processes, including ultrafiltration, nanofil-
tration, and reverse osmosis, also demonstrate high removal efficiency'*™",
although these technologies are limited by high operational pressures,
fouling, and the use of non-biodegradable synthetic polymers .

Wood has emerged as a promising material for filtration processes due
to its renewability, biodegradability, low cost, and mechanical stability’.
The hierarchical porous structure with aligned microchannels provides a
natural scaffold that enables directional water transport, extended residence

times, and combined filtration through size exclusion and adsorption'”".
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Wood-based membranes have been demonstrated to effectively remove
particles, colloids, and microorganisms, with their performance influenced
by density, porosity, and pit geometry". Boutillier et al. (2014) reported that
xylem tissue from Eastern white Pine could filter up to 4 L of water per day,
efficiently removing bacteria via pressure-driven filtration’’. Contemporary
literature also highlights wood’s capability to remove nanoparticles and
organic contaminants through size exclusion and adsorption as a function
of the wood orthotropic direction for some softwoods and hardwoods *'.

Chemical modification significantly improves wood’s potential for
advanced applications for filtration and resource capture/recovery
applications. Currently, the use of modified wood-based membranes is
most reported for applications such as anion-exchange/filtration* >
(using quaternised woods), dye absorption™ (using carbonised woods).
Specifically, the capture/recovery of commodity or strategic metal cations
using wood-based membranes remains largely unexplored™. He et al.
prepared a wood microfilter by delignification with a deep eutectic solvent,
followed by functionalisation with citric acid and cysteine. The resulting
wood membrane was grafted with carboxyl -COO™ and sulfthydryl -SH
groups, where Cu’" and Cd*" ions could bind and be retained™. He et al.
prepared a modified wood membrane by grafting poly(acrylic acid) prior
to delignification and activation with the radical TEMPO-oxidation. The
resulting wood membrane demonstrated good adsorption capacity for
Cu’™, Pb*", Cd** and Ni**”. Introducing carboxylate-rich functionality
into cellulose-based substrates has enabled strong interactions with metal
ions in water remediation contexts, motivating ion-binding site engi-
neering in porous cellulose/wood scaffolds™”. A core focus for such
materials is based on maintaining stable performance over multiple
regeneration cycles.

Particularly for commodity or critical metal cations, e.g., Li* and Fe*',
there are few reports of their recovery/capture using a wood-based mem-
brane. Efficient recovery/capture strategies for these commodity/critical
metals are necessary to mitigate environmental impacts and facilitate
closing production loops or realising a circular economy”. Further, the
significance of such a proof-of-concept comes at a time when the demand
for such resources surges as well as the current industrial shift towards
resource recovery from industrial effluents, e.g., battery manufacturing,
brine extraction, mining, and electrochemical processes 3

Bio-based cation-binding membranes and filters reported for metal
recovery typically rely on: i) polysaccharide matrices bearing fixed anionic
groups, e.g., -COO/-PO,*/-S0,%, or ii) biopolymer composites embedded
with inorganic selective phases to enhance Li" selectivity, e.g., manganese
oxide “ion-sieves”. Fatima et al. (2026) reported bacterial cellulose acetate
membranes embedded with a Li-selective filler hydrogen manganese oxide
(HMO), and a piperidinium ionic liquid. The authors reported Li* fluxes on
the order of 0.1 mol'm™h™ with Li*/transition-metal separation factors of
10-12 using battery-leachate analogues™. Recepoglu et al. (2022) reported
cellulosic ion-sorbents and composites, e.g., -PO,* or -SO,* cellulose
derivatives, exhibiting Li* uptake capacities in the ~10-35 mg-g "' range and
multicycle regeneration in seawater/brine-like matrices”. However, across
these bio-based platforms, direct comparisons are complicated by differing
operating modes - adsorption/diffusion/filtration -, feed chemistries, and
regeneration protocols. Importantly, there remains limited literature on
multicycle, gravity-driven cation-exchange filtration using an intact wood
membrane scaffold in which the cation-exchange sites are introduced by a
simple, covalent carboxylation strategy.

Thus, we propose herein two anhydride-based esterification/car-
boxylation routes, without any delignification or special treatment for the
wood scaffold. Esterification with maleic anhydride (MA) or succinic
anhydride (SA) introduces —-COO™ groups via -COOR linkages that
enhance surface charge density, ligand-cation selectivity, sorption capacity
and/or metal-binding affinity. Moreover, the cation-exchanging capacity
of anhydride-modified wood membranes is investigated, considering the
two different cyclic anhydride modifications, i.e., MA vs SA. For the for-
mer, the presence of a double bond and the consequent effects on the
ligand/group affinity to cations - due to varying acidity - is studied. Finally,

most commercial and many reported ion exchange membranes rely on
Donnan partitioning and electrically-driven transport for ion-selective
separation’*”. Here, we target a different operating regime, i.e., a gravity-
driven reactive filtration in a porous, renewable scaffold based on wood,
where capture is governed by fixed-charge site density and accessibility
rather than permselective ion exclusion.

Results and discussion

Wood modification

Spruce wood was chemically modified using two cyclic dicarboxylic anhy-
drides, i.e., succinic anhydride (SA) and maleic anhydride (MA), to intro-
duce -COOR and -COO" functionalities onto the lignocellulosic matrix. In
both cases, esterification proceeds via nucleophilic attack of -OH groups in
the typical anhydroglucose unit (AGU) of the cellulose, hemicelluloses, and
lignin. The electrophilic carbonyl groups of the anhydrides’ ring undergo a
ring-opening reaction to form covalent ester bonds while generating a
free -COO" group™”. Following esterification, soaking of the modified
wood in 1 M NaHCOj replaces the acidic protons of the carboxyl groups
with sodium ions, yielding sodium carboxylates that serve as active cation-
exchange sites during filtration. Scheme 1 illustrates both anhydride ester-
ification processes, ie., SA and MA, together with the subsequent Na-
exchange (charging) step with 1 M NaHCO; aqueous solution. The cation-
exchanging spruce wood membranes are denoted SSp and MSp, referring to
SA or MA esterification, respectively.

For both SA and MA treatments, a 12-fold molar excess of anhydride/
AGU was used to promote extensive functionalisation of accessible
hydroxyl groups. Based on an earlier work involving lignocellulosic deri-
vatisation, this stoichiometry ensures an excess of reactive groups in the
functionalisation and drives high functionalisation density’**. Reactions
were carried out in anhydrous N,N-dimethylformamide (DMF) under an
inert N, atmosphere to suppress hydrolysis and oxidative side reactions. The
polar, aprotic nature of DMF facilitates swelling of the lignocellulosic matrix
and uniform diffusion of the anhydride molecules™. This enables efficient
esterification while preserving the integrity of the cyclic anhydride until
reaction occurs.

In the idealised reaction pathway, up to three anhydride molecules may
be grafted onto a single AGU, yielding multi-substituted succinate or
maleate derivatives. Both modifications introduce -COOR linkages and
-COO' groups that enhance surface polarity and cation-binding capacity™.
In case of MA, the presence of an unsaturated C = C double bond alters the
electrophilicity of the ester group, contributing to the stronger acidity of the
maleic monoester relative to the succinic analogue. A direct comparison of
grafting efficiency reveals that SA treatment resulted in a higher degree of
modification than the MA treatment. The average weight gain of w,, = 36.8%
for SSp samples (45.1% after Na-exchange) exceeded that of MSp samples of
wg = 25.1% (30.7% after Na-exchange). This difference reflects the higher
reactivity and accessibility of the saturated SA moiety during the ester-
ification process. The post-esterification outcomes are further described in
Table 1 below, providing a direct comparison of functional group loading
between SSp and MSp.

However, the higher grafting density in SSp samples was accompanied
by noticeable changes in physical integrity. SA-modified specimens (SSp)
exhibited increased swelling along the radial and tangential directions, as
well as bending, warping, and increased brittleness. Similar behaviour in
lignocellulosic material modified with SA has been reported elsewhere’"*.
In contrast, MA-modified wood membranes (MSp) retained greater rigidity
and dimensional stability. The more moderate and surface-oriented grafting
in MSp samples appears to preserve the native wood architecture more
effectively, resulting in improved mechanical robustness. These observa-
tions indicate a trade-off between grafting density and structural stability*"**,
with important implications for membrane performance under filtration
conditions.

Fourier-transform infrared (FTIR) spectroscopy was performed to
confirm the chemical modification in Na-charged MSp and SSp wood
membranes relative to unmodified spruce (Sp), as presented in Fig. 1,
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Scheme 1 | Esterification of spruce wood (AGU) a)
with a) succinic anhydride (SA), and b) maleic
anhydride (MA). A similar mechanism is expected
for the free OH groups from hemicelluloses and
lignin.
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Table 1 | Post-esterification outcomes in terms of theoretical
ion-exchange capacity IEC,.x and weight gain wg

Sample Basis Wy (%) IECmax” (mmol-g7)
SSp COOH-based 36.8 2.69
COONa-based 45.1 2.54
MSp COOH-based 25.1 2.05
COONa-based 30.7 1.96
2 JEC,

W,
max " (100-+w, )M,

M; is the molar mass of the corresponding functional group: SSp-COOH (SA), SSp-COONa,
MSp-COOH (MA), and MSp-COONa are 100.07, 122.06, 98.06, 120.04 g-mol~", respectively.

together with reference spectra of free H,O and D,O. The comparison
highlights the distinct chemical contributions in the SSp and MSp spectra
after modification. Neat Sp exhibits a broad absorption band between 3300
and 3500 cm ™', corresponding to O-H stretching vibrations in cellulose,
hemicelluloses, and lignin. This band is markedly reduced in both SSp and
MSp samples, indicating loss of -OH groups through esterification. After
exchange with D,O0, the residual O-H bands are attributed to inaccessible
-OH groups located within crystalline cellulose regions, with noticeably
lower intensities in the modified samples (SSp and MSp). A strong
absorption band in the range of 1715-1735 cm™, attributed to C=0
stretching of ester carbonyl groups, appears prominently in both SSp and
MSp spectra and is nearly absent in unmodified spruce'’. The higher
absorbance intensity observed for SSp (A;7,5=0.37) compared to MSp
(A1716=0.27) is consistent with the higher grafting degree determined
gravimetrically.

Additional bands at 1565-1575cm™"' and 1400-1420 cm™!, corre-
sponding to asymmetric and symmetric stretching of -COO'Na* groups,
confirm successful Na-exchange following NaHCO; treatment. In MSp, a
band near 1630 cm™" is assigned to C = C stretching vibrations, reflecting
the presence of unsaturation in the maleic moiety. Overall, the FTIR results
unequivocally confirm the successful esterification of spruce wood with
both SA and MA and the formation of carboxylate-functionalised mem-
branes suitable for cation-exchange filtration.

Scanning electron microscopy/Energy-dispersive X-ray (SEM/EDX)
spectroscopy was performed to evaluate the elemental composition of
unmodified (Sp) and chemically modified spruce wood membranes (SSp
and MSp). The technique was also used to verify the formation of
-COO'Na" groups following Na-exchange (charging). SEM imaging

A (a.u.)

'"'I'E"'I'"'I;""l"‘i'l"i"l"'
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~ -1
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Fig. 1 | FTIR spectra (thick curves) and after D,0O-exchange (thin curves) of
unmodified spruce (Sp, black), SA-modified spruce (SSp, blue), and MA-
modified spruce (MSp, green) samples. The bottom FTIR spectra correspond to the

absorption peaks of free H,O (red) and free D,O (violet). All samples were measured
after moisture/D,0 uptake and subsequent drying.

reveals that the cell wall architecture is well preserved, exhibiting distinct
tracheid boundaries and a relatively smooth inner surface. The lumen
appears largely unobstructed, and the overall porous softwood matrix is
intact. These features align with unaltered lignocellulosic structure, where
cellulose microfibrils are embedded in a hemicellulose-lignin matrix
without visible surface degradation. This should be the case since any
esterification process might only insignificantly increase the molecular
distance***’. Both SA and MA modifications introduce surface deposits
and slight texturing of lumen edges. These visible changes are consistent
with the occurrence of surface chemical modification but do not provide
direct information about subsurface or internal cell wall alterations, which
cannot be resolved by SEM. Any structural effects are limited to surface
coverage by the deposition of reaction products rather than complete
obstruction of the lumen architecture.
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The EDX spectra recorded in both the longitudinal (L) and tangential
(T) directions for untreated spruce (Sp), Na-charged SA-modified spruce
(SSp) and MA-modified spruce (MSp) samples are presented in Fig. 2. The
Sp EDX spectrum shows only the presence of C (x, =0.277 keV) and O
(1o = 0.525 keV), reflecting the intrinsic lignocellulosic composition of the
wood matrix. In contrast, both Na-charged SSp and MSp samples exhibit
an additional peak corresponding to Na (x, = 1.041 keV), which is absent
in the unmodified wood. The Na signal indicates the successful replace-
ment of H" by Na™ cations following the NaHCO; treatment and further
confirms the presence of accessible -COO™ groups generated through
anhydride esterification. The consistent detection of Na in both L- and
T-directions indicates that the introduced -COO" functionalities are not
confined to the surface but are distributed within the wood structure
accessible to cation exchange.

A semi-quantitative analysis (ad hoc) from the EDX spectra was per-
formed following a series of non-linear fitting approaches. The resulting
percentage of COONa domains was 27.6% and 23.2% for the SSp and MSp
samples, respectively, which correspond to a mass gain of 38.1% and 30.2% -
values close to those from the COONa-based weight gain of 45.1% and
30.7%. Both samples showed the same percentage independently of the L- or
T-direction, suggesting a homogeneous distribution of the grafted anhy-
dride along the sample, with deviations from the mass gain values attributed
to inhomogeneities, surface roughness, and voids in the samples. These
findings corroborate the mass gain and the FTIR results, confirming that the
chemically modified membranes possess ion-exchange-active sites, which
are essential for subsequent Li* and Fe’* filtration experiments.

Scattering experiments (WAXS) were performed to investigate any
structural changes in the crystallite domain and the amorphous content in
the samples. WAXS analysis is shown in Fig. 3 for the untreated spruce (Sp),
Na-charged SA-modified spruce (SSp) and MA-modified spruce (MSp)
samples. The described modification does not incur substantial changes to
the original structure of the untreated spruce. Therefore, the original
monoclinic cellulose I allomorph is retained, having lattice parameters of
a=0.8 nm,b=0.8 nm,c= 1.1 nm, and y = 96.9°. The crystalline peaks (blue
curves) allowed for the estimation of the cellulose crystallite’s dimensions in
terms of average length (1), width (d) and thickness (h) (Table 2), resulting in
values relatively consistent after the anhydride modification.

Finally, the degree of crystallinity (x) was determined from the WAXS
patterns, as the ratio between the area of all the deconvoluted crystalline
peaks (blue curves) with respect to the total area of the scattering signal
(green curve). The results indicate a loss in crystallinity owing to the
increasing inclusion of amorphous content in both SSp and MSp samples.
This loss in x corresponds to a change from 66% (Sp) to 40% and 44% for
SSp and MSp, respectively, after modification. These values are in agreement
with the crystalline content calculated from the weight gain (wy) for each
sample, i.e., 45% and 50% for SSp and MSp, respectively.

Physicochemical properties

Thermogravimetric analysis (TGA) was employed to evaluate the thermal
stability and degradation behaviour of unmodified spruce (Sp) and che-
mically modified spruce wood membranes (SSp and MSp). The normalised
mass loss curves (TGA, black) and their corresponding derivative curves
(DTG, red) as a function of temperature were recorded under a nitrogen
atmosphere and are shown in Fig. 4. All samples were kept at 20 °C and 65%
RH prior to the experiment. The analysis of the samples exhibits an initial
mass loss below 200 °C associated with the removal of the residual moisture,
followed by major thermal degradation stages corresponding to the
decomposition of hemicelluloses, cellulose, and lignin ***".

Compared to unmodified spruce (Sp), both modified samples (SSp and
MSp) show a more pronounced initial mass loss, indicating enhanced water
retention due to the introduction of ester and sodium carboxylate func-
tionalities. The dehydration peak temperature (T,,) shifts from 43 °C for Sp
to 53 °C for SSp and 47 °C for MSp, reflecting stronger interactions between
water molecules and the modified wood matrix. The water content (m,,)
approximately doubles for SSp (13.6%) and MSp (11.4%) compared to Sp

(6.2%), consistent with the increased number of hydrophilic binding sites
introduced by anhydride grafting. The water endset temperature (T,pq)
increases from 137 °C for Sp to 161 °C for SSp and 156 °C for MSp, further
indicating stronger water—-matrix interactions in the modified membranes.

Beyond dehydration, chemical modification has a significant influence
on the thermal degradation behaviour. The onset decomposition tem-
perature (T,,) increases slightly for SSp (240 °C) relative to Sp (228 °C),
suggesting more extensive bulk modification; however, a decrease is
observed for MSp (204 °C), indicating earlier degradation of the esterified
regions, probably due to the reactive double bonds present in the maleic
motif. The main degradation temperature (T,,x) decreases markedly from
369 °C for Sp to 316 °C for SSp and 286 °C for MSp, reflecting the lower
thermal stability of ester linkages compared to the native cellulose and lignin
structures*’. Similarly, the high-temperature degradation peak (T’ ),
associated primarily with lignin and char decomposition, shifts from
approximately 1000 °C in Sp to around 892 °C in both modified samples.

The residual mass at 1000 °C increases substantially upon modifica-
tion, from 8.6% for Sp to 17.4% for SSp and 13.6% for MSp. This enhanced
char yield is attributed to altered pyrolysis pathways and the presence of
inorganic sodium species retained within the modified wood matrix*.
Overall, the magnitude of the thermal shifts correlates with the degree of
chemical modification, with SSp exhibiting the strongest water retention,
the highest char/ashes residue, and the most pronounced reduction in
thermal stability, while MSp displays comparatively milder effects, con-
sistent with its lower grafting density. The quantitative TGA parameters
derived from the thermograms are summarised in Table 3.

The reduction in dry thermal stability after anhydride esterification
(lower Tyay) reflects lower thermal robustness of the introduced ester motifs
compared with the native lignocellulosic matrix. However, the relevant
decomposition temperatures as shown in Table 3, e.g., Ty, O Tiax, Femain
far above conditions encountered in water treatment. In addition, the
membranes were routinely dried during preparation at 110 °C without
evidence of structural failure, supporting compatibility with moderate
thermal handling, e.g., drying, below this range.

Dynamic vapor sorption (DVS) analysis was performed to evaluate the
hygroscopic behaviour and moisture responsiveness of unmodified spruce
(Sp) and chemically modified spruce wood membranes (SSp and MSp).
Moisture sorption and desorption isotherms provide insight into the
influence of chemical functionalisation on water uptake, which directly
affects membrane transport properties and dimensional stability in aqueous
filtration applications. The experimental sorption-desorption isotherms,
expressed as moisture content as a function of water activity (a,, = RH/100),
are presented in Fig. 5.

Unmodified spruce (Sp) exhibited an equilibrium moisture content
(EMC) 0f 22.3% at 95% RH, reflecting the intrinsically hydrophilic nature of
native wood arising from abundant hydroxyl groups in cellulose and
hemicelluloses domains. In contrast, chemically modified samples (SSp and
MSp) showed substantially higher moisture uptake, with EMC values of
56.8% for SSp and 45.0% for MSp. This pronounced increase confirms that
esterification and subsequent Na-exchange effectively enhanced the
hydrophilicity of the wood matrix through the introduction of ester func-
tionalities and -COONa* groups, which exhibit a stronger affinity toward
water molecules than the substituted -OH groups.

Notably, SSp samples exhibited the lowest hysteresis between
absorption and desorption curves, with a hysteresis factor of n=1.03,
compared to 1.20 for Sp and 1.17 for MSp. This reduced hysteresis suggests a
more homogeneous moisture distribution within the cell wall matrix of SSp,
likely resulting from deeper penetration and higher anhydride grafting
density. This is also consistent with the higher wy values. In contrast, the
slightly higher hysteresis of MSp may indicate more surface-localised
modification, leading to residual polar domains that retain moisture during
desorption or hinder water release from the cell wall structure.

All samples exhibited sigmoidal Type II isotherms characteristic of
porous biopolymeric materials”’. The preservation of the isotherm shape
in SSp and MSp indicates that the overall pore architecture and capillary
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Fig. 2 | SEM and EDX analysis. EDX spectra of spruce wood samples in the L-direction (left) and in the T-direction (right): a unmodified spruce (Sp), b Na-charged succinic
anhydride-modified spruce (SSp), and ¢ Na-charged maleic anhydride-modified spruce (MSp) samples. The insets are SEM micrographs, and the scale bars correspond to 200 pm.
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Fig. 3 | WAXS analysis. WAXS profiles for the a) a)
untreated spruce (Sp), b) Na-charged SA-treated

spruce (SSp), and ¢) Na-charged MA-treated spruce
(MSp) wood membranes. The light green curves
represent the fit to the experimental data by
deconvolution into the crystalline (blue) and
amorphous (green) peaks.
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Table 2 | Lattice parameters (a, b, ¢ and y), the degree of
crystallinity (x), and the average dimensions of the cellulose
single crystal (I, d and h) obtained by WAXS analysis

Sample a(d) b(A) c(A) vy(deg) x(%) I(m) d(nm) h(nm)
Sp 83 83 107 96.9 66 148 34 2.4
SSp 83 78 107 958 40 132 30 25
MSp 82 78 107 965 44 136 3.1 2.4

condensation mechanisms remain largely intact following modification,
in agreement with SEM observations. However, the increased amplitude
of moisture uptake in modified samples reflects altered water accessibility
and binding strength due to the introduced ester and sodium carboxylate
groups. Quantitative analysis of the sorption behaviour was performed
using the GAB and SSO models, with the fitted parameters summarised in
Table 4. The monolayer moisture content (MCy) increased in the order
Sp < MSp < SSp, reaching 0.129g-g' (7.14mmolg ") for SSp and
0.110gg™" (6.11mmolg™") for MSp, compared to 0.077gg™
(4.28 mmol-g™") for unmodified spruce. This trend reflects the increasing
availability of water-binding sites upon chemical modification, particu-
larly for succinic-treated wood.

Metal cation removal efficiency

Three each of the SA-modified membranes (SSp1-SSp3) and MA-modified
membranes (MSp1-MSp3) were tested under identical, dead-end filtration
conditions to compare cation-recovery/capture performance. The trials
were conducted using aqueous lithium (Li*) and ferric (Fe’") solutions
using the same membranes. These trials further facilitate the study of site
binding effects on a monovalent and on a multivalent metal cation. The
anhydride-modified wood membranes were tested across three consecutive
cation-exchange/filtration cycles for Li* (Fig. SI-1) and for Fe** (Fig. SI-2).
The filtration efficiencies of the membranes were determined using spec-
trophotometric methods for Li* (with alkaline Thorin solution) and Fe**
(with sodium salicylate). Experimental details are given in the Methods

section. Table SI-1and SI-2 show the variations in the Li* and Fe’* recovery/
capture across the three filtration cycles for the MSp and SSp membranes.

To assess regeneration stability, filtration efficiency was evaluated over
three consecutive regeneration/filtration cycles for three independent
membranes per chemistry. Regeneration in NaHCO; is interpreted pri-
marily as ion exchange: Na* replenishes the counterions of fixed carboxylate
sites (-COO'Na™), displacing retained Li*/Fe’* into the regenerant. The pH
of such regenerants is mildly alkaline, ie., pH~8.3 at 0.1 M NaHCO;,
supporting deprotonation of carboxyl groups while avoiding strongly
alkaline conditions that would be expected to accelerate ester hydrolysis.
This is evident from the fact that the cycle-wise efficiencies n,/n; and ns/n;
do not substantially vary (Table SI-3), and remain close to unitary values, i.e.,
no decay in efficiencies is observed. Cycle-wise efficiencies >100% indicate
improved efficiency relative to cycle 1, which is consistent with membrane
conditioning and/or more complete Na-form site restoration after the first
regeneration.

Generally, for the Li* filtrations, the MSp membranes exhibited con-
sistently high Li" retention (ca. 99.9%), while SSp membranes were rela-
tively variable (ca. 90%). For the Fe’* filtrations, MSp membranes exhibited
substantial recovery/capture (=72%) and more uniform Fe’* retention than
SSp membranes, which also performed poorly. MSp membranes were more
capable of effectively regenerating and sustaining accessibility of their
binding sites. MSp membranes maintained an appreciable, yet robust and
reproducible Fe’* recovery/capture, while SSp membranes demonstrated a
poorer performance. These membrane-specific and cycle-dependent trends
are presented in Fig. 6a for Li* and Fig. 6b for Fe’*. The cation-exchanging/
filtration performance of the MSp and SSp membranes is strongly governed
by the nature, spatial distribution, and stability of the functional groups
introduced during esterification, whereas unmodified spruce (Sp) mem-
branes retain less than 3% of cations used in this study. Both SA and MA
form carboxylated wood matrices via ring-opening reactions with the
AGUs’ -OH groups. However, their distinct molecular structures lead to
markedly different cation-retention behaviour.

Across gravity-driven dead-end tests, the modified wood membranes
maintained fluxes on the order of 10*L-m *h™" (Table SI-4), demonstrating
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Fig. 4 | TGA Analysis. Thermogravimetric (TGA, a) b)
black) and the corresponding derivative (DTG, red) 10+ 12 0/ 12
curves for the a) untreated spruce (Sp), b) Na- TS Tem=228%C Sp. T, = 240°C SSp
charged SA-treated spruce (SSp), and ¢) Na-charged 08]T.,=137°C o 081 “1"\* o
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Table 3 | Water peak (T,,), water loss percentage (m,,), and water endset temperature (Tq), onset decomposition temperature
(Ton), maximum decomposition temperature (T,,,ax), local decomposition temperatures (T ,,ax), and residual mass at 1000 °C (m/

Mg)eng- Obtained from the TGA analysis

Sample Tw (°C) my, (%) Tena (°C) Ton (°C) Tmax (°C) T’max (°C) (m/Mo)ena (%)
Sp 43 6.2 137 228 369 1000 8.6

SSp 53 13.6 161 240 316 892 17.4

MSp 47 1.4 156 204 286 891 13.6

practical throughput without external force. MSp showed higher average
flux than SSp during Li* filtration, while Fe’* filtration exhibited lower flux
for MSp than SSp, consistent with ion-specific interactions and the different
hydration/charge environments of the grafted chemistries. Variability in the
fluxes is likely attributed to conditioning effects, channel-to-channel het-
erogeneity, and ion-specific interactions, i.e., Fe’" complexation. Compar-
ing filtration fluxes with removal efficiencies, Figure SI-3, higher capture
efficiencies are achieved without a systematic flux penalty. Within three
cycles the dominant performance difference between MSp and SSp is
selectivity/affinity of the -COO'Na™ sites, not permeability constraints.

lon exchange isotherms

At-equilibrium ion exchange capacity (IEC) experiments were conducted
for both Li* and Fe’" at varying concentrations using the anhydride-
esterified membranes MSp and SSp. These experiments were designed to
investigate the intrinsic affinity and saturation behaviour of the -COO
functionalities introduced via anhydride esterification, independent of flow-
induced effects. The experimental data were analysed using Langmuir and
the Freundlich adsorption isotherm models, similar to the procedure
described in an earlier work *.

The normalised cation uptake, expressed as the ratio of retained moles
(An) to the theoretical maximum ion exchange capacity (An,,,,), is plotted
as a function of equilibrium Li" and Fe*" concentration in Fig. 6c, d,
respectively. Both models provided comparable fits to the experimental
data, each yielding a coefficient of determination R*=0.93 (SSp) and 0.91

(MSp) and R*=0.96 (SSp) and 0.92 (MSp) for Li" and Fe’", respectively.
The fitted Li* Langmuir constant for SSp and MSp membranes were
K=0.0063 and 0.0078 L-mmol '}, respectively, indicating a moderate but
consistent binding affinity of Li" toward the carboxylate sites introduced by
anhydride modification. For the Fe’" isotherm, the Fe’* Langmuir constant
for SSp and MSp membranes was K= 0.017 and 0.020 L-mmol ", respec-
tively. Surprisingly, the ion exchange constant for Fe'" is 2.6-2.7 times
higher - stronger affinity - than that of Li*, showing a correlation with the
valence ratio or number of carboxylare motifs required for a trivalent and a
monovalent cation.

When analysing the data following the Freundlich adsorption iso-
therm model, a heterogeneity exponent of a = 1.0 was found, effectively
reducing the model to a linear form and with the same values as those
obtained from the Langmuir adsorption isotherm model. This outcome
implies a uniform distribution of binding energies across the membrane
surface and supports the assumption of chemically homogeneous car-
boxylate functionalities formed during esterification. The equivalence of
the Langmuir and the Freundlich fits further confirms that cation uptake
under equilibrium conditions follows a monolayer, site-saturable exchange
mechanism. The stronger Fe’™ binding can be attributed to its higher
valence and charge density, which enhance electrostatic attraction to
negatively charged carboxylate groups. In addition, Fe’* is capable of
forming multidentate coordination interactions, potentially involving
multiple -COO™ groups per ion, further stabilising adsorption and
increasing effective site utilisation.
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Fig. 5 | DVS analysis. Sorption isotherms of a) b)
a unmodified spruce (Sp), b Na-charged SA-treated 0.25 0.7
spruce (SSp), and ¢ Na-charged MA-treated spruce Sp 06 Ssp ) /
(MSp). The red and blue curves are the adsorption 020] — 222 :dsorp:!on A 223 :gzgg;g: /
and desorption fitting curves, respectively, from the . SS0 ER0pLOn 054 ___ss0 /°
I o
GAB model, and the green curve is the fitting curve ©0.15] /a/ S04
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Table 4 | GAB parameters (MC,, C, K, and N), SSO parameters
(M°s00, N, and a*,,), and hysteresis factor (n) obtained from the
DVS analysis of the Sp, SSp, and MSp samples

MC, C K N M’%sso n a*, n
Sp 0.077 717 0.641 0.0025 0.133 0.67 0.244 1.20
SSp 0.129 294 0.817 0.0017  0.250 0.91 0.165 1.03
MSp 0.110 3.21 0.762 0.0053 0.196 0.85 0.187 1.17

Process—property—performance relations

Overall, MA-modification offers a more effective and durable strategy for
wood-based cation-exchange membranes, combining high retention effi-
ciency, robust regeneration behaviour, and structural stability. This is
attributed to the fact that MA introduces adjacent (vicinal) -COOH groups
upon esterification due to the cis-configuration of the double bond, resulting
in a higher local charge density and enabling multidentate coordination with
cations”. This structural arrangement is particularly advantageous for Fe’*
binding, which requires simultaneous coordination to multiple functional
groups. In contrast, SA yields more spatially separated -COOH groups due
to the free-rotation of the molecule around the C,-C; single covalent bond.
This reduces the likelihood of effective bidentate or multidentate com-
plexation because of the presence of different rotamers™. Metal-carboxylate
coordination has been analysed computationally elsewhere, showing that
complex stability and the maximum number of bound -COO" depend
strongly on metal charge density and carboxylate binding mode. Bidentate
binding stabilizes COO-rich complexes and are expected to be particularly
relevant for trivalent ions*®. For monovalent ions including Li*, DFT studies
performed elsewhere indicate preferred coordination by ~3-4 -COO
oxygen donors in ester-based clusters, consistent with weaker but specific
association relative to higher-valence cations”. Despite exhibiting higher
overall w,, SA-modified membranes display lower functional efficiency,
indicating that extensive grafting does not necessarily translate into
improved ion retention. Accordingly, the higher Fe** affinity and the more

stable multicycle performance of MSp can be interpreted as consistent with
enhanced multidentate association and reduced sensitivity to partial pro-
tonation (lower pK, value; Fig. 6e), rather than as a uniquely proven
molecular binding pathway.

Moreover, due to the presence of the electron-withdrawing double
bond in the maleic motif, the pK, of the free carboxylic acid in MSp
membranes is lower (2.62+0.25) than that for SSp membranes
(442 +0.17). This implies that small local changes in the pH medium
drastically can alter the binding capacity for SSp membranes, while the
binding sites remain almost constant for MSp membranes (Fig. Ge).
Therefore, at the pH = 5 and 6.5, the degree of deprotonation for the succinic
motifs is ca. 79.2% and 97.4%, respectively, whereas for the maleic motifs
remains ca. 99.6% and 99.96%, respectively. These results underline the
importance of functional group proximity and chemical architecture, rather
than grafting extent alone in governing ion coordination dynamics and
long-term membrane performance in aqueous filtration systems.

The difference between the Li" and the Fe’ binding affinity primarily
arises from the cation-specific physicochemical properties. Li*, a small
monovalent cation, is strongly hydrated in aqueous solution, and partial
desolvation is required for effective interaction with surface carboxylate
groups. This energetic penalty limits its binding affinity and reduces site
utilisation under equilibrium conditions. In contrast, Fe** possesses a higher
charge-to-radius ratio and stronger polarising power, enabling more
effective electrostatic attraction and ligand-like coordination with carbox-
ylate groups, even in partially hydrated states. Moreover, Fe'* uptake
reaches higher normalised saturation levels (An/An,,,,) than Li* across the
investigated concentration range. This observation suggests that multivalent
cations can simultaneously engage multiple functional groups, leading to a
more efficient exploitation of available binding sites. In comparison, Li*
interactions are predominantly monodentate and electrostatic, resulting in
lower overall exchange efficiency.

The IEC results corroborate the dynamic filtration findings: while both
Li* and Fe’" exhibit predictable and model-conforming adsorption on
modified wood membranes, Fe'* demonstrates significantly higher affinity
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Fig. 6 | Filtration efficiency evaluation, ion exchange isotherms analysis, and pH-
dependent membrane protonation/deprotonation. a Average Li+ filtration effi-
ciency values for the SSp (blue) and MSp (green) wood membranes for the three
consecutive filtration cycles. b Average Fe*" filtration efficiency values for the SSp
(blue) and MSp (green) wood membranes for the three consecutive filtration cycles.
Error bars represent SD/vn across independent membranes (1 = 3). ¢ Li* ion
exchange isotherms and d) Fe’* ion exchange sotherm in terms of change in number

%
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6

of moles (An) of available carboxylate sites -COO" (An,y,y) at retention time of 72 h
under equilibrium. e Molar fraction for the protonated ¢y (blue) and deprotonated
¢r- (black) species for maleic acid monoester (MH) and succinic acid monoester
(SH) in a pH range from 0 to 7. Calculations were done using the Henderson-
Hasselbach equation; pK, values are given in the plot. Individual membrane filtra-
tion efficiency values are reported in Table SI-1 and SI-2.
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and capacity. These results highlight the strong suitability of anhydride-
modified wood membranes - particularly MA-treated systems or MSp - for
removing multivalent metal cations, while also explaining the comparatively
moderate yet stable performance observed for Li* under both equilibrium
and flow conditions. A comparison of the performance of the SA- and MA-
treated wood membranes versus other bio-based membranes is provided in
Table 5. Note that operating modes and feed chemistries differ substantially
across studies, e.g., diffusion/selective transport vs adsorption vs filtration.
Table 5 is intended as a contextual benchmark rather than a strictly con-
trolled performance comparison.

To contextualize the functional group loading of the modified wood
membranes and to facilitate comparison with the broader ion-exchange
literature, we provide a theoretical capacity benchmark in the Supple-
mentary Information (Table SI-5). As apparent with most sustainable,
semi-natural substitutes for fossil fuel-derived materials, there is an
inherent trade-off between performance versus inexpensively and envir-
onmentally friendly material design. While such synthetic membranes
demonstrate high separation performance, the MA- and SA-treated wood
membranes developed in this study represent a renewable, bio-based
alternative, in which ion removal is facilitated by the introduction of
-COOH groups.

As described earlier, fewer studies leverage intact wood as a
mechanically robust, intrinsically porous scaffold that can be covalently
functionalised to introduce fixed-charge exchange sites while retaining
microchannel flow pathways. Although the IEC, adsorption/ion uptake and
separation efficiency of wood-derived membranes may be lower than those
of highly optimised commercial systems, they offer several advantages,
including natural hierarchical porosity, low-cost raw materials, and reduced
environmental impact.

This study demonstrates that the esterification of spruce wood with
cyclic anhydrides effectively transforms native wood into a functional, bio-
based cation-exchange membrane for the removal of aqueous Li* and Fe'*.
Both succinic anhydride (SA) and maleic anhydride (MA) modifications
successfully introduced carboxylate functionalities, increasing hydro-
philicity and ion accessibility while preserving the intrinsic porous archi-
tecture of wood.

Across chemical, thermal, sorption, and filtration analyses, MA-
modified membranes consistently outperformed SA-modified counter-
parts. MA-treated membranes exhibited superior structural stability,
higher regeneration resilience, and more consistent multicycle filtration
performance, achieving near-quantitative lithium removal (=99.9%) and
significantly higher ferric ion retention (=72%). Equilibrium ion
exchange experiments confirmed a stronger affinity for Fe’* than Li*,
reflecting the influence of cation valency and coordination chemistry,
with Langmuir-type monolayer adsorption on chemically homogeneous
carboxylate sites. Importantly, high capture efficiencies were achieved
while retaining fluxes in the order of 10’ L-m *h ™', supporting a favorable
performance-throughput balance for the MSp chemistry in the tested
conditions.

The present capture/recovery experiments were conducted in single-
solute Li" and Fe’" feeds to isolate the role of introduced carboxylate
exchange sites under gravity-driven porous filtration. In real-time water
samples, abundant coexisting cations, e.g., Na*, K¥, Ca** and Mg**, could
compete for exchange sites and may reduce apparent capture efficiencies,
particularly for monovalent Li*. Moreover, given the microporous, aligned
channel architecture of wood, the convection-dependent ion transport
under flow is expected to impact access to exchange sites, diffusion and site
exchange. Therefore, future work will consider validation that requires
mixed-ion interference tests, selectivity study, dynamic breakthrough and
time-resolved uptake experiments for kinetic studies.

Overall, MA modification provides a balanced combination of ion-
exchange efficiency, permeability stability, and mechanical robustness.
These findings establish chemically modified wood membranes as pro-
mising, sustainable alternatives to synthetic cation-exchange materials and
provide a foundation for future development toward selective metal

recovery and nitrogen compounds from agriculture and the pharma
industry, and scalable water treatment applications.

Methods

Materials

60 x 80 x 2500 mm’ spruce wood timber (Picea abies, Sp) was used as the
base material, supplied by Rettenmeier Holzindustrie Wilburgstetten
GmbH (Germany). Filter discs (50 mm @, thickness 2 mm) were cut per-
pendicular to the fibre direction (longitudinal). Succinic anhydride (SA),
maleic anhydride (MA), and anhydrous N,N-dimethylformamide (DMF)
were purchased from Sigma-Aldrich. Lithium chloride (LiCl), potassium
hydroxide (KOH), and the arsenazo-based dye Thorin [1-(o-arsenophe-
nylazo)-2-naphthol-3, 6-disulphonic acid, sodium salt] were obtained from
Merck (Germany). Ferric chloride (FeCls), calcium chloride anhydrous
(CaClp), and sodium salicylate were sourced from VWR Chemicals
(Germany), while acetone (>99.5) was purchased from ACROS Organics.
All chemicals were of analytical grade and used as received. Deionised water
(resistivity = 18.2 MQ-cm) was used for the preparation of all aqueous
solutions.

Wood modification using succinic and maleic anhydride

Spruce wood discs (1 = 8) were divided into two groups for modification
with SA (SSp, n=4) and MA (MSp, n=4). Prior to modification, all
samples were dried at 110 °C for 2 h, cooled in a desiccator, and weighed to
determine the initial dry mass (my). For the esterification process, 20 mL of
anhydrous DMF was added to sealed 200 mL glass containers with 14 g of
either SA or MA corresponding to a glucose-unit-to-anhydride mass ratio
of 1:12, and kept at 60 °C under a N, atmosphere. After complete dis-
solution, one pre-dried wood disc was immersed in each container. The
samples were left to react for 48-56 h at room temperature. Afterward, the
samples were heated at 90 °C for 2.5 h, cooled, and rinsed under flowing
deionised water for 30-40 min to remove the solvent and unreacted
anhydride molecules. The membranes were air-dried overnight and sub-
sequently oven-dried at 110 °C for 2 h before recording the final dry mass
(my). The weight gain resulting from chemical modification was calculated
as follows

me —m;

i

Fourier-transform infrared spectroscopy

FTIR spectra were recorded using a Nicolet iS50 (ThermoFisher Scientific,
USA) spectrophotometer equipped with an attenuated total reflectance
(ATR) accessory (diamond/ZnSe crystal). Spectra were collected in the
range of 4000-500 cm " and measured at a spectral resolution of 4 cm ' and
averaged over 64 scans. The FT-IR experiments with D,0-masking
experiments were also performed to pinpoint spectral peaks related to the
esterification process, other than those of absorbed water. Briefly, by
exposing samples to a saturated D,O atmosphere for 24 h, followed by
drying the samples in an anhydrous CaCl, desiccator prior to analysis.

Scanning electron microscopy/energy-dispersive x-ray analysis
SEM images were captured using a Carl Zeiss EVO-40 XVP (Carl Zeiss,
Germany) electron microscope to examine the microstructure of the
unmodified and modified wood samples. EDX analysis was also performed
to identify the presence of the different atoms in the sample. Operating
conditions for the EDX were in low vacuum (=0.01 Pa) with an accelerating
voltage of 15 kV at 97x magnification.

Wide-angle X-ray scattering analysis

The structural analysis of the samples was conducted by wide-angle X-ray
scattering (WAXS) experiments using a Xenocs XUESS 3.0 XL KWS-X
(France). The scattering patterns were obtained using a high flux Excillum
Metal-Jet D2 + X-ray source (Sweden) featuring a liquid metal anode
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(250 W; 70 kV; 3.57 mA) with Agak, radiation of 0.1314 nm. The X-ray
scattered intensity was collected using a Dectris 2D Eiger2R 4 M X-ray
detector (Switzerland) of 15.5 cm (width) x 16.3 cm (height) and 75 pm
resolution, and with a sample-to-detector distance from 0.1 to 1.70 m. An
effective scattering vector range of 0.05 nm™ < q<45nm™ was obtained,
where q is the scattering wave vector (q = 4mnsin 6/A). The degree of crys-
tallinity (x) was calculated by the deconvolution of the WAXS signal into
crystalline and amorphous peaks in the WAXS patterns, the areas of which
giVe the X= Acrystalline/ (Acrystalline + Aamorphous) B,

Thermogravimetric analysis

Thermogravimetric analysis (TGA) experiments were performed using a
TGA50/M3 from Mettler Toledo and controlled by a TC15 TA controller
from Mettler Toledo. A small amount of ca. 10 mg of the samples was
placed in standard 70 uL aluminium oxide pans. Samples were heated from
25 to 1000 °C at a heating rate of 10 K min " heating rate and under a N,
atmosphere.

Dynamic vapour sorption

Moisture sorption behaviour was measured using a DVS device and the
experiments were conducted as described by Sdnchez-Ferrer et al.”’, using a
gravimetric DVS Advantage ET (Surface Measurement Systems, UK) vapor
sorption device. The device comprises a microbalance and an N,-purged
chamber with 2200 cm®min " (12 L-h ') flow at a selected relative humidity
(RH). Samples were initially conditioned at 25 °C and 0% RH until com-
pletely dry. Measurement starts with the increase in RH of the N, flow in
steps of 5% until ~100% RH (adsorption). The RH is cycled back (deso-
rption), reducing in steps of 5% until 0% RH. The criterion for change in RH
is related to the slope of the water mass uptake during the sorption process
(lower than 0.001%-min " over 10 min). At this point, the sample is mea-
sured for one extra hour before changing the RH for the next measuring
step. Each dynamic moisture sorption step was analysed using a double
stretched exponential (DSE) model*’, and the extrapolated values were used
to construct the corresponding moisture sorption isotherms and fitted using
the modified Guggenheim, Anderson, and de Boer (GAB) model’"*

_Am MC,-C-K-a,
EMe = my (1-K-a,)(1-(C—1)-K-a,)

MC,-C-K-N-d,
(lfK-aW)(lfaW)
@

xwhere Am is the water mass uptake, m is the dry mass of the sample at
a,, = 0, MG, is the monolayer moisture content capacity, and C, K and N are
the GAB fitting parameters.

The sorption site occupancy (SSO) model was implemented to evaluate
the number of binding sites per mass of the sample®**

0
Mgso = Mgso - 4, (3)

wwhere Msso is the moisture capacity corresponding to the bound water
molecules to the sorption sites as a function of the water activity, Msso' is the
maximum amount of bound water, n is the exponent, and aw is the water
activity.

UV-vis spectrophotometric Li* analysis

Quantitative determination of lithium ion concentrations in filtrate samples
was carried out using UV-Vis spectrophotometry based on the formation
of a coloured complex between Li* and the metallochromic indicator
Thorin under strongly alkaline conditions™. Calibration standards were
prepared at concentrations of 0.2,0.4,0.6,0.8,and 1.0 ppm by serial dilution
of a 1000 ppm Li" stock solution via a 1 ppm intermediate. Each 2 mL
aliquot of Li standard or filtrate sample was mixed with 0.250 mL 10% KOH
to establish a strongly alkaline medium, 0.150 mL 0.2% thorin solution as
the chromogenic reagent, and 2 mL acetone to enhance complex solubility
and stabilise the coloured species. UV-Vis spectra were recorded in the
range of 300-700 nm, with deionised water used for baseline correction and

reference. A differential absorbance method was implemented by sub-
tracting the spectrum of the 0 ppm Li" blank from each lithium-containing
spectrum, showing a maximum absorbance at 478 nm (Figure SI-4). This
approach isolates the net spectral contribution of the Li*-thorin complex
and effectively removes constant background absorption originating from
thorin, acetone, and alkaline media. The resulting differential absorbance
values showed excellent linearity across the full concentration range,
AA(478 nm) =0.223 C(ppm), and near-ideal linearity (R®>=0.9994)
(Figure SI-5).

UV-vis spectrophotometric Fe*" analysis

Ferric ion concentrations in filtrate samples were quantified using UV-Vis
spectrophotometry based on the formation of a coloured coordination
complex between Fe’" and sodium salicylate™. Calibration standards were
prepared at concentrations of 2, 4, 6, 8, and 10 ppm by serial dilution of a
1000 ppm Fe’* stock solution. For complex formation, each 2 mL aliquot of
Fe’" standard or filtrate sample was mixed with 2 mL of 0.25 g-.L"! sodium
salicylate solution. Under mildly alkaline conditions, sodium salicylate
forms a stable reddish-purple Fe’*-salicylate complex that exhibits strong
absorbance in the visible region. UV-Vis spectra were recorded over the
same spectral range of 300-700 nm, with deionised water serving as the
baseline and reference. The Fe**-salicylate complex displayed a well-defined
and concentration-dependent absorbance maximum at 490 nm (Figure
SI-6). The peak position remained constant across the Fe’ concentration
range, while absorbance intensity increased monotonically, indicating the
formation of a single dominant complex species. A linear calibration curve
was constructed by plotting absorbance at 490 nm against Fe’* concentra-
tion, yielding a regression equation, A(490 nm) = 0.00656 C(ppm), with a
high coefficient of determination (R®=0.996) (Figure SI-7). Given the
spectral stability and absence of significant baseline drift (near-zero inter-
cept), no differential correction was required for Fe’™ analysis.

Metal cation removal efficiency

A dead-end filtration assembly (47 mm fritted, 40/35, Glassco, VWR,
Germany) was used to test the performance of the modified wood mem-
branes in metal cation removal efficiencies 1. The effective membrane area
and thickness were 1963.5 mm’ and 2 mm respectively. The dead-end
cation-exchange/filtration experiments were performed as-is without the
need for an external force under ambient conditions. All filtrates were
analysed in triplicate using UV-Vis spectroscopy. The metal cation removal
efficiency n was calculated as follows:

n(%) = ( - %) x 100% (4)

where Crand G refer to the metal concentration, i.e., Li* and Fe**, for the
feed and permeate, respectively, where C¢ was 1 ppm (50 mL) and 10 ppm
(50 mL) for Li" and Fe’, respectively. The feed volume to membrane
volume was 12.7 (50 cm*/3.9 cm®). The SSp and MSp membranes (3 each)
were tested across three filtration cycles for each target metal cation. After
each filtration run, membranes were regenerated by immersion in 1 M
NaHCOj; overnight to restore the Na-form carboxylate sites, followed by
rinsing with deionised water. The regenerant concentration was chosen to
provide a large stoichiometric excess of Na' relative to the total moles of
captured ions per run. The cycle-wise removal efficiency was also calculated
to ascertain performance stability, as n;/n;, where i represents cycle 2 and 3.
The filtration flux for each SSp and MSp membranes were also estimated
using J = AV/(AAt).

lon exchange capacity

Li* and Fe’* ion exchange experiments were performed using sodium pre-
charged SSp and MSp membranes. Specimens (10x 10 mm®) were
immersed in Li* solutions with concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0
ppm and allowed to equilibrate for 72 h at room temperature. Similarly,

npj Clean Water| (2026)9:36

12


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-026-00577-4

Article

specimens (10 x 10 mm®) were immersed in Fe’" solutions with con-
centrations of 2, 4, 6, 8, and 10 ppm and allowed to equilibrate for 72 h at
room temperature. Following equilibration, the specimens were regener-
ated in 1 M NaHCOj to exchange retained Li* or Fe’™ with Na* cations.
The released Li* or Fe’™ concentration was quantified using
UV-Vis spectrophotometry.

The ion exchange capacity (IEC) was calculated from concentration
differences before and after sorption, normalised to the dry mass of the
samples.

nf —1n,

An
Wo Wo

IEC =

)

where ngand n, correspond to the number of moles of Li* or Fe** in the feed
and absorbed, respectively. The number of absorbed moles of metal cations
An can be calculated as An = IEC-wy, and An,,,, corresponds to the total
number of binding sites, which is essentially the same as the IEC,,,,, theo-
retical value. IEC,,,, value is estimated from the measured mass gain w, after
anhydride functionalisation using both the acid (-COOH) and sodium
carboxylate (-COO'Na’) mass-basis assumptions, and the corresponding
theoretical maximum uptake capacities for Li" and Fe*" are calculated as
Qmax = IECmax-Mion/|2|, where M, is the molar mass for each ion, and
|z|1i=2 and |z|g. = 3.

lon exchange isothermal analysis
The experimental data were analysed using the Langmuir and the Freun-
dlich adsorption isotherm models. The normalised Li* or Fe'* uptake,
expressed as the ratio of retained moles (An) to the theoretical maximum ion
exchange capacity (IECpax & Alppay).

The Langmuir model assumes monolayer adsorption on a homo-
geneous surface with a finite number of energy-equivalent binding sites, and
no interaction between cations”

An _ KC
An_._~ 1+KC

(©)

max

where K is the ion exchange constant at equilibrium, and C is the cation feed
concentration.

The Freundlich model describes a condition where there is a coverage
fraction of 50% chemisorption”

An
An

= (KC)* @)

max

where a is the Freundlich heterogeneity parameter.

Data Availability

The datasets generated and/or analyzed during the current study are not
publicly available due to privacy/ethical restrictions but are available from
the corresponding author on reasonable request.
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