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A B S T R A C T

Quaternised Wood Membranes (QWMs) are gaining prominence as cost-effective, sustainable alternatives for 
water detoxification, particularly the removal of hazardous oxoanions such as nitrate (NO3

− ), sulfate (SO4
2− ), and 

phosphate (PO4
3− ). Pinewood has been quaternised using a polyelectrolyte-forming reactive ionic liquid (RIL), i. 

e., glycidyl triethylammonium chloride (GTEAC), in a water-free, one-step method. The optimised modification 
process at 90 ◦C and for 1.5 h results in a substantial increase in the oxoanion removal efficiencies of the QWMs, 
with the most effective removal being achieved for SO4

2-, followed by PO4
3- and NO3

–. The GTEAC can polymerise 
to yield long-chain cationic polyelectrolytes, which corroborates with a model synthetic study, the 1D and 2D 
NMR spectra, and the DSC and TGA/DTG thermal analyses. This grafted polyelectrolyte yields a high weight gain 
wg = 40% and the corresponding degree of quaternisation of DQ = 2.08 mmol/g, though screening effects yield a 
maximum ion exchange capacity of IECmax = 1.07 mmol/g. Additionally, the regeneration is feasible after several 
filtration cycles and the QWM can withstand sufficient stress under operation conditions. Further, isothermal 
analyses indicate a Langmuir behaviour and Freundlich-like behaviour under equilibrium (zero flow) and flow 
conditions, respectively. This study highlights the potential of QWMs as a sustainable and cost-effective alter-
native to synthetic polymeric membranes in water treatment technologies for denitrification, desulfurisation, 
dephosphatisation and/or ultrafiltration applications. The process sustainability was quantified using the Eco-
Scale approach of up to 73.6 (near excellent), yielding wood-based AEMs costing 50–60 times less than their 
synthetic polymeric peers.

1. Introduction

Certain oxoanions, such as the nutrient NO3
–, SO4

2-, and PO4
3- ions and 

those of toxic heavy metals, can accumulate in surface waters from 
agricultural runoff, and municipal and industrial waste [1,2]. Further 
risk is associated with eutrophication, hypoxia (O2 depletion), algal 
blooms, and microbial accumulation in developing countries’ potable 
and commercial water streams [3,4]. Fluctuations in water supply can 
be averted if existing greywater or non-potable water could be reused or 
reutilised, should these be treated to remove said excess of NO3

–, SO4
2-, 

and PO4
3- in addition to other metallic oxoanions [5]. Anion removal 

applications to date are based on electrocoagulation, and absorption by 
using ion exchange systems and electromembrane separation techniques 
[6–8].

Lignocellulosic materials, e.g., wood-based materials, offer a cost- 

effective, abundant feedstock for developing versatile, functional ion 
exchange applications [9,10]. Extensive efforts on acquiring individual 
components such as cellulose from lignocellulosic sources increase 
manufacturing costs due to hydrolysis, derivatisation and cumbersome 
chemical modifications [11,12]. However, to date, chemical modifica-
tions for wood-derived lignocellulosic membranes have been attempted 
extensively using expensive, often less available chemical modifiers 
[11]. In this regard, ionic liquids (ILs), have become increasingly pop-
ular in wood and cellulose chemistry given their use as green solvents, 
control over product distributions, reactivity, catalyst immobilisation 
and recycling [13]. Moreover, nucleophilic addition reactions have been 
reported for certain Brønsted-basic ionic liquids containing methyl-
imidazolium and quaternary ammonium groups [14]. Notwithstanding, 
the use of versatile, cost-effective modifiers, such as reactive ionic liq-
uids (RILs), offers an interesting approach to wood modification, e.g., 
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quaternisation or sulphonation [15,16]. The polymerisation reaction of 
certain ILs such as imidazoliums, pyridiniums and pyrrolidiniums has 
been reported which can yield long-chain cationic polyelectrolytes [17]. 
Such features could prove essential in providing for developing func-
tional materials with high ion exchange capacity.

Wood quaternisation − regardless of species − has predominantly 
been performed using the aqueous alkaline solution of 3-chloro-2- 
hydroxypropyltrimethylammonium chloride (CHPTAC) [18]. This 
CHPTAC reagent is subsequently converted to a glycidyl trimethy-
lammonium chloride (GTMAC) by NaOH(aq), though subsequently 
leading to rapid hydrolysis of the GTMAC to diol, and several enolic 
products [18,19]. Thus, this necessitates a direct water-free synthesis for 
a glycidic RIL that is safer and cheaper to produce with a liquid qua-
ternary amine, e.g., the reaction between triethylamine (TEA) and 
epichlorohydrin (ECH). The use of these RILs is also limited to the 
development of wood polymer composites [16], electrochemically 
conductive wood [20], and wood preservation [21]. Moreover, wood 
modification using a water-free RIL-based method is also scarcely re-
ported. Contemporary glycidic-RIL methods incur high hydrolysis loss 
and lower functionalisation efficiency of the wood’s biopolymers. 
Nevertheless, applications in oxoanion separation have rarely been 
thoroughly investigated.

Softwoods offer an inexpensive, low-density, green scaffold for pro-
ducing functional materials for various applications. The presence of 
nano- and microscale pores, as well as small cavities, e.g., tracheids, rays 
and parenchyma, in such softwood scaffolds, is crucial for filtration 
[22]. Wood’s unique anatomical structure, its porous microstructure, e. 
g., pits, tracheids, vessels and fibres, and cell wall biopolymers can 
contribute to substantial filtration effects. Previous research has shown 
that wood filters from different wood species can easily remove nano-
particles, bacteria, protozoa and microplastics with high efficiencies 
(>99%) with a size exclusion > 160 nm governed by the pit’s aperture, 
though low molar mass dyes of <1 nm show fairly substantial removal 
efficiencies (<65%) via self-diffusion through the cell wall [23].

Jiao et al. (2020) reported an ultrafiltration application of multi-
layered wood membranes for removing organic pollutants, e.g., dyes, 
and heavy metals at high adsorption efficiencies (99%) [24]. The use of 
wood or modified wood offers an interesting avenue for ultra/nano-
filtration and ion exchange. The latter is characterised by the ion ex-
change capacity (IEC), i.e., the ability of a charged functional group to 
displace its counter ion, e.g., OH– ions against NR4

+ groups [25]. For 
instance, Douglas fir wood chips were modified with GTMAC, a common 
wood quaternisation agent prepared from the glycidation of CHPTAC by 
NaOH(aq). The resulting quaternised wood membranes (QWMs) 
possessed a high IEC = 1.86 mmol/g [26]. GTMAC was used to prepare 
Balsa wood QWMs with high cationic conductivity and improved ion 
transport properties [20]. Densified, epoxy-reinforced, GTMAC-based 
and carboxylated birch membranes were recently reported for reverse 
electrodialysis (RED) purposes [27]. GTMAC-based QWMs have also 
been proposed as salinity-gradient reverse electrodialytic membranes 
for power generation from sea and river water [28].

The above state-of-the-art implies that the wood’s micro- and 
nanostructure properties for size exclusion, ultra-filtration and molec-
ular adsorption could be fine-tuned by using the appropriate RILs that 
can readily impregnate and functionalise the wood’s biopolymers, e.g., 
cellulose, hemicelluloses and lignin. Moreover, ‘true’ wood-based anion 
exchange membranes (AEMs) in literature are scarce, e.g., in denitrifi-
cation, desulfurisation and dephosphatisation applications. In contrast 
to polymeric membranes, using quaternised wood as a potential sub-
stitute offers comparative ion exchange and ultrafiltration capabilities at 
much-improved cost-effectiveness and sustainability. Using novel RILs, 
such as glycidyl triethylammonium chloride (GTEAC), offers an inter-
esting approach to water-free, neutral pH wood modification that 
significantly reduces processing steps and helps keep the wood cell walls 
integrity. We further report a polymerisation reaction of the GTEAC that 
can form cationic polyelectrolytes grafted to the wood biopolymers. 

Their effects have also been investigated, esp. in their impact on the 
QWM performance and ion exchange capacity. Thus, the present work 
aims to develop wood-based AEMs demonstrating oxoanion-removing 
capabilities.

2. Materials and methods

2.1. Materials

Filter discs (50 mm Ø) were cut from 2 mm thick, 60 × 60 mm2 

wooden slabs in two orthotropic directions, i.e., longitudinal (L) and 
tangential (T). The wooden slabs were taken from pinewood (Pinus 
sylvestris or Scots pine). The pinewood (PW) filter discs were first dried 
at 110 ◦C for ca. 2 h in a convection oven. Epichlorohydrin (ECH; 99%, 
ThermoFisher Scientific, Germany) and triethylamine (TEA; 99.7%, 
Sigma-Aldrich, Germany) were used as received. Sodium hydroxide 
(NaOH), sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sul-
phate (Na2SO4), disodium hydrogen phosphate (Na2HPO4) and all other 
salts, reagents and auxiliary chemicals were all procured from Merck 
kGaA, Germany. Deionised water was used for the quaternised wood 
membrane (QWM) washing and filtration, whereas all analyses dis-
closed have used solutions prepared from MilliQ Type 1 (ultrapure) 
water (conductivity: 0.055 μS/cm). All feed solutions based on NO3

– and 
SO4

2- were at neutral pH excluding the feed PO4
3- solution which was kept 

at pH > 12 (pKa = 12.4, i.e., 50% HPO4
2- and PO4

3-). The concentrations of 
said feeds and their respective permeates were spectrophotometrically 
determined using HI93728-01, HI93751-01 and HI93713-01 chromo-
genic reagents (Hanna Instruments Ltd., Romania).

2.2. Methods

2.2.1. Glycidyltriethylammonium Chloride (GTEAC) Synthesis
ECH was reacted with TEA in a 1:1 M ratio, with a 5% excess of the 

second, under reflux at 100 ℃ for 35 min in a silicone oil bath (Scheme 
1a). 30.00 g (0.324 mol) ECH and 34.45 g (0.340 mol) TEA were reacted 
in a 100 mL two-neck round-bottom flask with a condenser under a 
nitrogen atmosphere, with constant vigorous stirring (450–500 rpm). 
The reaction yielded a slightly transparent mixture comprising GTEAC 
and dense oil-like droplets at the end of the reaction. The oil phase which 
is mostly composed of water-soluble enolic degradation products 
(Scheme 1b) was separated from the supernatant phase. The remaining 
liquid, GTEAC, was to be stored at temperatures <10 ◦C to slow down 
the degradation that forms a slightly viscous oil due to the presence of 
any moisture. Yield: 58.91 g (91.5%) GTEAC. 1H NMR (400 MHz, 
CDCl3): δ = 3.34–3.22 (1H, m, CH2N), 3.15 (1H, dd, CH2N, J =

Scheme 1. (a) Reaction scheme for the synthesis of GTEAC. (b) Byproducts 
formed during the GTEAC synthesis due to the presence of trace 
water molecules.
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7.17–7.24 Hz), 2.90–2.80 (1H, m, CH), 2.54–2.46 (1H, m, CH2), 2.30 
(1H, dd, CH2, J = 2.47 and 4.89 Hz), 2.13 (6H, q, CH2-CH3, J = 7.17 Hz), 
0.64 (9H, t, CH2-CH3, J = 7.21 Hz) ppm. 13C NMR (100 MHz, CDCl3): δ 
= 50.9 (CH2), 46.3 (CH), 45.9 (CH2CH3), 44.5 (CH2N), 11.3 (CH2CH3) 
ppm. FTIR (ATR): 2962 (st, CH3), 2790 (st, CH), 1464 (b, NEt3+), 1377 (b, 
gem-CH2), 1209–1273 (st, CH2), 1064 (st, C-O-C), 843–736 cm− 1 (st, C- 
Cl) cm− 1. Further details regarding the individual spectral characteri-
sation (FTIR-ATR and NMR) for TEA and ECH are provided in the 
Supporting Information (AD SI-1 and Fig. S1). The 2D NMR for the 
GTEAC are provided in Figs. S2–S5 in the Supporting Information.

2.2.2. Model Synthesis for the Cationic Polyelectrolyte – poly-GTEAC
The model poly-GTEAC with a degree of polymerisation DP = 13 was 

synthesised via a solventless, chain-growth polymerisation using n- 
butanol as an initiator at 90 ◦C for 1.5 h and under a nitrogen atmo-
sphere (Scheme 2a). 1H NMR (400 MHz, CDCl3): δ = 3.54 (d, J = 5.4 Hz, 
2H, CH2-O), 3.20 (tdd, J = 5.4, 3.9, 2.5 Hz, 1H, CH), 2.86 (dd, J = 4.8, 
3.9 Hz, 2H, CH2-N), 2.48 (q, J = 7.1 Hz, 6H; CH3CH2-N), 0.99 (t, J = 7.2 
Hz, 9H, CH3CH2-N); 2.65 (dd, J = 4.8, 2.5 Hz, 2H, CH2O(Bu)),1.57–1.46 
(m, 2H, CH2(Bu)), 1.45–1.29 (m, 2H, CH2(Bu)), 0.90 (t, J = 7.4 Hz, 3H, 
CH3(Bu)). 13C NMR (100 MHz, CDCl3): δ = 62.38 (CH2O(Bu)), 54.54 
(CH2-O), 51.33 (CH2-N), 45.02 (CH-OR), 34.98 (CH2(Bu)), 19.04 
(CH2(Bu)), 13.94 (CH3(Bu)), 11.73 (CH2CH3). The 1D and 2D NMR data 
are provided in Figs. S6–S9 in the Supporting Information. The resulting 
polymer was further characterised by DSC and TGA/DTG. The degree of 
polymerization was calculated from the 1H NMR spectrum using the 
ratio between the area of the methyl group (δ = 0.99 ppm, 3H, t, CH3) of 
n-butanol and the area of the methyl group (δ = 2.48 ppm, 9H, t, CH3) 
from the ethyl moiety of the ammonium group and resulting into a value 
of DP = 13.

2.2.3. Wood Quaternisation using GTEAC
The QWM filters in the L-direction were prepared according to the 

variations described in Table 1. Briefly, PW discs (50 mm ∅, 505 ± 10 
kg/m3, L-direction), were dried in an air convection oven (Memmert, 
Germany) for 1 h at 110 ◦C, weighed, and the GTEAC was added in a 12- 
wt ratio. The modification reaction was performed in air-tight glass 
containers under a nitrogen atmosphere at 90 ◦C for 1.5 h. After the 
reaction, the QWM filters were washed with deionised water several 
times to remove any excess GTEAC or any byproduct from the synthesis. 
The QWM filters were dried at 65 ◦C for 2 h and then were precondi-
tioned or charged in 1 M NaCl solution for at least 24 h. The QWM filters 

can be regenerated using the same solution post-recovery. The quater-
nisation and its impact on both the micro- and nanoscale are schemat-
ically illustrated in Scheme 2b and Fig. 1. Reaction outcomes were 
characterised using the changes in the dry weight of the original PW 
filters, i.e., the weight gain percentage (wg), the number of quaternary 
ammonium sites (NQ) in the QWM filters and the degree of quaternisa-
tion relative to initial weight (DQ), as follows: 

wg =
w − w0

w0
× 10 (1) 

DQ =
NQ

w0
=

(w − w0)

w0MGTEAC
(2) 

where w0 and w correspond to the initial and final dry weights of the PW 
and QWM filters, respectively, and MGTEAC is the molar mass of the 
GTEAC (C9H20NOCl: 193.72 g/mol). The DQ is the maximum number of 
binding sites or the number of quaternary ammonium (RNEt3+) groups 
grafted onto the wood biopolymers.

2.2.4. Fourier-Transform Infrared Spectroscopy (FTIR) spectroscopy
Fourier-Transform Infrared Spectroscopy (FTIR) spectra were 

recorded using a Nicolet iS50 FT-IR spectrophotometer (ThermoFisher 
Scientific) with an attenuated total reflection (ATR) accessory (dia-
mond/ZnSe crystal). Spectra were recorded in the range of 4000–500 
cm− 1 and were measured at a spectral resolution of 4 cm− 1 and averaged 
over 32 scans.

2.2.5. Nuclear Magnetic Resonance (NMR) spectroscopy
1H and 13C nuclear magnetic resonance (NMR) spectra were 

Scheme 2. (a) Synthesis of poly-GTEAC from the GTEAC monomer and n-butanol as an initiator at 90 ◦C for 1.5 h under a nitrogen atmosphere. (b) Ideal qua-
ternisation reaction and grafting of the cationic polyelectrolyte (poly-GTEAC) with the anhydrous glucose unit (AGU) from cellulose.

Table 1 
Variations in the preparation of QWM filters in the L-direction at different 
temperatures (T) and reaction time (t) at the constant GTEAC/PW weight ratio 
of ca. 12. Weight gain percentage (wg), degree of quaternisation (DQ), and 
maximum ion exchange capacity (IECmax). All measurements were done in 
triplicate.

Filter disc T 
(◦C)

t(h) wg 

(%)
DQ 
(mmol/g)

IECmax(mmol/g)

QWM L11 60 1 13.5 0.79 0.77
QWM L12 60 1.5 15.6 0.80 0.87
QWM L21 90 1 31.8 1.64 0.96
QWM L22 90 1.5 40.2 2.08 1.07
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recorded using a 400.13 MHz Bruker (AVHD400) Avance-III (Bruker 
BioSpin GmbH, Germany), and CDCl3 (99.8% D; VWR, the Netherlands) 
was used as a solvent at 25 ◦C. The NMR Spectra were processed and 
analysed using MestReNova 14.2.1. (Mestrelab Research Lab S.L, Spain). 
1H NMR spectra were recorded with at least 64 scans with a 5.0 s 
relaxation delay, 4.09 min acquisition time and pulse width 14.5

◦

. 13C 
NMR spectra were recorded with at least 256 scans with a 3.0 s relax-
ation delay, 1.157 min acquisition time, spectral width 28.409 Hz and 
pulse width 9.7

◦

. 2D NMR techniques such as 1H–1H correlation spec-
troscopy (COSY); 1H–13C heteronuclear single-quantum correlation 
spectroscopy (HSQC), 1H–13C heteronuclear multiple-quantum correla-
tion spectroscopy (HMBC), and nuclear Overhauser effect spectroscopy 
(NOESY) were performed to validate the GTEAC structure assignments 
in the 1D spectra. HSQC and HMBC were recorded using 8 scans, 2.0 s 
relaxation delay, 14.5 ppm of spectra width, 0.21 min acquisition time 
and 1024 × 1024-time domain data points (F2 × F1). All parameters 
were the same for COSY and NOESY except 4 scans were recorded over a 
0.29 min acquisition time across 1024 × 512-time domain data points 
(F2 × F1).

2.2.6. Mass and Volume Swelling
Samples (10 × 10 mm2; L-direction) were taken from PW and QWM 

filters. These samples were first dried at 30 ℃ in a drying oven for 6–8 h. 
until constant dry membrane mass (m0) and were equilibrated in water 
at room temperature for ca. 24 h. The pieces were then surface dried by 
removing surface water using cotton wipes, and weighed, to obtain the 
wet membrane mass (m) [26,29]. The mass swelling parameter qm is the 
ratio between the wet membrane mass (m) to the dry membrane mass 
(m0): 

qm =
m
m0

(3) 

The volumetric change was further investigated with respect to the 
sample length L, width b, and thickness h after equilibrating in water. 
This volume change was estimated from the volume swelling parameter 
qV as the overall product of the ratios between the final and initial di-
mensions, i.e.: 

qV =
L
Lo

⋅
b
bo

⋅
t
to

=
V
Vo

(4) 

2.2.7. Ion Exchange Capacity
The ion exchange capacity (IEC) of the QWM filters or the number of 

charged functional groups per mass of the dry membrane was deter-
mined spectrophotometrically based on the difference between the 
number of moles of NO3

– in the permeate np and the feed nf. This IEC 
evaluation corresponds to removal experiments. The relation is given as: 

IEC =
np − nf

w0
(5) 

The concentration of NO3
– from the permeate and the feed was 

spectrophotometrically measured using a HI97728 Nitrate Photometer 
(≤130 mg/L NO3

– range, ±0.5 mg/L accuracy, Hanna Instruments, 
Romania) at the wavelength λ = 525 nm. The photometer uses a chro-
mogenic Cd-based reductant (HI93728-01) that can correlate the NO3

– 

concentration with the absorption intensities of the reagent. This spec-
trophotometric IEC determination is similar to what has been described 
elsewhere [30]. Thus, the concentration of NO3

– ions was estimated via a 
calibration curve (Fig. S10a). The theoretical IEC corresponds to the 
degree of quaternisation (DQ).

Further, the maximum ion exchange capacity (IECmax) of the QWM 
filters was estimated under equilibrium (zero flow) conditions. Briefly, 
10 × 10 mm2 pieces were cut from dried QWM filters, washed with 
MilliQ water and immersed in 10 mL of 1 M NaNO3 (aq) for 48 h. After 
this time, the QWM filter samples were washed again with MilliQ water 
and immersed in 10 mL of 0.5 M NaCl (aq) solution. The known con-
centration of NO3

– released by QWM filter samples was then spectro-
photometrically measured (as described above). The amount of 
displaced NO3

– ions by the QWM was corrected using the IECPW and the 
ratio between the dry mass of PW and QWM (w’0/w0) 

IECmax = df
CNO3 VNO3

MNO3 w0
− IECPW

wʹ
0

w0
(6) 

where VNO3 is the known volume of the NO3
– solution (i.e., 10 mL) and 

CNO3 is the concentration of displaced NO3 (in mg/L), respectively. MNO3 

is the molar mass of the NO3
– ion (62 g/mol), and the df is the analyte 

solution’s dilution factor (100 total/stock).

2.2.8. Mechanical Testing
A self-made bending testing machine, equipped with a 100 N load 

cell was used to perform a three-point bending (3 PB) test. The flexural 

Fig.1. (a) Overview of the PW modification towards the production of QWM filters, with inset figures corresponding to the theorised changes in the micro- and 
nanostructure of the wood, indicating diametres of (i) the pits − 6 ± 2 µm, (ii) tracheids (earlywood) − 45 ± 15 µm, and (iii) tracheids (latewood) − 45 ± 35 µm. 
Data
reproduced from ref. [41].
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stress and strain at failure were determined for test specimens having a 
length of L = 60 mm, a breadth of b = 10 mm and a thickness of h = 2 
mm cut from the QWM filters. The cylindrical supports were placed 
across a span of L0 = 50.1 mm. The crosshead displacement rate was dD/ 
dt = 0.6 mm/min. For rectangular homogenous material, the obtained 
values of the applied load F and the crosshead displacement D can be 
converted into the flexural stress σ and strain ε using the following 
equations [31]: 

ε =
6hD
L2

0
(7) 

σ =
3FL0

2bh2 (8) 

The flexural modulus E was determined from the slope of the cor-
responding stress–strain curve in the linear elastic regime. The 3 PB tests 
were performed in both the wet and dry (20 ◦C and 65% RH) states. For 
the former, the specimens were soaked in deionised water for 24 h prior 
to testing. The toughness UT was estimated as the area under the 
stress–strain curve. The specific strength σsp values were estimated for 
comparison between samples at a specific strain value of εsp = 4⋅10-3 

which corresponds to a displacement of D = 0.8 cm.

2.2.9. Oxoanion Removal Efficiency
A dead-end filtration assembly (47 mm fritted, 40/35, Glassco, VWR, 

Germany) was used to test the performance of the QWM filters in 
oxoanion removal efficiencies ηi where i corresponds to unitary oxoan-
ion feedstocks (i.e., NO3

–, SO4
2- and PO4

3-) of 30 mg/L concentration. These 
feedstocks were kept at neutral pH except for the PO4

3- feed (pH 12) − at 
this pH, the latter feedstock is 1:1 HPO4

2-and PO4
3-. The dead-end filtra-

tion was performed as-is without the need for an external force under 
ambient conditions. The oxoanion removal efficiency was calculated as 
follows: 

ηi(%) =

(

1 −
np,i

nf,i

)

× 100 (9) 

where, nf,i and np,i refer to the moles of oxoanion i (i.e., NO3
–, SO4

2-, PO4
3) 

removed for the feed and permeate, respectively. The NO3
– concentration 

was determined using the Cd-based reduction method described above. 
The SO4

2- concentrations were determined using the HI97751 photom-
eter (≤150 mg/L, ±5 mg/L accuracy, Hanna Instruments Ltd., Romania) 
at the wavelength λ = 466 nm. The technique is based on the turbidity/ 
scattering method using pure anhydrous BaSO4 (HI93751-01 reagent 
kit). The PO4

3- concentrations were determined using the HI97713C 
photometer (≤2.5 mg/L, ±0.04 mg/L accuracy, Hanna Instruments Ltd., 
Romania) at the wavelength λ = 610 nm. The technique is based on the 
ascorbic acid method using the HI93713-01 reagent kit. The concen-
trations for SO4

2- and PO4
3- were estimated from their corresponding 

calibration curves (Fig. S10b and c).
The feed volume to membrane volume ratios varied between 12.7 

(50 cm3/3.9 cm3) and 63.7 (250 cm3/3.9 cm3) to ascertain the impact on 
the ηi performance. The permeate flowrate Qp (in L/h), filtration time tf 
(in h) and the permeate flux Jp (in L/(m2⋅h)) were estimated for dead- 
end filtration, considering the constant membrane area of 19.6 cm2 

and thickness h = 2 mm. The oxoanion removal efficiency values were 
further estimated after the QWM filters were recharged in the 1 M 
NaCl(aq) solution for 24 h up to 72 h. The loss in membrane mass was also 
measured. All measurements were performed in ambient conditions.

2.2.10. Ion Exchange Isothermal Analysis (at equilibrium and under flow 
conditions)

Ion exchange isotherm experiments have been performed using 
differing concentrations of the oxoanion NO3

–, i.e., 5–200 mM. The QWM 
specimens were preconditioned in 1 M NaCl before the experiment, and 
washed with MilliQ water several times to remove any excess of Cl-. The 

use of IEC at varying concentrations of the oxoanion (e.g., NO3
– as a 

model monovalent ion) can provide an ion exchange profile that could 
be modelled using a Langmuir isotherm in equilibrium conditions or 
using a Freundlich isotherm under flow conditions. The former behav-
iour assumes: (1) single-layer ion exchange occurs; (2) the distribution 
of adsorption sites is relatively homogeneous; (3) the adsorption energy 
is constant; and (4) the interaction between oxoanions is negligible [55]. 
The isotherm is given by: 

IEC = IECmax
K⋅C

1 + K⋅C
(10) 

where IEC and IECmax are the apparent and maximum ionic exchange 
capacity, K is the ion exchange constant at equilibrium, and C is the ion 
concentration at equilibrium. Under flow conditions, this behaviour 
shifts to a Freundlich-like behaviour. It is reported that the Freundlich 
isotherm describes a condition where there is a coverage fraction of 50% 
chemisorption [55]. Both Langmuir and Freundlich isotherms are 
interrelated in this aspect as elaborated by Halsey and Taylor [56]. The 
Freundlich isotherm is given as follows: 

IEC = IECmax(K⋅C)n (11) 

The physical phenomena are based on the simplification of ion ex-
change interactions as the so-called single ion, homovalent site ex-
change [32], without or with the influence of flow (alternatively, at or 
below equilibrium/saturation).

2.2.11. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) images were captured using a 

Carl Zeiss EVO-40 XVP electron microscope (Carl Zeiss, Germany) to 
examine the microstructure of the PW and QWM samples.

2.2.12. Thermal Characterisation
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. 6–8 mg of the 
samples was placed in standard 70 µL aluminium oxide capsules. Sam-
ples were heated from 25 ◦C to 1000 ◦C at a 10 K/min heating rate and 
under a N2 atmosphere. Differential scanning calorimetry (DSC) exper-
iments were carried out on a DSC 822 calorimeter from Mettler Toledo 
with an autosampler. A small amount of 5–10 mg of the sample was 
placed in a 40 μL aluminium pan with a hole. Samples were heated from 
− 50 ◦C to 200 ◦C at a 10 K/min heating rate and under a N2 atmosphere.

2.2.13. EcoScale and Process Technoeconomics
The sustainability of the GTEAC synthesis and the wood modification 

process has been quantified using the EcoScale Assessment methodology 
[33]. The post-synthesis assessment assigns cumulative scores after 
evaluating various material inputs, reaction parameters and experi-
mental setups used and using the so-called penalty tables where the 
associated risks, hazards and negative impacts of the method parameters 
are considered. These penalties are subtracted from the maximum score 
(100) representing an ideal green process to get a value that ranks the 
synthetic methods in terms of the corresponding green quality (for high- 
purity products). Additionally, the technoeconomics associated with the 
QWM filter is also studied.

3. Results and discussion

3.1. Reactive Ionic Liquid (GTEAC) Synthesis

Glycidyltriethylammonium chloride (GTEAC) synthesis was opti-
mised from a reported method from McClure [34], which suggests 
reacting ECH and TEA in equimolar amounts at 25 ◦C without any sol-
vent (Scheme 1a). Given the slow glycidation rate due to the TEA’s steric 
hindrance, the reaction temperature was ramped until reflux at > 120 ◦C 
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and conducted in a nitrogen atmosphere. Initially, both reagents form a 
clear transparent mixture that, upon reaching near-total completion, 
starts to form a slightly turbid liquid product, including oil droplets, i.e., 
the so-called enolic and diol decomposate (Scheme 1b). Upon cooling to 
room temperature, the product mixture gradually turns white. This 
product mixture containing GTEAC and some unreacted TEA was stored 
at temperatures <10 ◦C and under a nitrogen atmosphere to inhibit the 
formation of the decomposate oil over time due to the presence of 
moisture that can react with the epoxide moiety.

The purity for the GTEAC has been found to be 94% from the 1H NMR 
analysis. The 2D NMR experiments have indicated the correlations that 
validate the 1H and 13C NMR assignments (Figs. S1–S5). The isolated 
yield for GTEAC amounts to 91.5%. The 13C NMR spectra of the GTEAC 
and the presence of the probable decomposates in Scheme 1b have also 
been compared (Fig. S11).

3.2. Cationic polyelectrolyte poly-GTEAC Synthesis

Scheme 2a illustrates the polymerisation reaction of the RIL, GTEAC, 
that yields long-chain cationic or quaternary polyelectrolytes, i.e., poly- 
GTEAC. NMR characterisation (Figs. S6–S9) reveals that the GTEAC is 
capable of reacting with molecules containing OH groups (e.g., n- 
butanol and even AGU). The free hydroxyl group of the resulting trie-
thylammonium 2-hydroxypropyl (TEAHP) can further react with 
another GTEAC and undergo chain-growth polymerisation. The conse-
quences of the production of this cationic polyelectrolyte can be sub-
stantial on the substrate material, such as in the present case, PW. The 
presence of high Mw polyelectrolytes can reduce ion migration, thereby 
increasing contact time and increasing instances of single-layer homo-
valent ion exchange or chemisorptive interactions [35]. Based on the 
peak analyses between CH3 of the n-butanol with that of the RNEt3+ side- 
groups of the polymer chain, yields a degree of polymerisation of ca. 13. 
Arguably, the exposed groups (terminal and middle portions) of this 
chain are likely to undergo ion exchange, while the effects of the initial 
grafted units are likely to suffer from a screening or a masking effect 
[36]. Further discussion regarding the effects of the GTEAC polymeri-
sation are discussed in the following section.

3.3. Wood Modification

The PW quaternisation using the GTEAC is schematically shown in 
Scheme 2b. The PW specimens were cut into 50 mm ∅ filter discs, dried 
and then directly reacted with GTEAC, without the need for wood pre- 
treatment and swelling step. The avoidance of this step preserves the 
PW’s cell wall scaffold and does not induce loss in mechanical strength 
for the disc filters, given the low thickness of the discs of 2 mm. More-
over, the wood quaternisation has been performed without the use of the 
typical aqueous alkaline systems for CHPTAC [20,26,27], which induces 
hydrolytic decompositions as described in the introduction section. This 
affects the overall efficiency of the wood quaternisation process and, 
therefore, the water-free quaternisation performed, herein, yields sub-
stantial weight gain, and changes in the physicochemical, mechanical 
and functional properties of the treated PW. These variations have been 
observed at varying temperatures and reaction times.

The reaction of GTEAC with the anhydrous glucose unit (AGU) from 
cellulose is schematically shown in Scheme 2b and effects in Fig. 1. All 
quaternisation processes have been performed at a 12- wt ratio of 
GTEAC to the dry PW disc. It is worth noting that the other components 
in the cell wall, i.e., lignin and hemicelluloses, will also be quaternised 
during the process. This would explain the colour change in the PW from 
pine brown to pale yellow–brown due to the modification of the lignin 
domains (Fig. S12). Similarly, the lignin quaterisation process is well- 
reported with other commonly used quaternisation reagents, i.e., 
GTMAC [37,38].

QWM filters in the T-direction were also prepared in the same 
manner as the L-direction counterparts. Considering the difficulties in 

cross-impregnating tangential wood specimens [39,40], the modifica-
tion time was doubled at the same temperature profiles and an unsuc-
cessful impregnation resulted across the thickness of the sample. QWM 
filters in the T-direction were prepared at 90 ◦C for 2 h (T21) and 3 h 
(T22). These filter disc membranes demonstrated lower wg values up to 
21.2% and 21.1%, respectively. These values correspond to a DQ of ca. 
1.09 mmol/g. The impregnation has likely happened at the surface and 
the edges of the tangential filter discs. For this reason, it is recommended 
that wood quaternisation be performed in the L-direction at the given 
thickness of h = 2 mm.

The GTEAC is capable of polymerizing (i.e., poly-GTEAC, see 
experimental details for the synthesis). To better prove the inclusion of 
such a polymer and to elucidate its nature, DSC and TGA/DTG experi-
ments were performed. Fig. 2a shows the DSC analysis for PW, QWM 
L22 and poly-GTEAC (DP = 13). The poly-GTEAC has a glass transition 
temperature of Tg = 8 ◦C, and the QWM L22 at Tg = 91 ◦C, while PW has 
none in this range of temperatures. This increase of the Tg value in QWM 
is due to the expected higher degree of polymerisation (DP) of the 
grafted poly-GTEAC in the QWM L22 sample (ratio GTEAC to PW of 
12:1) and to the partial immobilization of the polymer chains grafted to 
the wood biopolymers, e.g., cellulose crystals and lignin network 
[42,43]. Moreover, from the increase in the heat capacity of the poly- 
GTEAC of Δcp = 0.350 J/(g K) and the measured step in the QWM 
L22 of Δcp = 0.120 J/(g K), the percentage of grafted polymer can be 
calculated, resulting into 34% which is close to the 29% calculated from 
the weight gain of wg = 40.2% for QWM L22.

Fig. 2b and 2c show the TGA thermograms and the corresponding 
derivatives for PW, QWM L22 and poly-GTEAC (DP = 13). The modi-
fication with GTEAC leads to a decrease in the decomposition temper-
ature of the wood biopolymers, i.e., from 369 ◦C to 336 ◦C. The poly- 
GTEAC has a lower decomposition temperature at 223 ◦C, and upon 
addition to the PW yields a QWM L22 having said temperature between 
the two. The addition of amorphous material as poly-GTEAC induces a 
lower decomposition temperature of the wood biopolymers due to the 
grafting of such polymers to the accessible hydroxyl groups in the wood 
cell wall. Similar effects owing to this grafting are well-reported in other 
reactive polymers based on epichlorohydrin-quaternary amines [44].

Fig. S13a-d shows the SEM images of the PW and the QWM. Given 
the implications of the use of wood materials as a scaffold, slight yet 
unsubstantial changes were observed. This signifies that the modifica-
tion occurs at a molecular level and at conditions where a pore/vessel/ 
void filling effect similar to polymeric membranes cannot be observed. 
Nevertheless, there exists little observable effect in terms of the increase 
in the amorphousness (adding-up or filling effects) over the wood sur-
face as shown in Fig. S13c and d. A more definitive proof of the GTEAC 
modification is attainable by an obvious parameter – the weight gain wg 
− which proportionates well with the IEC, the DQ, and the removal 
efficiencies. The effect of swelling is quantifiable from the swelling pa-
rameters qm and qv, and further discussion regarding the intrinsic 
properties and structure of the wooden scaffold is discussed with the 
oxoanion removal experiments below.

3.4. Physicochemical Properties

The swelling parameters qm and qV, and functional properties, i.e., 
IEC of the QWM filters are important factors that impact their oxoanion 
removal efficiencies η, as well as the mechanical strength during the 
ultrafiltration process. The effect of temperature yields unsubstantial 
changes and the quaternisation time is shown to be much more signif-
icant, as observed elsewhere [20,26]. In comparison, the mass swelling 
parameter of the QWM filters is qm = 1.8 ± 0.1, while the volume 
swelling parameter is qV = 1.2 ± 0.1 (Fig. 3a and Table S1). QWM filters 
modified at longer reaction times, i.e., QWM L12 and QWM L22, show 
higher values of both swelling parameters than the corresponding QWM 
filters produced at shorter times, i.e., QWM L11 and QWM L21, but not 
too different to those values from PW (ca. qm = 1.7 and qv = 1.1). This 
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indicates that QWMs do not change too much the affinity for water after 
the modification process, but the little increase in the swelling effect 
observed is due to the GTEAC adding into the lignocellulosic cell wall 
and middle lamella.

The maximum increase in the average density observed for a QWM 
filter disc deviates from the expected results. For instance, for L22 (wg =

40.2%), the apparent density is 575 ± 65 kg/m3 (n = 5) rather than the 
expected maximum, i.e., 708 kg/m3. The deviation in apparent density 
from the maximum relates to the fact that the GTEAC can induce (i) 
quaternisation of the lumina-cell wall interface with the corresponding 
filling up of the lumina with no change in volume (ΔV ≈ 0), (ii) qua-
ternisation and swelling of the cell wall biopolymers with the corre-
sponding increase in volume (ΔV > 0), or (iii) both at the same time 
(Fig. S14). In the first case, a substantial volume of GTEAC (ρGTEAC ~ 
1154 kg/m3) will take up space in the cell wall/lumina interface, i.e., 
surface filling quaternisation (SFQ). For the second case, if only the 
lignocellulosic biopolymers in the cell wall are reacted and swollen 
simultaneously, i.e., bulk swelling quaternisation (BSQ). Generally, 
these effects can be mathematically described using the following 
relation: 
(

ρ
ρ0

)

swelling
=

m
m0

V0

(V0 + ΔV)
≤

ρ
ρ0

≤

(
ρ
ρ0

)

filling
=

m
m0

(12) 

where m and m0 are the mass, V and V0, are the volume of the discs after 
and before modification, respectively, and ΔV = (m-m0)/ρGTEAC.

The maximum ratio between post- and pre-modification densities of 
the QWM filter disc is given by the ratio ρ/ρo. For the surface filling 
quaternisation (SFQ) scenario and for the bulk swelling quaternisation 
(BSQ) situation, an upper limit (ρ/ρo)filling and a lower limit (ρ/ρo)swelling 
can be estimated. The SFQ and BSQ ratio can be calculated as follows: 

SFQ =
(ρ/ρ0) − (ρ/ρ0)swelling

(ρ/ρ0)filling − (ρ/ρ0)swelling
and BSQ = 1 − SFQ (13) 

As shown in Table S1, considering the density ratio for the QWM L22 
filter disc lies in the range of 1.21 < (ρ/ρo = 1.33) <1.40 (n = 5). This 
amounts to 37% swelling of the cell wall biopolymers (BSQ) and 63% for 
the lumen/cell wall interface filling (SFQ) by the GTEAC (Fig. 3b). The 
experimental SFQ values for the four QWM filters, i.e., L11, L12, L21 and 
L22, were 67%, 50%, 62% and 63%, respectively, whereas the values 
obtained from the fitting in Fig. 3b were 55%, 65%, 59% and 64%. 
Therefore, the modification process accounts for a ca. 35–40% of bulk 
functionalisation and 60–65% of surface functionalisation regardless of 
the modification conditions.

The natural permeability and porosity of the PW scaffold have been 
retained, if not slightly increased. The PW quaternisation leads to sub-
stantial dimensional expansion as well as an increase in mass. It is worth 
noting that an excessive increase in the qm (or qV), can prove detrimental 
to ion transport and diffusion for ion exchange membranes [45,46]. The 
swelling for the modified wood pertains to swelling and enlargement of 
the fibres, tracheids or vessels in the microstructure [47] but only in the 
amorphous domains. However, the above findings suggest a controlled 
effect that will not compromise the ion exchange performance of the 
wood. This implies that the water permeability, dimensional stability 
and separation efficiency for QWMs such as for L22, could perform 
feasibly in their intended oxoanion separation and ultrafiltration 
application.

The increase in the IEC for the QWM filters is relatively proportional 
to the DQ (Fig. 3c) and is ca. 50% of the theoretical DQ value. The IECmax 
values were observed to increase with higher quaternisation time and 
temperature by 240% for QWM L22 with respect to QWM L11, due to 
the increase in wg. Comparatively, the IEC value observed for the QWM 
L22 is similar to that observed for GTMAC-based QWMs (0.8–2.1 mmol/ 
g) and quaternised poly(ether ether ketone) QPEEK (0.9 mmol/g) 
[26,48]. The hydrophilic nature of the GTEAC used, as with any other 
quaternary agent plays a dominating role in regulating the qm and qv of 

Fig.2. (a) Differential Scanning Calorimetry (DSC) thermograms, (b) Ther-
mogravimetric Analysis (TGA) thermograms, and c) the corresponding de-
rivatives to the TGA thermograms for the PW, QWM L22 and poly-GTEAC.
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such QWMs. The hydrated quarternary sites (i.e., RNEt3+) can form an 
overlapped solvation shell, which is responsible for the anion transport 
[46] and limits the percentage of SFQ molecules on the lumen/cell wall 
interface.

3.5. Oxoanion Removal Efficiency

The removal efficiency of all the modified QWM filters was tested in 
comparison with the unmodified PW filter, for three target oxoanions, i. 
e., NO3

–, SO4
-2- and PO4

3-. As shown in Fig. 3d, the unmodified PW filter 
can remove 7.2%, 3.3% and 18.3% of NO3

–, SO4
2- and PO4

3-, respectively. 
The tests were performed using the simple dead-end filtration type glass 
assembly (Fig. 4a) and values have been reported for the first pass. The 
QWM filters demonstrated improved oxoanion removal with increasing 
quaternisation time and temperature. For instance, the QWM L22 filter 
disc demonstrates considerably improved oxoanion removal efficiency 

corresponding to 83.9%, 98.3% and 88.9% of NO3
–, SO4

-2- and PO4
3-, 

respectively. Increasing quaternisation times and temperature have 
shown high oxoanion conductivity for certain QWMs [26]. Increasing 
quaternisation as evident from the DQ values, yields increasing removal 
efficiency, which is typically observed to be in the order of SO4

2- > PO4
3- >

NO3
–. For instance, the increase in quaternisation temperature from 60 

◦C to 90 ◦C, demonstrates a removal efficiency for QWM L22 that ca. 2–3 
times that of L11 and L12. The increase in removal efficiency is also 
notable for the latter two QWM filters with increasing temperature and 
time, but the effect of increasing quaternisation time is not as prominent 
for L21 and L22 (Table S1). The oxoanion removal efficiencies can also 
be visualised by the colour of the feed and permeate solutions (as a step 
during the spectrophotometric quantification), as shown in Fig. 4b.

The removal efficiency of the QWM filters tends to decrease 
following multiple consecutive runs (Table S1), possibly due to gradual 
fouling and maximum retention of the oxoanions per binding sites of the 

Fig.3. (a) Mass and volume swelling parameter qm and qV, respectively, for the four QWMs (the red line is the average value ± standard deviation). (b) The density 
ratio for the four QWMs shows that swelling (BSQ) and filling (SFQ) occur during the modification process. (c) Ion exchange capacity IEC as a function of the degree 
of quaternisation DQ for the four QWMs. (d) Oxoanion removal efficiencies η for PW and the four QWMs. (e) Post-regeneration removal efficiency η for the QWM 
L22. (f) Variations in flux J for PW and the four QWMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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QWM filters. For this reason, the QWM filters need to be washed with 
deionised water and recharged in 1 M NaCl solution (regeneration or re- 
conditioning process) for ≥ 72 h to regain their almost original oxoanion 
removal capacity. The QWM L22 filter demonstrates the most stable 
post-regeneration recovery for all three oxoanions tested (Fig. 3e). The 
recoveries are observed to return to their original recoveries after 72 h, 
except for SO4

2- which requires a longer time. In comparison to the other 
QWM filters, as shown in Fig. S15, the post-regeneration recoveries are 
relatively low for QWM L11, L22 and L21, owing to lower quaternisation 
(or lower number of binding sites). The increase in oxoanion removal 
efficiency is tied to the obvious increase in the DQ, and IEC or the 
available quaternary sites in the swollen QWM filters.

Moreover, the flux J for modified the four QWM filters, as evident in 
Fig. 3f and Table S1, shows the effects of changes in the so-called 
aqueous feed flow throughput for increasing DQ. The increase in the J 
pertains to the two possibilities discussed above, i.e., (i) the GTEAC 
adding onto the lignocellulosic cell wall and/or (ii) filling up the lumina. 
This is likely to manifest as the swelling of the wood’s internal micro-
structure by channel enlargement which can in turn expand ion trans-
port pathways. The individual PW’s intrinsic channels, i.e., tracheids 
and parenchyma, are retained in the QWM filters. The interconnected 
tracheids in softwoods such as pine, can act as ion channels. These are 
usually ca. 22 µm for latewood tracheids. For earlywood tracheids, the 
diameters of such softwood can be ca. 35 µm [49]. Complimentary pits 
range from about 0.1 to 0.5 µm [50]. It is likely that during higher 
temperatures and time, the cell wall-derived porous membranes (i.e., 
margo) in the bordering pit pairs are modified. This could lead to the 
displacement of the valve-like torus under internal pressure due to the 
intense quaternisation process [51]. This means that the quaternisation 
procedure can open up new ion transport pathways and lead to 
improved flux rates and NF/IX capabilities of the QWM filter discs 
(Fig. 3f).

The effect of varied filter loadings on the removal efficiency 
(Table S2), i.e., Vf/VQWM of 12.7 (Vf = 50 mL) and 63.7 (Vf = 250 mL) 

was also studied. The latter results in oxoanion removals that are 1.65, 
1.07 and 1.14 times lower for NO3

–, SO4
2- and PO4

3-, respectively. It is, 
therefore, recommended that a low feed volume of up to 50 mL is 
maintained for high removal efficiencies for the dimensions of these 
discs.

Vertically aligned, open ion channels contribute to low tortuosity in 
the L-direction of the PW and enable lower flow resistances preventing 
water flow throughput issues. These issues are commonly observed for 
packed activated carbon filters or granular particle filters [24]. The 
triethylammonium 2-hydroxypropyl (TEAHP) groups are covalently 
bonded to the cell wall biopolymers, which then undergo grafting with 
GTEAC molecules to give long-chains of cationic polyelectrolyte con-
taining quaternised ammonium RNEt3+ groups. This can form a sort of 
coating over the PW’s existing ion channels, and can thus act as capillary 
columns. This effectively enables the QWM filter to remove oxoanions 
selectively or simultaneously in terms of their hydration radius Rh. The 
Rh for the oxoanions, NO3

–, SO4
2-, PO4

3- (and HPO4
2-) is said to be 0.18 nm 

[52], 0.30 nm, and ~ 0.2 nm [52–54], respectively. The progressive 
increase in the Rh incurs significant effects on the corresponding oxanion 
removal, i.e., SO4

2- > PO4
3- > NO3

–. This effect is also observed for the 
other QWM filters. The SO4

2- removal/retention is higher than PO4
3- 

owing to the hydration effects of the latter oxoanion. This owes to the 
fact that the latter can speciate to HPO4

2- and PO4
3- oxoanions, despite a 

larger radius of hydration Rh for these two oxoanions. Upon appropriate 
quaternisation − such as the case for QWM L22, the cationic poly-
electrolyte with RNEt3+ functionalities act as brush-like tethered cationic 
groups (Fig. 4c) that can retain said oxoanions via the so-called ion 
transport modes discussed above.

3.6. Ion Exchange Isotherms

Fig. 5a shows the experiments used for the construction of the iso-
therms under equilibrium (blue symbols) or under flow (green symbols) 
conditions. All these points fall below the curve of maximum ion 

Fig.4. (a) Ultrafiltration setup for the prepared QWM filters. (b) Changes in the oxoanion concentration. Note that the solution colour is due to the addition of the 
chromogenic reagents used to determine the exact concentrations spectrophotometrically. (c) Proposed mechanism of the ultrafiltration via the QWM filters.
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exchange capacity IECmax = 1.07 mmol/g, therefore, they correspond to 
removal experiments, while the data in red correspond to the charging of 
the membrane. Data were fitted either using eq. (10) or eq. (11) for 
equilibrium or flow conditions, respectively. Fig. 5b shows the fitting to 
the data under equilibrium conditions (blue symbols; orange fitting 
curve – eq. (10) and under flow conditions (green symbols; violet fitting 
curve – eq. (11).

At the maximum IECmax (1.07 mmol/g), the apparent number of 
binding sites is 2.67 mmol. The oxoanion removal efficiencies will be 
expected to be > 90–95% when the feed number of moles is lower than 
this value. In equilibrium conditions, the surface absorption/ion ex-
change behaviour is dominant [57]. Under flow conditions, vehicular 
diffusion and Grothuss hopping are dominant mechanisms that occur 
through the solvated oxoanions by the quaternary ammonium groups 
[58,59]. The ion exchange constant K = 0.031 L/mmol obtained from 
the data under equilibrium conditions (Langmuir isotherm) implies that 
this state favours a stronger binding than in the flow state whose ex-
change constant is K = 0.0050 L/mmol. It is known that some specific 
sites can have a stronger affinity for anions (e.g., NO3

–) than other sites 
[60]. This implies that the entanglement of the grafted chains can lead to 
a masking or suppressing effect of the initial unit grafted to the wood 
biopolymer, as described elsewhere in the case of flexible poly-
electrolytes [36]. This also explains the discrepancy between the theo-
retical IEC, i.e., DQ = 2.08 mmol/g, and the observed IECmax (1.07 
mmol/g). Moreover, the exponent value of n = 0.85 (hetereogeneity 
factor) indicates a non-linear correlation between the number of mols of 
anions present during the filtration process and the binding sites due to 
the fast flow of the feed solution.

As the grafted poly-GTEAC can restrict ion transport across the 
membrane, esp. in the absence of flux, this can lead to chemisorption 
which falls under the assumptions of the Langmuir model. This behav-
iour is described by the single-site homovalent ion exchange with an-
ions, e.g., NO3

– [32,61]. Yet under flow conditions, we see deviations 
from this behaviour towards a Freundlich-like isotherm. This effect can 
be attributed to the relatively lower instance of homogeneity, and uni-
form distribution of the available quaternary ammonium sites across the 
polyelectrolyte grafted to the wood biopolymers. In such conditions, the 
ion exchange occurs across the QWM L22′s ion channels and not on the 
surface – under flow conditions [58]. The cationic polyelectrolyte chains 
with RNEt3+ groups are likely to have more affinity for monovalent an-
ions such as NO3

– [60]. Vehicular transport (standard diffusion) and 

Grotthus mechanism (proton hopping) are key features in an anion ex-
change membrane [59]. The presence of more bulky cationic poly-
electrolyte groups can lead to greater overlapped regions that can 
undergo ion exchange. The presence of longer-chain alkyls leads to more 
basic nitrogen in GTEAC compared to GTMAC [26].

3.7. Mechanical Properties

3 PB experiments were performed on unmodified PW and the QWM 
filters in the two coplanar directions, i.e., radial (R) and tangential (T) 
directions, in either dry or wet conditions. The QWM filters will be 
subjected to fluid pressure in said directions under filtration conditions. 
To ascertain the impact of the wood quaternisation process, the flexural 
modulus E, specific strength σsp at specific strain εsp, and toughness UT of 
the QWM filters in the dry and wet conditions were evaluated, with PW 
as a reference.

As evident in Fig. 6a-b, QWM L22 samples measured in both the R- 
and T-direction − the applied force is parallel to the L-direction − show 
similar flexural modulus values when comparing samples in the dry (ER, 

dry = 204 MPa and ET,dry = 216 MPa) and in the wet state (ER,wet = 193 
MPa and ET,wet = 124 MPa), but lower than those from the PW reference 
samples (ER,dry = 545 MPa and ET,dry = 367 MPa; ER,wet = 349 MPa and 
ET,wet = 126 MPa) where radial bending is dominated by earlywood cell- 
wall deformation, whereas tangential bending involves latewood layers 
[62,63]. This softening effect owes primarily to the swelling of the cell 
wall biopolymers, and levels the flexural modulus values for both di-
rections contrary to the natural PW samples. Therefore, the quaterni-
sation process can lead to the formation of brush-like cationic 
polyelectrolyte RNEt3+-laden cell wall fibres (i.e., swollen fibres) that act 
as an impurity, and, in the wet state, the loss in flexural modulus relates 
to the extra plasticisation effect of water.

The softening effect is more evident considering the specific strength 
σsp and the toughness UT, as shown in Table 2. For instance, the corre-
sponding σsp and UT for dry and wet QWM L22(R) were 0.81 MPa and 
14.4 kPa, and 0.77 MPa and 13.1 kPa, respectively, and almost half of its 
PW(R) counterpart. Similarly, dry and wet QWM L22(T) samples were 
0.77 MPa and 13.1 kPa, and 0.49 MPa and 4.3 kPa, respectively. These 
findings illicit the fact that (i) in the wet state, water incurs a more 
plasticising effect than that caused by the cationic polyelectrolyte with 
RNEt3+ groups present in the cell wall biopolymers, and (ii) the swelling 
of said cell wall are core drivers of lower flexural strength or toughness. 

Fig.5. (a) Log-log plot of weight-normalized head volume vs concentration for the QWM L22. The red line corresponds to the point with the same number of 
available binding sites (2.67 mmol) of the maximum IECmax = 1.07 mmol/g; the blue and green symbols are ionic exchange data in equilibrium and flow conditions, 
respectively, and the red symbol corresponds to the charging conditions. The numbers for each data point correspond to the maximum binding sites that can be 
exchanged. (b) Ion exchange isotherms for QWM L22 at 25 ◦C and ambient pressure under quasi-equilibrium (tR: 48 h) and under flow (tR: 0.5 h) conditions. The 
orange and violet curves correspond to the fitting of the data using the Langmuir and the Freundlich model, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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In general, the QWM L22 can deform more easily under load/pressure 
under significant stress, making them more flexible under conventional 
filtration conditions.

3.8. Comparative Assessment of Oxoanion Removal Performance and 
Properties.

The wood quaternisation process follows a water-free, controlled 
quaternisation via a facile method. As discussed previously, this process 
reduces the instance of GTEAC hydrolysis which would otherwise lead 
to relatively less effective quaternisation and, thus, lead to suboptimal 
oxoanion removal capabilities. This can be noted by the achieved DQ 
and IEC and the differences in physicochemical properties with reported 
QWMs. For instance, our water-free GTEAC-based method yields a 
higher DQ, e.g., 1.64 (QWM L21) and 2.08 (QWM L22) compared to the 
GTMAC-based QWMF-10 and QWMF-15 membranes [26].

Mautner et al. prepared GTMAC-modified cellulosic nanopapers 
having DQ: 0.62 mmol/g, and a NO3

– retention/removal capacity of 1.3 
(30 g/m2) – compared to the QWM L22′s 1.07 mmol/g (~42.9 g/m2) 
[64]. Sehaqui et al. reported mechanochemically modified cellulose 
nanopapers using GTMAC and alkaline aqueous systems. The reported 
DQ ranges from 0.34 – 1.2 mmol/g with reported oxoanion removal 
efficiencies indicated in Table 3 The maximum sorption reported for 

Fig.6. Stress–strain curves for the unmodified PW sample and the QWM L22 filter (60 × 10 × 2 mm3), in (a) the R-direction and (b) the T-direction (wet state, dotted 
line; dry state, solid line). The corresponding flexural moduli are indicated for each curve.

Table 2 
Specific strength σsp, toughness UT and flexural modulus E for PW and QWM L22 
specimens in wet and dry states and in the radial (R) and tangential (T) direction.

Sample State Direction σsp (MPa) a UT (kPa) E (MPa)

PW Dry R 2.16 36.9 545
 Wet R 1.40 23.5 349
 Dry T 1.41 3.7 367
 Wet T 0.52 9.2 126
QWM L22 Dry R 0.81 14.4 204
 Wet R 0.77 13.1 193
 Dry T 0.86 13.7 216
 Wet T 0.49 4.3 124

a specific strength at εsp = 4⋅10-3 (equivalent crosshead displacement D = 0.8 
mm).

Table 3 
Comparison of oxoanion removal efficiencies (i.e., NO3

–, SO4
2- and PO4

2-) for the QWM filter and other reported materials.

Process Time (h) Process Flux (L/(m2⋅h)) Oxoanion Removal Efficiency Ref.
ηNO−

3
(%) ηSO2−

4
(%) ηPO3−

4
(%)

QWM L21 [w]
< 0.5 348–385 75 85 86 This work

QWM L22 [w] < 0.5 385–440 84 98 89 This work
ZS/PVDF/PEG [pm] 3 500 92 – 99 [67]
Neosepta AMX [pm] 7 1293 82 89 – [66]
Selemion AMV [pm] 7 1293 85 90 –
FumaSep FAB [pm] 7 1293 84 50 –
PS-PPh3 

[pr] 1.5 6278–7751 a 90–95 – – [68]
PS-PBu3 

[pr] 1.5 6278–7751 a 90–95 – –
SIQA/PVDF [np] 1.2 35 90 – 80 [69]
Hardwood Ppy-AC [w] 24 245 – 82 – [70]
NF270 [pm] 3 285 – 99.7 –
CPA2 [pm] 3 285 – 99.8 – [71]
BPEI-GTMAC Peat [w] 24 – b 58 43 – [72]
Modified Amberlite MB9L [pr] 2 – b 57 3 100 [73]
CQAPSU-3.1 [pm] 2.6 14,333 – – 98
CQAPSU-3.0 [pm] 5.3 14,333 – – 93 [74,75]
Anammox EBR [ad] 1.8 400c 79–89 – 93–95 [76]
Octolig ® (5 cm bed) [pr] < 0.5 9600 72 5–42 40–87
CCNF [w] < 0.1 6 96 70 61 [65]
GWP Kork-deko [w] 

GCP Kork-deko [w]
72 63 d 29–98 

4–8
– – [77]

Notes: [w] wood- and wood-based materials, [pm] polymeric membranes, [pr] polymeric resins, [ad] anaerobic digestion using anaerobic annamox bacteria, e.g., 
nitrosoamonas; a 1-bed volume (BV) = 5.0 mL resin and column: 12 mm Ø; b batch absorption experiment; c bed: 12 mm Ø, 5 L cycle per batch. d granulated cork pellets 
(2 mm size, 123 kg/m3) and wetland wood pellets (6–8 mm size, 650 kg/m3), bed: 84 mm Ø, 10 L cycle per batch.
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such nanopapers was 0.6 mmol/g [65]. Thus, our method offers high DQ 
values with appreciable and competitive IEC values for the modified 
PW, with little amounts of byproduct coming from the RIL synthesised. 
Moreover, there exists a possibility to recycle the used quaternisation 
agent for another modification batch. The use of PW as a scaffold ma-
terial yields sustainable, self-supporting modified wood membranes 
(QWMs) that can prove substantial in extensive ion exchange/ultrafil-
tration systems by themselves or as guard/pre-filters for oxoanion 
removal (i.e., NO3

–, SO4
2- and PO4

3-).
The oxoanion removal of QWM L21 and QWM L22 has been 

compared to other QWMs in Table 3 against other denitrification, 
desulphurisation and dephosphatisation systems, i.e., commercial and 
reported polymeric membranes, modified resins and related wood-based 
materials. The QWM L22 possesses a balanced oxoanion removal per-
formance in contrast to its peers, for shorter process time and lower flux. 
While most resin-, membrane- and nanoparticulate-based denitrifica-
tion, desulphurisation and dephosphatisation possess higher fluxes and 
higher time to remove the oxoanions. Considering commercial AEMs, 
the QWM L22 has comparable removal efficiencies for NO3

– and 

improved efficiency for SO4
2-, though this is achieved at a lower flux and 

longer time [66].
Higher than optimal fluxes can lead to membrane fouling and 

reduced removal efficiency due to insufficient contact time [78]. Thus, 
the QWM L22 may be better positioned to face lesser biofouling and 
provide for higher throughput. Commercial membranes have densities 
almost twice that for QWM L22, e.g., AMV and FAB have densities of 
1100 and 1200 kg/m3, respectively. The IEC and water content per dry 
membrane λ for AMV, AMX and FAB membranes are also comparable to 
that of the QWM L22 [66,79,80]. For other wood-based materials based 
on activated carbon (AC) or impregnated woods such as polypyrrole- 
activated carbon, the performance for QWM L22 is more significantly 
enhanced in comparison. In the case of wood carbonisation, despite the 
so-called retention of nanochannels, the higher porosity and the low ion- 
conductive properties of the polypyrrole hamper strong electrostatic 
interactions necessary for oxoanion retention [70].

Fig.7. (a) Proposed oxoanion removal and ultrafiltration bed-type unit for processing large quantities of polluted freshwater and wastewater. (b) Changes in ηi of 
QWM L22 prepared using 2:1 and 1:1 fresh-to-recycled GTEAC quaternisation reagent.
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3.9. Technoeconomic Significance of QWM NF/IX Process

The QWM L22 offers a low-density, relatively efficient oxoanion- 
removing AEM for denitrification, desulphurisation and dephosphati-
sation purposes. The cost for one L22 filter disc (50 mm ø, 2 mm, ~540 
kg/m3) is estimated to be 3.33–4.12 €/kg or 4.16–5.15 €/m2 (Table S3), 
accounting for electric and material inputs. In contrast to commercially 
available AEMs such as AMX costs 50–60 times more − ca. 277 €/m2 

[81]. Moreover, the basic cost of the GTEAC amounts to 0.85–1.27 €/kg 
(Table S3), which is considerably inexpensive compared to the GTMAC 
precursor, CHPTAC (60% w/w) which costs 91 €/kg; or the GTMAC 
(technical, ≥90%): 4270 €/kg (US/EU) or 324–405 €/kg (China, PR). 
Thus, the GTEAC synthesis offers a more facile, inexpensive access to a 
wood impregnation and quaternisation RIL process, which can also be 
used for lignocellulosic fibres.

The World Health Organisation (WHO) mandates in its Safe Drinking 
Water Guidelines 2011 that the acceptable levels of NO3

– and PO4
3- as 

<11 mg/L (ppm) and <0.2 mg/L (ppm), respectively. In the case of SO4
2-, 

their presence is not regulated and should be kept below <250 mg/L 
(ppm) to avoid aesthetic loss in drinking water or lower to prevent 
interference or treatment unit degradation [82,83]. The QWM L22 
demonstrates to this effect near standard efficiencies in the removal of 
said oxoanions. Given, that the PW provides for an effectively inex-
pensive scaffold for wood quaternisation. The size of the QWM L22 fil-
ters could be upscaled to make mono- or multilayered filter trays, e.g., 
large bed-type oxoanion removal and ultrafiltration purposes, or guard 
filtration units (Fig. 7a). The baffle and screens could assist in distrib-
uting the feed across the filters, and the unmodified PW act as a guard 
filter which can filter out nanoparticulate and particulate matter above 
160–490 nm [23]. For beds equipped with QWMs of greater thickness, a 
pressure-driven wood quaternisation would have to be applied to ensure 
consistent wg and DQ values with the GTEAC. This could potentially 
drive reaction costs and incur greater safety and maintenance expenses.

3.10. Process Sustainability – EcoScale Assessment

The sustainability score for the preparation method of the GTEAC 
and the QWMs can be quantified using the EcoScale Assessment. The 
details of penalty calculations for the wood modification are given in 
Table S3. The penalty data for the synthesis parameters, material inputs 
and experimental setup is taken from Van Aken et al. [33]. The use of 
ECH and TEA incurs considerable safety risks (penalties), though their 
limited use per kg dry PW minimises the inherent risks. Nevertheless, the 
Eco-Scale score for both the GTEAC synthesis and the QWMs preparation 
amounts to 73.6, which corresponds to well-acceptable or near-excellent 
reaction scores (i.e., ≥ 75) [33].

The wood modification process (Fig. S16) incurs low auxiliary re-
agents and solvent consumption other than the washing steps for the 
QWM filters, e.g., QWM L22. The resulting effluent could be recycled or 
stripped of the GTEAC decomposate or reused. The GTEAC oily 
decomposate is a primary byproduct waste of the process during the 
wood modification process and is formed when GTEAC reacts with the 
residual water in the PW and decomposes at high temperature. The 
material and energy inputs are not intensive and provide a low-energy, 
cost-effective method of producing said filters (Fig. 7a). This can prove 
feasible for setting up larger-scale filtration beds using the QWM L22 in 
developing world economies facing water scarcity. The disposal of these 
wood-based filters is either by composting or by regenerating/re- 
modifying the filters (similar to ion exchange resins) upon extensive 
usage.

The used quaternary RIL reagent, GTEAC, forms two distinctive 
layers in the reaction vessel, after the wood modification reaction for 
1.5 h, where for instance, ca. 19% to 25% of the original reagent GTEAC 
gets hydrolysed to the decomposate. The decomposate can easily be 
separated from the remaining quaternary RIL reagent, though the 
former possesses a slight yellowish discolouration. Nevertheless, the 

remaining RIL can be reused for another wood modification in a 1:1 or 
2:1 ratio with fresh GTEAC. This yields similar wg for the specified time 
and temperature for QWM L22 filters prepared this way (Fig. 7b). The 
washing steps for the QWM filters require copious amounts of deionised 
water (ca. 0.7 L to 1.0 L for QWM L22) to remove the excess GTEAC and 
its decomposate in the wood during the process.

4. Conclusion

This study demonstrates the successful quaternisation of pine wood 
(PW) using a water-free, sustainable process via a reactive ionic liquid 
(RIL), GTEAC, prepared via a one-step, non-aqueous, non-alkaline 
method. The grafting of a RIL has yielded quaternised wood mem-
branes (QWMs) for anionic exchange membranes (AEMs) production 
such as QWM L22 with high DQ (2.08 mol/kg), and IECmax (1.07 mmol/ 
g) values. The IEC is half the theoretical value, which corroborates with 
the nearly 4:6 quaternisation of the cell wall biopolymers (bulk swelling 
quaternisation, BSQ) and filling of the lumen/cell wall interface (surface 
filling quaternisation, SFQ). Process parameter variations in tempera-
ture and reaction time had a profound impact on the physicochemical 
properties of the wood-based AEMs. Higher temperatures and extended 
reaction times optimised the membrane’s quaternisation process, lead-
ing to improved IEC, swelling behaviour, and superior oxoanion 
removal performance. The optimal conditions − at 90 ◦C for 1.5 h ¡
produced a QWM L22 with substantial filtration efficiency, making it 
highly competitive for industrial-scale water treatment applications.

These modifications enabled the wood-based AEM to achieve high 
removal efficiencies of 83.9%% for NO3

− , 98.3% for SO4
2− , and 88.9% for 

PO4
3− . The performance of QWMs in removing oxoanions is dependent 

on the hydration radius Rh of the target ions, with larger and more hy-
drated ions being removed more effectively. However, the case of PO4

3- is 
an exception where the high hydration energy and thus higher solvation 
reduces ion transport and mobility − in comparison to SO4

2- and NO3
–. 

The water-free quaternisation process eliminates and preserves the 
native wood scaffold which would otherwise be highly alkaline envi-
ronments as reported for GTMAC-modified wood-based AEMs. The 
quaternisation process is likely to have impacted the wood structure and 
its mechanical strength, particularly because of the swelling of the cell 
wall biopolymers and the lumen-cell wall interface filling by the GTEAC. 
For instance, in the R- or T-direction, the QWM L22 membrane with-
stands lower strength and toughness than untreated PW, with enhanced 
deformation capacity due to the quaternisation process.

Given the reaction conditions in which the PW was reacted, it is 
likely that there is a reaction between the triethylammonium hydrox-
ypropyl – TEAHP − group anchored to the wood biopolymers with 
another GTEAC molecule, leading to grafted cationic polyelectrolyte 
RNEt3+ chains. This effect can lead to chain mobilities and effects that 
could be distinguished from thermal data, e.g., Tg increase of the poly- 
GTEAC as compared to QWM and, therefore, this QWM has a lower 
decomposition temperature than its PW counterpart, because of the 
inclusion of a grafted polymer. The implications for this grafting effect 
can lead to long chains, where only the exposed charges of the grafted 
polymer sites can undergo ion exchange. The remnant site interaction 
will progressively decrease with the oxoanions. This explains why our 
IECmax < DQ under equilibrium and under flow conditions, and that the 
high weight gain wg reflects the occurrence of the grafting effect.

The modified ion channels (the interconnected tracheids) can pro-
vide for sufficient interactions between the available quaternary 
ammonium sites and the oxoanions to attain Langmuir behaviour in the 
steady-state/zero flow or equilibrium conditions. The ion exchange 
process under zero flow follows a Langmuir behaviour whereas under 
flow the behaviour shifts to a Freundlich-like isotherm. Furthermore, the 
QWM L22 membrane retained structural integrity and functionality 
after multiple regeneration cycles, with minimal performance loss, 
demonstrating excellent potential for repeated use in water detoxifica-
tion. These attributes make the QWMs a highly promising alternative to 
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conventional synthetic membranes, with significant potential for prac-
tical applications in denitrification, desulphurisation, and dephospha-
tisation processes. Overall, the cost-effectiveness, sustainability 
(EcoScale: 73.6), and stable performance of these membranes indicate 
their feasibility for large-scale water treatment and environmental 
remediation.

The results from this study suggest that wood-based anion exchange 
membranes (AEMs) could prove vital for water purification by offering a 
sustainable and cost-effective alternative to synthetic membranes. 
Future research could explore scaling up this technology for industrial 
use in large-scale water treatment plants, focusing on improving the 
regeneration process and enhancing the long-term durability of the 
membranes. Additionally, the approach could be expanded to target 
other contaminants or even different functionalisation methods (i.e., 
anionic RILs rather than the current cationic one). The Utility of the 
QWM L22 could be attempted with emerging pollutants such as per-
fluoroalkyl sulfonates (PFAS), viruses, microplastics and pharmaceutical 
residues. The development of AEMs from other abundant lignocellulosic 
materials could further optimise the performance and cost-efficiency, 
making this technology a versatile solution for global water scarcity 
challenges, particularly in developing regions.
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