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Abstract

Grafting-onto modified cellulosic materials using reactive ionic liquids (RILs)

is emerging as a green and versatile strategy to tailor surface chemistry and
functionality. This paper investigates the process—structure—property relationships

of quaternised celluloses using glycidyltriethylammonium chloride (GTEAC) as a

RIL, and microfibrillated cellulose (MFC) and nanocrystalline cellulose (NCC) as core
materials. The resulting quaternised materials, QMFC and QNCC, exhibited distinct
chemical and structural changes confirmed by FTIR, SEM/EDX, and WAXS/SAXS. The
chain-growth polymerisation of GTEAC on MFC or NCC led to a substantial reduction
in crystallinity, or an increase in the amorphous content (QMFC: from 85% to 54%;
QNCC: from 82% to 60%), while the crystalline domains remain intact. Moreover,
grafting increased the intercrystallite spacing (QMFC: from 4.3 to 5.8 nm; QNCC: from
3.7 to 5.0 nm), indicating that the poly-GTEAC chains intercalate in the amorphous
domains and between crystallites. Thermal analyses (TGA/DSC) demonstrated that
grafted materials start decomposing at lower temperatures (QMFC: from 283 °C

to 133 °C; ONCC: from 281 °C to 142 °C). Dynamic vapour sorption (DVS) studies
showed that equilibrium moisture uptake at a,, = 0.95, as well as the monolayer
capacity and the specific surface area values, nearly doubled. Notably, ONCC
exhibited superior grafting efficiency and sorptive performance due to its high
surface-to-volume ratio.

Keywords Reactive ionic liquid, Glycidyltriethylammonium chloride, Cellulose, Graft
polymerisation, Process-structure-property

1 Introduction

The abundance of cellulose and its purported utility, economics, biodegradability, and
versatility in material applications have been relatively offset by its poor surface chem-
istry [1, 2]. This renders the ease of functionalisation for native cellulose as critically
challenging for developing high-value derivatives for such as composites, functional
materials for separation processes [2, 3], packaging materials [4, 5], and biomedical
surfaces [6]. Cellulose functionalisation, more specifically, in the context of hydrophi-
lisation, typically requires chemical modification, which can be material-, cost- and
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energy-intensive. Graft polymerisation stands out as a promising technique to intro-
duce desired functionalities while maintaining the native cellulose core chains intact, i.e.,
heterogeneous modifications [7, 8]. Such reactions often necessitate the use of copious
amounts of organic solvents, which are known to be hazardous to health, flammable,
and volatile [9]. These concerns, therefore, catalyse a push towards greener, safer liquid
media for such reactions, i.e., ionic liquids (ILs).

Traditional nitrogen-containing ILs based on R-methylimidazolium [Rmim], R-pyri-
dinium [Rpy], R-methylpyrrolidinium [Rmpyrro], R-methylmorpholinium [Rmmor] and
R-methylpiperidinium [Rmpip] cationic units — where R = alkyl - have been used exten-
sively for cellulose dissolution — actually, stable dispersions - and grafting applications,
reducing reliance on hazardous organic solvents [9]. Even though ILs are considered to
be unreactive, under certain conditions, they can behave as Brensted acids, as active
catalytic species or as nucleophilic anions [10]. These ILs offer an interesting approach
to solubilise and functionalise cellulose simultaneously or, at least, partake in the func-
tionalisation as a catalyst with the cost of some degree of cleavage of the cellulose chains
[11]. Missoum et al. reported a heterogeneous surface modification of native cellulose
with different C1 to C6 anhydrides using [bmim][PF,] as a liquid medium [12]. Zhang
et al. reported a reactive extrusion process to heterogeneously modify cellulose using
[bmim][Cl] and phthalic anhydride, maleic anhydride and butyl glycidyl ether — lever-
aging a high shear stress of the extruder to dissolve and react cellulose [13]. However,
in such techniques, processing complexity and overuse of solvents and/or reagents are
staggering.

When the R-moeity on the IL is a reactive group, e.g., vinylic functionality [14, 15], the
grafting-onto strategy using the so-called reactive ionic liquids (RILs) involves covalent
attachment of polymerisable IL units directly onto cellulose surfaces [16]. This approach
offers several key advantages over pre-formed polymer grafting, including higher graft
density control, improved interfacial contact, retained morphological structure, and
reduced use (and even recyclable) of solvents [17]. The occurrence of self-polymerising
RILs is scarcely reported, and their use for cellulose grafting is even scarcer. This neces-
sitates the need for a one-pot, single liquid medium — a polymerisable RIL (poly-RIL)
— that is both reactive and assists in effective cellulose functionalisation, independent of
cellulose dissolution.

In earlier works, we have demonstrated the use of glycidyltriethylammonium chlo-
ride (GTEAC) as an epoxy-based quaternary ammonium RIL for quaternising cellulosic
materials such as pinewood [8] and microfibrillated cellulose [7]. The method involves a
solventless reaction at elevated temperature (> 120 °C), where a portion of the poly-RIL
could be recycled. This methodology mitigates solvent waste, avoids extreme pH values,
and ensures high purity (~ 94%), making it well-suited for sustainable grafting applica-
tions. Contemporary research uses a similar quaternisation agent, i.e., glycidyltrmeth-
ylammonium chloride (GTMAC) or 3-chloro-2-hydroxypropyltrimethylammonium
chloride (CHPTAC), as aqueous alkaline solutions [18, 19]. The use of these reagents,
albeit common, is marred by a substantial over-hydrolysis of the amorphous cellulose
domains that adversely affect the native cellulose structure. Furthermore, the use of
aqueous media can lead to decomposition of the glycidyl-based RILs [20]. By compari-
son, GTEAC serves as both a reaction medium due to its liquid nature and as a reactive
monomer because of the epoxy reactive moiety, enabling chain-growth polymerisation
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directly at the cellulose surface/interface, forming polycationic brushes and entangled
fibres [7, 8]. This simplifies processing, improves grafting efficiency, and enhances con-
trol over the resulting polymer architecture. This feature is critical in inducing electro-
chemical, ion-exchanging, as well as other functional properties to the cellulosic material
[19-21].

In this work, we use the solvent-free semi-dry kneading method under inert condi-
tions, therefore, avoiding the hydrolysis of the RIL and the cellulosic material, mini-
mising solvent usage, maximising interfacial contact, and resulting in uniform grafting
distribution [22, 23]. We further compare the impact of the grafting process on microfi-
brillated cellulose (MFC), which is semicrystalline, and nanocrystalline cellulose (NCC).
Cellulosic materials vary in morphology and surface characteristics, which strongly
influence grafting behaviour [2, 24]. These distinct morphologies allow us to investigate
how the substrate structure affects GTEAC grafting density, in terms of degree of qua-
ternisation DQ, degree of crystallinity, and functional performance. Herein, we demon-
strate that GTEAC-grafting introduces cationic polyelectrolyte brushes that intercalate
between the crystallites of cellulose and penetrate the amorphous domains. The study
attempts to establish the relationships between: (1) processing (graft protocol); (2)
structure (crystallinity, intercrystallite spacing and correlation lengths); and (3) prop-
erty (thermal behaviour and moisture sorption). Therefore, the present work serves to
provide a template for green, high-value cellulose derivatives using RILs under solvent-

minimised protocols.

2 Materials and methods

2.1 Materials

Microfibrillated cellulose (MFC) — Celova® C500 (length: 0.5—1.6 mm; 32 um size) — was
provided by Weidmann Fiber Technology AG (Switzerland). Celluforce NCC™ (NCC)
nanocrystalline was purchased from CelluForce (Canada), comprising cellulose sul-
phate sodium salt (0.7 g/cm?, 44—108 nm length, 2.3-4.5 nm diameter, 70 nm hydrody-
namic radius, 0.86-0.89% S content). All other ancillary chemicals were procured from
Merck kGaA (Germany). Deuterium oxide (D,O) with a deuterium content of 99.9% was
acquired from VWR Avantor (Germany).

2.2 Methods

2.2.1 Synthesis of the RIL

The glycidyl triethylammonium chloride (GTEAC) monomer was synthesised as
described in an earlier work by Ahmed and Sanchez-Ferrer [8]. The purity of the GTEAC
was 94% (according to the "H NMR analysis provided in the paper). The synthesis of the
GTEAC is shown in Scheme 1a.

2.2.2 Grafting onto and functionalisation of cellulosic materials using the RIL

The functionalised cellulose materials, i.e., quaternised microfibrillated cellulose
(QMEC) and quaternised nanocrystalline cellulose (QNCC), have been prepared using
MEC and NCC, respectively. The quaternisation and chain-growth polymerisation have
been performed with the “semi-dry kneading method”, described in an earlier work by
Ahmed et al. [7]. The molar ratio between the GTEAC and the cellulose’s repeating
unit, i.e., the anhydroglucose unit (AGU) or the sodium sulphate anhydroglucose unit
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Scheme 1 Reaction scheme for (a) GTEAC and (b) quaternised cellulosic materials, e.g., QMFC and QNCC. Note:
AGU and AGU-SO;Na, anhydroglucose and sodium sulphate anhydroglucose unit; GTEAC, glycidyltriethylammo-
nium chloride

(AGU-SO;Na), was 12:1. The reaction was performed at 90 C for 2 h under an inert
atmosphere. The grafting-onto procedure is indicated in Scheme 1b. The resulting mate-
rials were washed thoroughly with deionised water to remove the excess reactants and
decomposates until a clear filtrate was obtained. All functionalised materials were dried
at 80 ‘C for 1.5 h. The post-grafting characteristics of these materials have been defined
using the weight gain (w,) and the degree of quaternisation (DQ), calculated as follows:

wy = w;iowoxloo% )

w — Wo

DQ = 2)

wo - MgrEAC

where w; and w are the dry mass of the pre- and post-grafting cellulosic materials, e.g.,
QMEFC and QNCC. The RIL, i.e., GTEAC, molar mass Mgpac amounts to 193.72 g/

mol.

2.2.3 Chemical and morphological analysis

Fourier-transform infrared (FTIR) spectra were recorded using a Nicolet iS50 spectro-
photometer (ThermoFisher Scientific, USA) with an attenuated total reflection (ATR)
accessory (diamond/ZnSe crystal). Spectra were recorded in the range of 4000—600
cm™ !, at a spectral resolution of 4 cm™ ! and averaged over 64 scans. The D,O-exchanged
FTIR experiments were also performed to determine spectral peaks of functional groups
other than those of absorbed water. The D,0-exchanged FTIR-ATR procedure is briefly
described in an earlier work by Ahmed et al. [7].

Page 4 of 19
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Scanning electron microscopy (SEM) images were recorded with a Carl Zeiss EVO-40
XVP (Germany) for microstructural and morphological analysis. Moreover, Energy-dis-
persive X-ray (EDX) analysis was performed in low vacuum (~0.01 Pa) with an acceler-
ating voltage of 15 kV at 97x magnification. The EDX experiments were conducted to
identify the elemental composition of all materials and, therefore, the presence of func-
tional groups across the samples’ microstructure.

2.2.4 Thermal analysis

Thermogravimetric analysis (TGA) experiments were performed using a TGA50/M3
from Mettler Toledo (Switzerland) and controlled by a TC15 TA controller from Met-
tler Toledo (Switzerland). TGA experiments were conducted in standard Al,O, crucibles
from 25 to 1000 C at a heating rate of 10 K/min under an inert atmosphere. Differen-
tial scanning calorimetry (DSC) experiments were carried out on a DSC 822 calorimeter
from Mettler Toledo (Switzerland) with an autosampler. 5 mg samples were placed in a
40 uL perforated aluminium pan. The DSC was taken from - 50 “C to 500 C at a heating
rate of 10 K/min under an inert atmosphere.

2.2.5 Structural analysis

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) experi-
ments were performed 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 (250 W; 70 kV; 3.57 mA) with Ag,, 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 um resolution, and
with a sample-to-detector distance from 0.1 m to 1.70 m. An effective scattering vector
range of 0.05 nm™' < g < 45 nm™! was obtained, where g is the scattering wave vector (g
= 4nsin 0/1). The degree of crystallinity (y) was calculated by the deconvolution of the
WAXS signal into crystalline and amorphous peaks in the WAXS patterns, the areas of
/(A +A 25-28]. The SAXS intensity profiles
were fitted using a pseudo-Voigt peak function that allowed for the evaluation of the

which give theX = Acrystalline crystalline amorphous) [

scatterers’ distance (D) and the correlation length (¢).

2.2.6 Dynamicvapour sorption

Dynamic vapour sorption (DVS) experiments were conducted as described by Séanchez-
Ferrer et al. [29], using the Surface Measurement Systems gravimetric DVS Advantage
ET (UK) vapour sorption device. The device comprises a microbalance and a N,-purged
chamber with a 200 cm®/min (12 L/h) flow rate at a selected relative humidity (RH).
Samples were initially conditioned at 25 ‘C and 0% RH until completely dry. Mea-
surement starts with the increase in RH of the N, flow in steps of 5% until ~ 100% RH
(adsorption). The RH is cycled back (desorption), reducing in steps of 5% until 0% RH.
The criterion for change in RH is related to d(m/m,)/d¢ < 0.001%/min over 10 min; at
this point, the sample is measured for one extra hour before changing the RH for the
next measuring step. Each dynamic moisture sorption step was analysed using the dou-
ble stretched exponential (DSE) model [29], 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 [30, 31]. The sorption site occupancy
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(SSO) model was implemented to evaluate the number of binding sites per mass of the
sample [32, 33].

3 Results and discussion

3.1 Grafting-onto and functionalisation of cellulosic materials using the RIL, GTEAC

The grafting-onto method considers all available OH groups in the amorphous domains
and in the crystallite surface of the cellulosic material. The GTEAC monomer undergoes
a ring-opening polymerisation whereby it reacts with the OH from the AGU and AGU-
SO;Na to first form a triethylammonium 2-hydroxypropyl (TEAHP) group. This group
can further react with another GTEAC monomer and undergo chain-growth polymeri-
sation to form cationic polyelectrolytes, i.e., poly-GTEAC [8]. This method is sensitive
to moisture as the GTEAC monomer can decompose into water-soluble decomposates
containing quaternary ammonium enolates [8, 20]. This, therefore, requires that an
anhydrous, inert environment is maintained during the semi-dry kneading process.
The grafting-onto method yields a weight gain of 38.5% < w, < 41.4% or a quaternisa-
tion degree of 2.04 < DQ < 2.13 mmol/g for the QMFC and QNCC. These values con-
form to what has been observed for the GTEAC-modified cellulosic materials in earlier
studies [7, 8]. A challenge associated with this GTEAC chain-growth polymerisation is
that the increasing number of cationic polyelectrolytes grafted onto the cellulosic mate-
rials causes aggregation, and flocculation or precipitation in aqueous and non-aqueous
dispersions alike. For this reason, NMR measurements were impractical to perform
instantaneously.

3.2 Chemical Functionalisation, Surface, morphological and elemental analysis

3.2.1 Chemical functionalisation

The chemical functionalisation of the post-grafting cellulosic materials, i.e., QMFC and
QNCC, has been investigated using FTIR-ATR and compared to the reference starting
materials, i.e., MFC and NCC, respectively, in order to prove the grafting process. Fig. 1
shows the characteristic absorption peaks consistently observed across the two types of
quaternised cellulose materials, i.e., 3335 (v, C-OH), 2979 (v, —CHj;), 2890 (v, -CH-),
1640 (v, absorbed H,0), 1480 (v, C-N from poly-GTEAC), 1440-1350 (5, —CH from
AGU), 1030 (v, C-O-C), and 1150-950 cm™! (v, C-0), as well as the peaks at 1255 (v,
RO-SO;7) and 790 cm™ ! (v, S-O) for the sulphate containing cellulosic materials. The
quaternisation process is, therefore, confirmed by the presence of the CN peak across
spectra compared to that of the poly-GTEAC. NCC typically has a similar surface area
(400 m*/g) to microfibrillated cellulose (500 m?/g), which allows for an efficient func-
tionalisation [34]. Notably, peaks associated with the TEAHP group are stronger in the
QNCC, owing to a higher surface area available during the quaternisation and chain-
growth GTEAC polymerisation process. Alternatively, the mobility of the amorphous
regions of QMFC influences H-bonding between networks, which can further contrib-
ute to higher peak intensities than QNCC [35]. D,0-exchanged samples clearly indicate
the presence of absorbed water across all cellulosic materials (1640 cm™ 1), which is evi-
dently more prominent for QMFC and QNCC in contrast to their original materials.
This relative increase in absorbed water is owed to the increased hydrophilicity of the
grafted cellulosic materials [7, 20, 34]. In general, the peaks associated with the cellulose

chains, i.e., CO and COC, remained essentially the same.
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3.2.2 Surface, morphological and elemental analysis

The surface and morphological features were further examined using scanning electron
microscopy (SEM) for the pre- and post-grafted cellulosic materials (MFC, NCC, QMFC
and QNCC). Further, the chemical (elemental) analysis was performed using SEM/EDX.
The technique allows for the semi-quantitative determination of N from the quaternary
ammonium (NEt;*) groups and Cl” as the counter-ions from the grafted poly-GTEAC.
The SEM images for the pre-grafted cellulosic materials, i.e., MFC and NCC, indicate
typical fibre bands and granules/crystallites of cellulose aggregates, respectively (Fig. 2a
and c). Moreover, the evidence of grafted polymers is observable in both QMFC and
QNCC samples, as shown in Fig. 2b and d, though more extensively in the latter. There is
a distinct increase in the surface roughness marked by a waxy surface (Fig. 2b), indicat-
ing coverage by amorphous material, i.e., the poly-GTEAC. Similarly, for QNCC, there
is a significant transition from a granulated NCC texture to visibly waxier, platelet-like
microstructures (Fig. 2d).

In general, the SEM images indicate the formation of aggregated/flocculated struc-
tures in the QMFC and the QNCC samples, owing to the entanglement caused by the
cationic polyelectrolytic chains [36]. The corresponding EDX analyses indicate for both
the QMFC and QNCC samples the presence of N (k, = 0.392 keV) and CI (k, = 2.622
keV, kg = 2.816 keV). Additional peaks observed in the EDX analyses correspond to the
k, emissions of impurities having Al (k, = 1.486 keV) and Si (k, = 1.740 keV), as well

@ (b)
5
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4]
@3] | o= m
[oX o
) o
2] -
1]

| (cps)

1 s KaCI Ky
' I I ' 0 b Nla Kqy Si K'm /U\Q'KB '
0 1 2 3 4 5 0 1 2 3 4 5
E (keV) E (keV)

Fig.2 SEM-EDX analysis for the (@) MFC, (b) QMFC, (c) NCC and (d) QNCC samples. The insets are SEM micrographs,
and the scale bars correspond to 600 pm

Page 8 of 19
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as Na (k, = 1.041 keV) and S (k, = 2.307 keV) in samples containing sodium sulphate
groups, i.e.,, NCC and QNCC.

3.3 Structural properties

Scattering experiments (WAXS and SAXS) were performed to investigate any poten-
tial structural changes in the crystallite assembly or, more specifically, in the dispersion
of the crystalline domains within the amorphous matrix. An extensive WAXS analy-
sis is shown in Fig. 3a-d for the pre- and post-grafted cellulosic materials (MFC, NCC,
QMEFC and QNCC). The described quaternisation process, “semi-dry kneading method’,
does not incur substantial changes to the original structure of the cellulose crystalline
domains. In other words, the original monoclinic cellulose I allomorph is retained, hav-
ing lattice parameters of 2 =0.8 nm, 5=0.8 nm, ¢=1.03 nm, and y=96.3". The crystalline
peaks’” shape (blue curves) allowed for the estimation of the cellulose crystallite’s dimen-
sions in terms of average length (1), width (d) and thickness (h). These values have been
tabulated in Table 1. In general, the crystallite dimensions are relatively consistent after
the quaternisation process, indicating no change in the crystalline domains.

SAXS characterisation for MFC and QMFC (Fig. 4a and b) indicates a significant shift
of the broad peak (q) from 1.5 nm™ to 1.1 nm™. This shift corresponds to an increase
in the lateral distance between the crystalline domains (D), indicating that the grafted
poly-GTEAC chains act to ‘push apart’ the individual crystalline domains by swelling
the amorphous domains. Similarly, the correlation length (§) between these crystallites

(@) (b)

QMFC a= 81A

I(q) (a.u.)
I(q) (a.u.)

NCC a= 85A QNCC a= 86A
i1 b= 82A
54 { c=107A
i1 y=96.5°
1 =82%
1=16.8 nm
d=6.3nm
h= 48nm

I(q) (a.u.)
I(a) (a.u.)

q (nm™)

Fig. 3 WAXS profiles for the a) MFC, b) QMFC, ¢) NCC and d) ONCC samples. 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 1 Lattice parameters (a, b, c and y), the degree of crystallinity (x), the average dimensions of
the cellulose single crystal (I, d and h), the lateral distance between crystallites (D) and correlation
length (£) obtained by WAXS and SAXS analysis

Sample a(d) b(A) c@A) vy(deg) x(®%) I(mm) d(mm) h{nm) D(mm) &(nm)

MFC 8.0 8.0 10.3 96.3 85 17.2 4.5 4.2 4.3 36

QMFC 8.1 79 104 96.3 54 13.8 4.6 3.7 58 55

NCC 8.5 8.2 10.7 96.5 82 16.8 6.3 4.8 37 4.4

QNCC 8.6 8.2 10.8 96.5 60 164 5.8 4.2 5.0 4.7
@ (b)

QMFC

I(a) (a.u.)
I(q) (a.u.)

10*

QNCC
1034

102-%x
10"
1004

I(a) (a.u.)
I(a) (a.u.)

10»1 -

10»2_

10°° T T

a (nm™) a (nm™)

Fig. 4 SAXS profiles for the a) MFC, b) QMFC, ) NCC and d) QNCC samples. The light green curves represent the
fit to the experimental data

moves from 3.6 to 5.5 nm, even though both crystalline domains remained randomly
distributed and embedded within the amorphous matrix. In contrast, for NCC and
QNCC, the broad peak shift occurs from 1.7 nm™ to 1.3 nm™, corresponding to a lat-
eral distance from 3.7 to 5.0 nm (Fig. 4c and d). Additionally, while the presence of poly-
GTEAC does indicate a similar effect in the increase of later distances as for the case of
the MFC/QMEC, the effect is not so prominent due to the lack of cellulose amorphous
domains between crystallites.

As shown in Fig. 4, an increase in D and €, more pronounced in QMFC than QNCC,
suggests that polymer chains intercalate more freely in the MFC matrix. This dispar-
ity can be attributed to greater amorphous flexibility in MFC versus the densely packed
NCC. The parameters from the SAXS analysis are also presented in Table 1. 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, i.e., the poly-GTEAC, in both



Ahmed et al. Discover Materials (2026) 6:36 Page 11 of 19

Table 2 Water peak (T,,), water percentage (m,,) and water endset temperature (T,
onset decomposition temperature (T,,,), maximum decomposition temperature (T,,,,), local
decomposition temperatures (T',,, and T",,), and residual mass at 1000 °C (M/mg)eng. Obtained

from the TGA analysis
Sample Tw m,, Tend Ton T’max Tmax T“max (m/mo)end
(°Q) (%) (°Q) (°Q) (°Q) (°Q) (°Q) (%)
MFC 50 4.20 151 283 355 53
QMFC 50 7.55 116 133 158 340 306 04
NCC 52 4.08 151 281 302 350 0
QNCC 50 4.26 130 142 159 288 390 0
(a) (b)
1.0 25 1.0 25
\ Ton =283°C MFC T, =133°C QMFC
0.8 Tttt 2.0 a 0.8 ) 2.0 a
T, = 355°C 3 e 3
o 06 L15 15
£ 5 E]
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Fig. 5 TGA thermograms (black) together with the corresponding derivative curves (blue) for the (a) MFC, (b)
QMFC, (c) NCC and (d) QNCC samples

the QMFC and QNCC samples. This loss in x corresponds to a change from 85% (MFC)
to 54% for QMFC, and from 82% (MFC) to 60% for QNCC after poly-GTEAC grafting.
In NCC, which is composed of rigid, highly crystalline nanorods with fewer internally
accessible amorphous regions, the grafting occurs predominantly as a surface coating on
some of the six rectangular lateral faces, and on the two hexagonal faces that are prone
to becoming amorphous. So the crystalline core remains largely intact and the reduction
in x is correspondingly smaller (Ax =22%) than for MFC (Ax=31%).

3.4 Thermal properties

Thermogravimetric analyses (TGA and DTG) of the pre- and post-grafed cellulosic
materials were performed to ascertain their thermal stability (from 25 °C to 1000 °C) and
to quantify the absorbed moisture. Results are described in Table 2. Further, Fig. 5a and
b show the TGA/DTG thermograms of MFC and QMFC, where a three-step decompo-
sition for the post-grafted sample can be observed, involving: (1) moisture loss, (2) early
decomposition of the amorphous domains, i.e., amorphous cellulose and poly-GTEAC
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chains, and (3) crystalline cellulose polymer backbone degradation. Further, a slight
decrease in the maximum thermal decomposition (T,,,,) for the former is observed at
355 °C for MFC to 340 °C for the QMFC. These decomposition temperatures correspond
to those observed for native glucopyranose chains in cellulose [37, 38]. Similarly, in Fig.
5c and d, for NCC and QNCC, a larger difference is observed where the T, ,, drops to
288 °C from 302 °C.

Notably, the presence of the grafted cationic polyelectrolytes, the poly-GTEAC, tends
to lead to an earlier onset decomposition temperature T, for QMFC (133 °C) and
QNCC (142 °C) compared to the corresponding pre-grafted cellulosic materials, i.e.,
MEC (283 °C) and NCC (281 °C), respectively. The degradation is aggravated by the
presence of propylene glycol-based polymers such as the poly-GTEAC grafted onto cel-
lulose with bulky or flexible side chains [39, 40]. This disrupts the crystalline structure of
cellulose and typically lowers thermal stability and decomposition onset. The DTG sig-
nal for QMFC and QNCC indicates additional decomposition peaks at 158 °C and 159
°C, which are likely attributable to the grafted poly-GTEAC. Ahmed and Sinchez-Ferrer
demonstrated in an earlier study that a model grafted substrate of poly-GTEAC decom-
posed at 223 C [8]. The grafted poly-GTEAGC, in this case, has a lower T',,, owing to a
lower degree of polymerisation, in contrast to the model polymer with a degree of poly-
merisation of # = 13. The other local, late-stage decomposition peak associated with the
still-degrading glucopyranose chain is observed at 306 °C, 350 °C and 390 °C for QMFC,
NCC and QNCC, respectively.

The temperatures associated with the water loss process T,, and T, 4, for QMFC, indi-
cate a 7.6% (vs. 4.2% for MFC) water loss and QNCC a slightly higher water loss by 4.3%
(vs. 4.1% for NCC). The increase in water loss is attributed to the increased hydrophi-
licity of the post-grafted cellulosic materials and the capability of the microstructure to
retain more water. The latter feature is prominent for fibrous materials, where the water
molecules are easier to trap in the cellulose fibrils, their entangled web-like structures
that prevent total water loss [41, 42]. This is not the feature of nanocrystalline cellulosic
materials, which feature more rigid, granulated or rod-like structures [43].

Figure 6 shows the DSC thermograms of the pre- and post-grafted cellulosic materi-
als. The pre-grafted cellulosic materials, MFC and NCC, demonstrate a single significant
endothermic peak at 369 °C and 311 °C, respectively. This endothermic peak is related
to the decomposition of the cellulose chain [37]. Comparatively, the QMFC and QNCC
exhibit glass transitions at 56 “C (Ac, = 0.114 J/(g-K)) and 55 °C (Ac, = 0.084 ]/(g-K)),
respectively. These findings correspond to what has been observed for other cellulosic
materials grafted using GTEAC [7, 8]. The decomposition occurs earlier for the QMFC
and QNCC at 272 °C and 277 °C, respectively, associated with the poly-GTEAC grafted
amorphous cellulose domains. The decrease in the decomposition temperatures indi-
cates the grafting of the thermolabile poly-GTEAC that lowers thermal stability, i.e., an
increase of amorphous content of the native cellulosic material. QMFC shows an addi-
tional decomposition event at 363 °C corresponding to later decomposition stages of
grafted residual polysaccharides containing more ordered cellulose fractions. The graft-
ing onto is further demonstrated by comparing the decrease in the heat capacity of the
T, of the QMFC and QNCC with that of the model grafted polymer investigated in an
earlier work [8], i.e, T, = 8 C and Ac,, = 0.350 J/(gK).
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Fig. 6 DSC thermograms for the a) MFC, b) OMFC, ¢) NCC and d) QNCC samples

3.5 Water sorption behaviour
The water sorption behaviour of the pre- and post-grafted cellulosic materials was stud-
ied using DVS, by analysing the moisture content of the samples as a function of the
water activity or relative humidity (a, = RH/100). Moisture sorption isotherms were
analysed using a modified Guggenheim—Anderson—de Boer (GAB) model [29, 31]. The
model accurately fits multilayer sorption isotherms in the water activity range of 0 < a,
< 0.99, and allows for the evaluation of the monolayer moisture content and specific sur-
face area. The model is given by:

Am MCqo- C- K- ay MCy- C- K- N-a

M = " 0K an) 0+ (C DK - aw) |~ (1=K - ag)(1 —aw)

3)

where Am is the water mass uptake, m, is the dry mass of the sample at a,, = 0, MC,, is
the monolayer moisture content capacity, and C, K and N are the GAB fitting parame-
ters. The Sorption Site Occupancy (SSO) model is based on the number of sorption sites
available [32], assuming proton-active moieties that bind water molecules, such as -OH

groups in cellulose [44, 45]. The model is given as follows:
Msso = Mgso - ay, @

where M is the moisture capacity corresponding to the bound water molecules to the
sorption sites, M’y is the maximum amount of bound water, and n is the exponent.
The fitting parameters for the GAB and SSO models are listed in Table 3 for the pre- and

post-grafted cellulosic materials.
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Table 3 GAB parameters (MC,, C, Kand N), SSO parameters (Mosoo/ nand a*,), and hysteresis factor
(n) obtained from the DVS analysis

Sample MC, C K N Mo n a*, n
(9/9) (mol/g) (9/9)
MFC 0.048 10.5 0.721 0.002 0.080 0.50 0.191 1.16
QMFC 0.077 10.8 0.793 0.002 0.142 0.53 0.186 0.99
NCC 0.053 85 0.735 0.005 0.089 0.55 0.188 118
QNCC 0.105 16 0.686 0.029 0.125 0.99 0.071 1.02
(@) (b)
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Fig. 7 DVS moisture sorption isotherms for the a) MFC, b) QMFC, ¢) NCC and d) QNCC samples, together with
the adsorption (red) and desorption (blue) GAB fitting curves and the SSO fitting curve (green). Note: EMC is the
Equilibrium Moisture Content (%)

Figure 7 shows the DVS curves for the pre- and post-grafted cellulosic materials, where
the distinct S-shape is evident between the adsorption/desorption curves. The MFC and
NCC have a hysteresis factor of 1.16 and 1.18, respectively. However, post-grafting hys-
teresis is negligible for QMFC and QNCC, showing an almost ideal reversible sorption
phenomenon, as n =1, due to the presence of the amorphous grafted poly-GTEAC.

Furthermore, the equilibrium moisture content (EMC) value is higher for the QMFC
(ca. 41%) than the MFC (ca. 18%) at a,, = 0.95. For QNCC, a similar trend is observed,
i.e,, ca. 40% compared to the ca. 26% for NCC. The higher retention of water pertains to
the presence of amorphous, hydrophilic, cationic polyelectrolytes, i.e., the poly-GTEAC
grafted chains and the remaining proton-active hydroxyl moieties on the cellulose crys-
tallite surface and in the amorphous cellulose domains [7].

The monolayer moisture content MC, increases significantly for the post-grafting
materials, i.e., from 2.69 mmol/g (MFC) to 4.26 mmol/g (QMFC) and from 2.92 mmol/g
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(MEC) to 5.84 mmol/g. Similarly, the bound water moisture capacity M’ for the pre-
and post-grafted cellulosic materials shows an overall increase from the former to the
latter. For instance, from 4.45 mmol/g (MFC) to 7.90 mmol/g (QMFC), and from 4.94
mmol/g (NCC) to 6.96 mmol/g (QNCC).

Finally, the specific surface area SSA for the pre- and post-grafted cellulosic materials
was estimated from the GAB model [30], using:

MCo-NA'O'

SSA =
mo My,

(5)
where N, my, o and M,, correspond to Avogadro’s number (6.022 x 10%%), the dry mass
of the sample, the cross-sectional area and the molecular weight of a water molecule, i.e.,
0.125 nm? and 18.01 g/mol, respectively. The SSA values for the MFC increase substan-
tially upon grafting with the hydrophilic cationic polyelectrolytes, i.e., from 184 m*/g to
292 m?*/g. This post-grafting effect is more prominent for the NCC, for instance, NCC
increases from 201 m%/g to 401 m?/g for QNCC. Similarly, the increase in MC, and
MY corroborates the presence of poly-GTEAC chains in the post-grafted cellulosic
material. This further owes to the reduced structural collapse, which allows for water
retention, as observed elsewhere for polymer grafts to cellulose microcrystals [46].

3.6 Process-Structure-Property relations

Grafting onto cellulose surfaces enhances the availability of functional groups, allowing
for increased quaternisation that contributes to the overall surface area accessible for
water retention [47]. The interdependence of processing parameters, resulting micro-/
nanostructure, and macroscopic properties is central to tailoring quaternised cellulosic
materials for advanced applications. In terms of the process element, a 12:1 molar ratio
of GTEAC/AGU ensures an excess of reactive epoxy groups, driving high grafting den-
sity (or the DQ ~ 2.0-2.1 mmol/g). Maintaining an inert, moisture-free atmosphere dur-
ing the 2 h of reaction at 90 °C, the kneading step avoids premature monomer hydrolysis
and promotes efficient chain-growth polymerisation of surface-bound species [7, 8].
Mechanical mixing under semi-dry conditions facilitates close contact between cellu-
lose fibrils/crystallites and the RILs, leading to uniform surface coverage [23]. This con-
trasts with solution-based methods that often yield heterogeneous graft distributions
or entangled polymer agglomerates together with the hydrolysis of the cellulose-based
materials as well as extensive reagent/material input loss during processing [12].

In terms of the structure element, results demonstrate a conversion of smooth fibrillar
or rod-like cellulose to “waxy” coatings indicative of amorphous poly-GTEAC brushes
or entangled fibre-like networks. The polymer grafts act as intercalants and preferen-
tially populate amorphous interstices and crystallite surfaces. A similar trend has been
observed by Harrisson et al. in the case of cellulose microcrystals grafted with amine-
terminated polyaromatics and polyalkylacrylates [46]. Such changes in the structure
manifest in significant changes in the properties of the post-grafted cellulosic material.
For instance, lower decomposition temperatures are owed to the thermolabile quater-
nary ammonium moieties disrupting cellulose H-bonding and facilitating early chain
scission [48]. The poly-GTEAC, therefore, can form a brush-like microstructure that
extends into the surrounding medium, increasing the effective particle volume and
external surface area [7]. This improves interfacial contact with hydrophilic probes.
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Results suggest that the grafting-onto method is more prominent for the NCC, given the
substrate’s high surface area, which allows for more quaternisation over the surface and
coverage by polymer grafts.

4 Conclusion

In this study, the authors have systematically explored how the grafting-onto protocol,
specifically, the semi-dry kneading of cellulose with GTEAC, impacts the structural
characteristics of two different types of cellulosic materials, i.e., MFC and NCC. The
grafting-onto process introduces extensive structural and chemical modifications to the
cellulose substrates, i.e., QMFC and QNCC, resulting in a total decrease in crystallin-
ity, but keeping the crystalline domains intact, by increasing the amorphous content,
enhancing moisture sorption capacity, and modifying thermal properties. The resulting
structure-property relationships underscore the critical role of substrate morphology
in dictating the performance of functionalised cellulosic materials. FTIR-ATR confirms
successful quaternisation via emergence of C—N bands at ~1400 cm™ and intensification
of CH stretching modes (2979-2890 cm™). Structural analyses confirmed that the graft-
ing mechanism primarily influences the amorphous domains and interfacial regions,
inducing notable reductions in total crystallinity, from 85% (MFC) to 54% for QMFC
and from 82% (NCC) to 60% for QNCC. Moreover, there are substantial modifications
in microstructural parameters such as intercrystallite spacing D, i.e., from 4.3 nm (MFC)
to 5.8 nm for QMFC and from 3.7 nm (NCC) to 5.0 nm for QNCC. Similarly, the corre-
lation lengths € increase from 3.6 nm (MFC) to 5.5 nm (QMFC) and from 4.4 nm (NCC)
to 4.7 nm (QNCC).

Thermal analyses revealed that grafted cellulosic materials exhibit reduced thermal
stability due to the presence of thermolabile amorphous cationic polymer chains, which
facilitate early-stage decomposition processes. For instance, TGA and DSC analyses
reveal lowered onset and maximum peak decomposition temperatures, T, and T,,,, for
grafted samples, i.e., QMFC (133 and 340 °C) and QNCC (142 and 288 °C), compared
to the pre-grafted cellulosic materials, i.e., MFC (283 and 355 °C) and NCC (281 and
302 °C), respectively.

Equilibrium moisture contents at a,, = 0.95 increase from 18% (MFC) to 41% (QMFC),
and from 26% (NCC) to 40% (QNCC). Analysis of the moisture sorption isotherms indi-
cates an increase in the monolayer moisture content (MC,) from 2.7 mmol/g (MFC) to
4.3 mmol/g (QMFC) and from 2.9 mmol/g (NCC) to 5.8 mmol/g (QNCC) with the cor-
responding increase in the specific surface area. Moreover, the near-unity hysteresis fac-
tor (n=1) in grafted samples signifies highly reversible sorption, a direct consequence of
the homogeneous cationic brush architecture.

The distinct differences observed between QMFC and QNCC, especially in terms of
grafting efficiency, structural transformation, and sorptive performance, emphasise the
crucial role of initial substrate morphology and surface area. QNCC, with its higher
surface-to-volume ratio, showed more effective and homogeneous functionalisation,
leading to superior water retention and interfacial interaction capabilities. These results
collectively highlight the efficacy and versatility of the grafting-onto strategy using RILs.
This could prove pivotal for developing a class of ionic IL-grafted biomaterials whose
properties can be rationally engineered through processing.
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The continued development of this platform has the potential to address pressing
global needs in sustainable materials, clean water technologies, and biointerface engi-
neering. Possible modifications to our established cellulose quaternisation process using
GTEAC could focus on the substrate/template itself. This can allow for property control
via selecting specific templates or architectures with differing accessible surface area,
internal transport pathways; and mechanical integrity. Subsequently, this allows for a
controlled variation in charge-site density, softness, hydrophilicity, thermal degradability
and ionic capacity. Thus, substrate choice is an inherent ‘knob’ to the functionalisation
process design. Points of use for such modifications can involve: (i) decentralised/small-
scale water purification and ion removal (toxic anion scavenging); (ii) humidity buffer-
ing and moisture regulation (in packaging, biobased liners and humidity stabilisers); (iii)
potential for contact-active antimicrobial behaviour at aqueous interfaces, (iv) potential
for blue energy technologies where alternating cationic and anionic membranes harvest
electrical potential from seawater vs. freshwater streams. Across all these points of use,
cost reduction and the use of sustainable natural resources in materials design are the
most evident objectives.
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