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ABSTRACT. We report the ionothermal carbonization (ITC) of lignocellulosic biomass in
imidazolium tetrachloroferrate ionic liquids (ILs) as an advantageous approach for the
preparation of nanostructured carbonaceous materials, namely ionochars. In a previous study, we
investigated the role of imidazolium cation and demonstrated the possibility of controlling both
the textural and morphological properties of ionochars by cation engineering. Although essential
for providing intermediate Lewis acidity and relatively high thermal stability, the role of the
chloroferrate anion is still open to debate. Herein, we investigated the ITC of sugarcane bagasse

and its main component, cellulose, in 1-alkyl-3-methylimidazolium ILs with different



chloroferrate anions. We identified anionic speciation and its impact on the properties of the IL
by Raman spectroscopy, thermogravimetric analysis and differential scanning calorimetry. The
obtained ionochars were characterized by gas physisorption, electron microscopy, Raman, FTIR
and solid-state *C CP-MAS NMR spectroscopy. We show that the anionic species have a

predominant impact on the textural and morphological properties of the ionochars.

INTRODUCTION. The conversion of abundant agrowastes into fuels, platform chemicals and
materials is in line with the need to move away from unsustainable fossil resources and to
expand the “renewable chemical space”. In particular, nanostructured carbonaceous materials
derived from agrowastes have been of great interest as they find potential applications in various
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fields such as energy storage®®, catalysis’” and gas adsorption.
nanostructure and the porosity of the carbonaceous materials have a strong impact on their
physico-chemical properties, which intimately determine their potential applications.” In this
context, many synthetic approaches have been explored to design and engineer nanostructured
carbonaceous materials from bio-derived precursors and raw agrowastes.'* Conventional
thermochemical processes, including pyrolysis and activation, have been widely reported to
produce pyrogenic carbons including biochars for soil amendment'” or activated carbons for
wastewater treatment'® and energy storage'’. These processes have, however, major drawbacks
among which a moderate to extremely poor carbonization yield (especially with cellulose-rich
agrowastes), a limited coverage of surface functional groups and a weak control of textural and
morphological properties.'”® To overcome these drawbacks, unconventional thermochemical

processes have been proposed as sustainable alternatives, including hydro-'"°, solvo-*° and

. . .21
ionothermal carbonization” .



Tonothermal carbonization (ITC) *'**

, which consists in the carbonization of organic
matter in ionic liquids (ILs) media, is a parent process of hydrothermal carbonization (HTC)>.
ITC has been proposed as a profitable and atom efficient alternative to convert agrowastes into
nanostructured carbonaceous materials, namely ionochars”. In the same way as HTC, ITC of
(ligno)cellulose runs at mild temperature (< 250 °C) and under autogenous pressure (< 20 bars)
and involves very complex cascade reactions of hydrolysis, dehydration, decarboxylation,
polymerization, and aromatization'’. While HTC suffers from the weak dissolution of
lignocellulose in water and often yields non-porous hydrochars with poor textural and
morphological control, the use of wisely selected ILs offers broad control and versatility to the
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ITC process™ ™ 6

ILs are defined as salts that are liquid at a temperature below 100 °C and are known as
task-specific solvents”’. They usually consist of an organic cation in interaction with an inorganic
anion, both governing their physico-chemical properties which can be easily modulated through
molecular engineering®®. ILs display singular properties such as almost zero vapor pressure, non-
flammability and relatively high thermal stability. For these reasons, they have been considered
as alternatives to volatile organic solvents®. In particular, some ILs display a good ability to

3% and even lignocellulose®, especially those

dissolve and depolymerize cellulose®®>?, lignin
bearing a cation with short alkyl chains, such as 1-butyl-3-methylimidazolium [C4smim]’, and an
anion with strong hydrogen-bond acceptance (HBA)®, such as chloride and acetate™. Recently,
imidazolium halometallate ILs, such as [Csmim]FeCly, that were initially studied for their
paramagnetic properties® °, demonstrated the ability to catalyze the selective depolymerization

of lignin through the cleavage of y-O ester’> and B-O-4 ether bonds™. Taking advantage of its

intermediate Lewis acidity and its relatively high thermal stability, [C4smim]FeCls was also used



for the ITC of polysaccharides40 and lignocellulosic agrowastesz3'24’ 26

, yielding highly porous
ionochars with high mass and carbon yields. Xie et al. demonstrated the benefits of ITC in
[C4mim]FeCly at 180 °C as a pre-treatment of Jujun grass before chemical activation with
KOH?. The as-obtained ionochar-derived activated carbons displayed superior performance as
electrode materials for supercapacitors. In a recent study, our group applied the ITC process to a
wet agrowaste, i.e., cocoa bean shells. We demonstrated the high stability of [Csmim]FeCly
during ITC at 240 °C and its recyclability was clearly evidenced. The subsequent physical

activation of the as-obtained ionochars allowed producing activated carbons with remarkable

carbon dioxide (CO,) uptake of 4.4 mmol g at 25 °C and 1 bar.

More recently, we demonstrated the role of the cationic structure of imidazolium
tetrachloroferrate ILs in the ITC of (ligno)cellulose®™. Depending on the side groups on
imidazolium, e.g., alkyl chains with different lengths and/or benzyl groups, we demonstrated the
possibility to control both textural and morphological properties of the ionochars®. Tonochars
with high specific surface areas (up to 800 m* g') and pore volumes (up to 0.8 cm’ g') were
obtained without subsequent pyrolysis or activation. The way in which the anion (i.e., Cl’, FeCly,
BF, and Tf;N") associated with [Cymim]” impacts on the ITC of lignocellulose was also

. : . 22, 24
evidenced in the literature™”

. P. Zhang et al. suggested that ILs with large anions favour the
formation of porosity in ionochars.”* Although of great fundamental interest, this study reported
an ionochar starting from sugarcane bagasse with poor specific surface area and low pore volume
of ca. 35 m? g and 0.15 cm’ g, respectively. Besides, the ILs reported were relatively unstable
at 200 °C, yielding heteroatom-doped ionochars. Finally yet importantly, this last study was
limited to simple, metal-free anions. The case of halometallate anions, and more specifically
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chloroferrate anions™ ', is more complex as it involves anion speciation and dynamic equilibria



with monomeric and/or oligomeric anionic species of varying nuclearity and coordination
number™*. Although essential for providing intermediate Lewis acidity and relatively high
thermal stability, the role of the chloroferrate anion is still open to debate. A systematic
investigation of the composition and physico-chemical properties of 1-alkyl-3-
methylimidazolium chloroferrate ILs has never been proposed in the literature. This is all the
more true when it comes to the use of these ILs in ITC. The simultaneous influence of the 1-
alkyl-3-methylimidazolium cation and the chloroferrate anion on the carbonization of biomass

has never been investigated.

Herein, we propose an original and systematic study to fill this knowledge gap and to reach a
better understanding. We investigated the role of the chloroferrate anion in the ITC of
lignocellulose in imidazolium-based ILs. We prepared a series of 1-alkyl-3-methylimidazolium
ILs with different [C;mim]" cations (with 2 <n < 8; Scheme 1) and different chloroferrate anions
by modifying the FeCl;/[Cymim]Cl molar ratio from 0.5 to 2. We proposed a systematic
evaluation of the nature of the chloroferrate anion to assess its effect on the ITC of
(ligno)cellulose. The 1-alkyl-3-methylimidazolium chloroferrate ILs were characterized by
Raman spectroscopy and differential scanning calorimetry (DSC) to identify the nature of the
chloroferrate anions and its impact on the properties of the IL. We selected sugarcane bagasse
from Egypt as a raw lignocellulosic agrowaste model, as sugarcane represents a global annual
production of ca. 1.9 billion tons*. Sugarcane bagasse (or cellulose) was treated at 240 °C for 20
h in ca. 10 mL of IL (Scheme 1). After washing and oven drying, ionochars were collected and
thoroughly characterized by gas sorption (N, at 77 K and CO, at 273-323 K), electron

microscopy (SEM and TEM), energy-dispersive X-ray spectroscopy (EDX), elemental analysis,



Raman, FTIR and “C solid-state CP-MAS NMR spectroscopy. We showed that the anionic

species have a predominant impact on the textural and morphological properties of the ionochars.

EXPERIMENTAL SECTION

Materials
1-ethyl-3-methylimidazolium chloride ([C;mim]Cl, 99%), 1-butyl-3-methylimidazolium chloride
([Csamim]Cl, 99%), 1-hexyl-3-methylimidazolium chloride ([Cemim]Cl), and 1-octyl-3-
methylimidazolium chloride ([Cgmim]Cl) were purchased from Iolitec (Germany). Sigmacell
cellulose (type 50, 50 pum) and iron (III) chloride hexahydrate (FeCl;.6H,O, 97%) were
purchased from Sigma-Aldrich. Sugarcane bagasse was donated by Quena Company for Paper
Industry (Egypt), dried, ground and sifted (> 100 pm). All reagents were used without further

purification.

Preparation of 1-alkyl-3-methylimidazolium chloroferrate ILs
ILs were prepared by heating at 80 °C under agitation for 6 hours a mixture of [C,mim]Cl and
FeCl;.6H,0 at different molar ratios, x (from 0.5 to 2.0). At the end of the reaction, two phases
were obtained: a lower phase comprising the expected 1-alkyl-3-methylimidazolium
chloroferrate IL and an upper phase containing water. Water was removed via rotary evaporation
at 60 °C and 10 mbar for 4 hours and subsequent lyophilization for 12 hours. The 1-alkyl-3-
methylimidazolium chloroferrate ILs were named [C,mim|Fe-x, with n, the alkyl chain length in

[Comim]” from 2 to 8, and x, the FeCl3/[C,mim]CI molar ratio from 0.5 to 2.

ITC of sugarcane bagasse and cellulose
In a standard procedure, 1 g of ground and sifted bagasse (> 100 um) was mixed with 40.2 mmol

of IL, sealed in a Teflon lined autoclave (23 mL) and heated at 240 ° C for 20 h under



autogenous pressure. After quenching in cold water and cooling down to room temperature,
samples were washed once with ultrapure water (150 mL, 18.2 MQ.cm), once with
water/ethanol mixture (50:50, v/v) (150 mL) and once with pure ethanol (150 mL), filtered, and

dried at 80 ° C overnight in a vacuum drying oven (Scheme 1).
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Scheme 1. (a) Schematic representation of the ionothermal carbonization process (ITC) with (b)

the chemical structure of the different ILs studied herein.

The ionochars prepared from sugarcane bagasse were named C,m-Bg-x, with n, the alkyl chain
length in [C;mim]” from 2 to 8, and x, the FeCls/[C,mim]C] molar ratio from 0.5 to 2. Similar
ITC experiments were carried out with commercial cellulose; the ionochars were named C,m-C-
x. HTC in 10 mL of ultrapure water was also carried out on bagasse (1 g) and on cellulose (1 g)

in similar conditions, yielding the hydrochars named HTC-Bg and HTC-C.

Mass and carbon yields

The mass yield (ym) and the corrected mass yield (ymc) were calculated as follows:

Y. (%) = Mass of dried char (g) « 100
m %)~ Mass of dried biomass (g)




Yo (%) = Mass of dried char — Mass of residual IL (g) % 100
me \70) = Mass of dried biomass (g)

The residual IL corresponds to any compound present in the dried char and coming from the salt
(FeCls) or the IL ([Cymim]Cl), i.e., iron, chloride and nitrogen excess. Iron and chloride contents
were determined by SEM-EDX. Nitrogen content was determined by elemental analysis. The
nitrogen excess coming from the IL was determined by subtracting the nitrogen coming from the

initial biomass. HTC-Bg and HTC-C were used as references.

The carbon yield (Y.) was calculated as follows:

Y. = Yo (%) X C content in dried char (wt. %) « 100
¢ (%) = Y (%) C content in dried biomass (wt.%)

Characterization
Differential scanning calorimetry (DSC) experiments were performed on a STARe® DSCI1
instrument (METTLER TOLEDO). The sample (ca. 10-20 mg) was weighed on a high-precision
balance (0.00001 mg) into a 40 pL aluminium crucible. The crucible was then sealed using a
press with a pre-drilled aluminium lid of the same diameter as the crucible. The crucible
containing the sample was then positioned in the measurement cell, on the sensor (at room
temperature) next to an empty crucible acting as a reference. The lid of the furnace containing
the measuring cell was then closed. DSC experiments were performed under nitrogen flow
atmosphere (200 mL min ). The temperature program was as follows: first heating from 25 to
150 °C (at a rate of 5 °C min "), first cooling from 150 to -150 °C (5 °C min "), isothermal stage

at -150 °C for 10 min, and second heating from -150 to 150 °C (5 °C min_l). Thermogravimetric



analyses (TGA) were performed on a STA 449 F1 instrument (Netzsch) from 25 to 700 °C at a

rate of 10 °C min ' under argon flow atmosphere (60 mL min ).

Raman spectroscopy was carried out on a Renishaw inVia Raman microscope with a 532 nm
laser excitation. A laser power of 3 mW (10%) and an acquisition time of 2 s were used for the
ionic liquids. A laser power of 0.3 mW (1%) and an acquisition time of 40 s were used for the
ionochars. FTIR spectroscopy was performed in attenuated total reflectance (ATR) mode on a

PerkinElmer Spectrum Two spectrometer.

GC-MS was performed on a Shimadzu QP2010SE gas chromatograph-mass spectrometer with a
Phenomenex Zebron ZB-5ms column (30m x 0.18mm x 0.18um). Injection: Split 1:30 at 250 °C.

Oven program: 50 °C (Hold 2 min), 50-280 °C at 22 °C min' (Hold 2 min).

Immersion calorimetry was performed on a C80 calorimeter from Setaram Instrumentation. For
each experiment, 300 mg of sugarcane bagasse was weighed and transferred in the lower part (a
small 1-mL cylinder) of an empty fragile-tip glass ampoule via a custom-made glass funnel in its
upper part (a 10-cm cylindrical tube). The ampoule filled with sugarcane bagasse was then
degassed at 80 °C for 2 h (with a vacuum of ca. 10 mbar. Once degassing was completed, the
ampoule was vacuum-sealed using a dual-flame (butane-oxygen) welding unit. The vacuum was
maintained during the sealing process to facilitate the retraction of the liquefied glass onto itself,
allowing the ampoule to close naturally thanks to the internal vacuum. Once the ampoule was
closed, the lower part was separated from the upper part. The sealed ampoule was then gently
positioned (with the fragile tip downwards and the weld upwards) in a 12.5 mL stainless steel
cylindrical cell previously filled with 3 mL of ionic liquid. The cell was then clipped to a rod

fitted with a sliding hammer and placed in the calorimeter, which was kept at 80 °C. The



reference cell contains only the ionic liquid. Once the temperature and heat flow stabilized (2 h),
the fragile tip of the ampoule was broken with the hammer, allowing the sugarcane bagasse and
the ionic liquid to mix. The vacuum sucks the liquid into the ampoule, which encourages contact

and therefore dissolution. The heat flow was recorded for 3 h.

Scanning electron microscopy (SEM) analyses were performed on a Hitachi S-4800 electron
microscope. SEM-EDX (Energy Dispersive X-ray spectroscopy) analyses were performed on a
Zeiss EVO HDI15 electron microscope. Transmission electron microscopy (TEM) analyses were
performed on a JEOL 1200 microscope from MEA (Univ. Montpellier). N, (at 77 K) and CO; (at
273, 298 and 323 K) physisorption experiments were carried out on a Micromeritics 3Flex
apparatus. lonochars were degassed at 150 °C for 6 h under high vacuum (ca. 0.1 Pa) before
physisorption measurements. BET equivalent specific surface area (SSAger) was determined
applying the BET equation in the relative pressure range from 102 to 107, determined with the
superior limit given by the maximum of the Rouquerol curve. Micropore specific surface area
(SSAnicro), micropore volume (Vmicro) and external volume (Vex) were determined from the t-plot
method (Thickness equation: Harkins and Jura). To determine the isosteric heats of adsorption,
we applied the Clausius-Clapeyron equation (see equation 1 below) to CO, adsorption isotherms

obtained at the three different temperatures:

AH,4s =R <6;np> (equation 1)
8

1
T

with R, the molar gas constant (R = 8.314 J mol! K'l); O, the recovery rate, i.e., the fraction of
active sites occupied by the CO, molecules or mmol of CO, adsorbed per gram of ionochar; T,

the temperature, K; and p, the absolute pressure, kPa.
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RESULTS AND DISCUSSION
As mentioned above, 1-alkyl-3-methylimidazolium chloroferrate ILs display advantageous
properties that have encouraged their use for ITC such as intermediate Lewis acidity and

relatively high thermal stability*'* ***

. However, a systematic study of their physical properties
depending on both the cationic structure and the anionic species has not been proposed yet.
Herein, we prepared a series of 1-alkyl-3-methylimidazolium ILs from four different [Cymim]”
cations (with 2 < n < 8; Scheme 1) and from various FeCl;/[C,mim]Cl molar ratios, X, ranging
from 0.5 to 2. The as-obtained ILs were named [C,mim]Fe-x. For n =2 and 4, we could prepare
homogeneous, stable chloroferrate ILs for x < 1.5 (Figure 1a). For n = 2, homogeneous ILs were
also obtained at higher ratios, i.e., with x = 1.8 and 2, but phase separation and subsequent
precipitation were observed after a few hours at room temperature, without impeding their use.
When increasing the alkyl chain length from ethyl to octyl, the phase separation phenomenon
occurred at lower FeCls/[C,mim]CIl molar ratios. Then, for n = 6 and 8, homogeneous liquids
were obtained for x < 1, while highly heterogeneous mixtures were obtained for x > 1. Based on

these observations, we limited our study to the most homogeneous ILs that showed limited phase

separation and/or precipitation over time.

The ILs of the [Comim]Fe-x series were characterized by Raman spectroscopy and DSC. At first
glance, it is clear that the FeCls/[C,mim]CIl molar ratio has an effect on the anionic speciation
and on the physico-chemical properties of the IL; its colour changes from rusty orange to yellow
by increasing the ratio from 0.5 to 1, then from yellow to black by increasing the ratio from 1 to
1.5 (Figure la). In the literature, it has been shown that tetrachloroferrate anions [FeCls]
predominates for x < 1, while heptachlorodiferrate anions [Fe,Cl;] coexist with [FeCly] for x >

1. This property was observed experimentally by Raman spectroscopy for [Cymim]Fe-x ILs and
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confirmed by ab initio calculations™ ~“. Herein, Raman spectroscopy conducted on the

[C,mim]Fe-x series showed similar features (Figure 1b).
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Figure 1. (a) Picture of [Cymim]Fe-x ILs. (b) Raman spectra and (c, d, €) DSC thermograms of

three ILs of the [C,mim]Fe-x series.

The spectra of [C;mim]Fe-0.5 and [C,mim]Fe-1 displayed an intense peak centred at 333 cm™
together with a weaker contribution at ca. 390 cm™ related to the T, and A; symmetry vibrations
of the Ty structure of [FeCly].*' As expected, identical spectra were obtained for [C,mim]Fe-x
ILs with x < 1 (Figure S1). It should be noted that the peak centred at 333 cm™ might be also
related to anhydrous iron(IIl) chloride, FeCls (Figure S2). However, anhydrous FeCl; quickly

hydrates to aquo-chloro complexes when exposed to air, as shown by Raman spectroscopy
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(Figure S2). This behaviour was not observed with [C,mim]Fe-x ILs, that are known to be
relatively moisture-stable by their hydrophobic character®™. As for [C;mim]Fe-1.5, we observed
three new contributions in addition to the two peaks described above with x < 1. The intense
peak centred at 368 cm™, the shoulder centred at 360 cm™ and the weaker, broader contribution
centred at ca. 420 cm™ were all assigned to symmetry vibrations of the C, structure of [Fe,Cl;]
1 As mentioned above, [C;mim]Fe-x with x > 1.5 gave unstable ILs with phase separation and
subsequent precipitation after a few hours. This feature was confirmed by Raman spectroscopy
as we observed a fast decrease in the intensity of the two peaks centred at 360 and 368 cm™ with
time, especially for [Comim]Fe-2 (Figure S3). Similar observations were made for [C,mim]Fe-
1.5, but precipitation occurred over a longer period of time, on the order of a few weeks (Figure
S4). This behaviour has already been described in the literature for chloroferrate ILs and is
explained by the fact that additional iron(IIl) chloride does not dissolve completely and
eventually precipitates out, the energy of formation of [Fe,Cl;]” being lower than the lattice

energy of FeCl;.*

DSC thermograms of the three ILs of the [Comim]Fe-x series showed very different behaviours
(Figure 1c-e). [Comim]Fe-0.5 showed a glass transition, 7, at — 63 °C (onset at second heating,
Figure 1c) with a quantity of heat of — 20.7 J.g"'. [C;mim]Fe-1 and [C,mim]Fe-1.5 showed
melting points, 7,,, at 17 and 1 °C, respectively (onset at second heating, Figure 1d-e), with heats
of fusion of — 69.6 and — 36.3 J.g”', respectively. A weak solid-solid phase transition was also
observed at — 16 °C (onset at second heating, Figure 1d) for [C;mim]Fe-1 which is consistent
with the literature.>”® These observations suggest greater interionic interactions in [C,mim]Fe-1

and [C,mim]Fe-1.5 compared to [C;mim]Fe-0.5.
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Figure 2. (a) Nitrogen sorption isotherms at 77 K of C,m-Bg-0.5, C,m-Bg-1, C;m-Bg-1.5. (b)
Nitrogen sorption isotherms at 77 K of of C,m-Bg-1.5, C;m-Bg-1.8, C,m-Bg-2. (c) Total,
external and micropore volumes of the five ionochars of the C,m-Bg-x series. The micropore
volumes were determined from the t-plot method (Thickness equation: Harkins and Jura). (d)

Mass (corrected) and carbon yields of the five ionochars of the C,m-Bg-x series.

After studying their anion speciation and phase transition behaviour, these [C,mim]Fe-x
ILs were used for the ITC of sugarcane bagasse and cellulose. The reactions were carried out at
240 °C for 20 h. The ionochars prepared from sugarcane bagasse were named C,m-Bg-x, while
the ones prepared from cellulose were named C,m-C-x, with n, the alkyl chain length in
[Camim]", and x, the FeCls/[C,mim]C] molar ratio. The ITC of sugarcane bagasse was first

performed in the [Comim]Fe-x series, with n = 2. As mentioned above, five different 1-ethyl-3-
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methylimidazolium chloroferrate ILs with molar ratios ranging from 0.5 to 2 were prepared,
yielding five Com-Bg-x ionochars. Their textural properties were determined by nitrogen gas
sorption at 77 K. Significant differences were observed. The nitrogen sorption isotherm obtained
for C;m-Bg-0.5 displays a type I/IV isotherm with a Hl-type hysteresis loop (Figure 2a),
characteristic of micro-mesoporous materials with an open geometry and a narrow range of
mesopore sizes*®. The shape of the isotherms changes significantly from C;m-Bg-0.5 to C,m-
Bg-1.5 (Figure 2a). C;m-Bg-1 and C,m-Bg-1.5 display type I/II isotherms with a H3- to H4-type
hysteresis loop (Figure 2a), characteristic of porous materials with micro-, meso- and
macropores. This feature is accompanied by a decrease in the total pore volume. Thus, when
increasing the FeCl;/[C,mim]CIl molar ratio from 0.5 to 1.5, the total pore volume gradually
decreases from 0.9 cm’ g for C;m-Bg-0.5 to 0.54 cm’ g for C;m-Bg-1.5 (Table 1). When
increasing the FeCls;/[Comim]Cl molar ratio from 1.5 to 2, the opposite trend is observed. The
total pore volume gradually increases from 0.54 cm® g for C;m-Bg-1.5to 1 ecm’ g for C,m-
Bg-2 (Table 1), while the shape of the hysteresis loops changes from a H4- to a H3-type (Figure
2b). When representing the evolution of both external and micropore volumes of the C,m-Bg-x
series (Figure 2c), one may notice that the micropore volume varies only slightly as a function of
the FeCl3/[Comim]CIl molar ratio, whatever the method used to determine it, i.e., t-plot or 2D-
NLDFT (Table S1 and Figure S5). Therefore, while the contribution of the external pore volume
reaches a minimum for C,m-Bg-1.5, the micropore contribution reaches a maximum for this

ionochar.

The chemical structure of the C,m-Bg-x series was investigated by Raman spectroscopy
(Figure S6), FTIR (Figure 3a, Figure S7) and °C solid-state CP-MAS NMR (Figure 3b). The

five ionochars display similar Raman spectra that are typical of amorphous carbonaceous
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structures with a significant fraction of sp>-hybridized carbon atoms and the presence of small
aromatic clusters (Figure S6). They also present similar FTIR spectra (Figure 3a) with five bands
centered at 1700 (C=O stretching vibrations of aromatic carbonyl groups), 1600 and 1440
(aromatic C=C stretching vibrations), 1374 (CH; bending vibrations of aromatic methyl groups)
and 1220 cm™ (C—O stretching vibrations in aromatic ethers and esters). Only one significant
difference can be noted for C,m-Bg-0.5 that shows a band at ca. 1020-1220 cm ! related to
stretching vibrations of C—N bonds that may come from residual imidazole moieties. This band
is less intense for C;m-Bg-x with x > 1 (Figure 3a, Figure S7). °C CP-MAS solid-state NMR
spectrum (Figure 3b) showed two major contributions: the aliphatic region between 0 and 30
ppm and the aromatic region centered at 120-130 ppm. The aliphatic contribution, centered at ca.
12 ppm, was more intense for C,m-Bg-0.5 and may suggest the partial degradation of the
imidazolium cation during ITC. Furthermore, the shoulder centered at ca. 150 ppm that can be
attributed either to aromatic carbons bounded to lignin methoxy groups or to polyfuranic
structures, was less intense for C;m-Bg-0.5 than for C,m-Bg-1 and C,m-Bg-1.5. Although still
open to discussion, chloroferrate anions may coordinate to oxygen atoms of lignocellulose and

stabilize oxygen groups of ionochars.**

Another important feature was observed with mass and carbon yields (Figure 2d). Both yields
decreased when increasing the FeCl;/[Comim]CI molar ratio from 0.5 to 1.5, before reaching a
plateau. Besides, elemental analyses performed on C,m-Bg-0.5 showed higher nitrogen contents
as compared to the four other ionochars of the C,m-Bg-x series (Table 1). This behaviour, also
highlighted by FTIR and "*C solid-state NMR spectroscopy, can be explained by the lowest
thermochemical stability of [Comim]Fe-0.5 and its degradation in imidazole moieties during ITC

at 240 °C.
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Table 1. Yields, elemental compositions and textural properties of the different ionochars
reported herein.

Vtotal

Ymc Yc c Fe CI SS'A\BET SS'A\micro 3 Vext
lonochars wioey o) VC e ww) (mPgh) (mPg) (CT)fg (cm® gy°
C,m-Bg-0.5 53.1 82.6 0.0169 15 2.3 177 403 0.90 0.72
C,m-Bg-1 50.8 78.1 0.0026 2.3 1.7 734 467 0.83 0.63
C,m-Bg-1.5 47.1 69.3 0.0058 25 2.7 663 477 0.54 0.34
C,m-Bg-1.8 46.1 71.6 0.0038 1.1 2.9 792 532 0.83 0.6
C,m-Bg-2 46.8 72.3 0.0029 2.4 2.2 819 497 1.00 0.79
C,m-C-0.5 50.5 83.5 0.0116 0.3 1.5 982 450 1.47 1.27
C,m-C-1 49.0 79.4 0.0012 0.0 1.9 842 514 0.81 0.59
Csm-Bg-0.5 56.6 895 0.0072 3.0 2.1 619 350 0.50 0.35
Csm-Bg-1 52.2 81.9 0.0044 1.2 2.4 628 495 0.46 0.25
Csm-Bg-0.5 56.4 92.7 0.0094 0.8 1.7 601 345 0.48 0.33
Csm-Bg-1 51.7 79.2 0.0040 3.9 2.7 518 396 0.31 0.14
Csm-Bg-0.5 534 85.3 0.0133 15 1.8 500 272 0.39 0.27
Csm-Bg-0.5-L 57.1 94.7 0.0096 0.0 1.1 545 193 1.07 0.98
Cgm-Bg-1 52.6 80.3 0.0065 3.3 2.0 242 183 0.13 0.06

"Yome for corrected mass yield; °Y. for carbon yield; “Molar ratios obtained from elemental

analyses; “SEM-EDX analyses; ‘Determined from the t-plot method (Thickness equation:
Harkins and Jura); Determined from the amount of nitrogen adsorbed at a relative pressure of
0.99.
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thermograms of [C,mim]Fe-0.5 before and after ITC of sugarcane bagasse at 240°C for 20

hours.

To further confirm these features, both [C,mim]Fe-0.5 and [C,mim]Fe-1 were recovered after
ITC of sugarcane bagasse at 240 °C for 20 h. Recovered ILs are slightly darker (Figure 4a),
suggesting the presence of residual by-products. Interestingly, the Raman spectra of the two
recovered ILs (Figure 4b, Figure S8) showed very similar peaks as those of the pristine ILs, with

an intense peak centred at 333 cm™ and a weaker contribution at ca. 390 cm™. This observation
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supports that the tetrachloroferrate anions remained intact after ITC. However, DSC
thermograms of [C;mim]Fe-0.5 before and after ITC are very different (Figure 4c). The 7, of
the pristine IL at — 63 °C disappeared, while a T}, appeared at 14 °C (onset at second heating),
supporting a radical change in the nature of the IL. The thermogram of [Comim]Fe-0.5 after ITC
resembles that of [Cymim]Fe-1 (Figure 1d) which could indicate an increase in the
chloroferrate/1-ethyl-3-methylimidazolium ratio due to partial degradation of the cation during
ITC. GC-MS analyses carried out on [C,mim]Fe-0.5 recovered after ITC, revealed the presence
of residual imidazole moieties (Figure S9), confirming a partial thermal degradation of the 1-
ethyl-3-methylimidazolium cation.*’ Unlike [Cmim]Fe-0.5, no imidazole fragments were
observed for [C,mim]Fe-1 recovered after ITC. The low thermal stability of [C,mim]Fe-0.5
compared to [Cymim]Fe-1 and [C,mim]Fe-1.5 was confirmed by thermogravimetric analyses

(Figure S10).

ITC was also carried out with commercial cellulose, which is the main constituent of
sugarcane bagasse. Similar trends were observed (Figure 5a, Table 1). C,m-C-0.5 displays a
type I/IV isotherm with a HI-type hysteresis loop, while Cm-C-1 displays a type I/II isotherms
with a H3-type hysteresis loop (Figure 5a). The total pore volume increases from 0.81 cm’ g'1 for
C;m-C-1 to 1.47 cm® g for C;m-C-0.5. Simultaneously, the contribution of micropores in both
pore volume and specific surface area decreased from C,m-C-1 to C,m-C-0.5 (Figure 5a, Table
1). In the same way as for bagasse, both mass and carbon yields slightly increased from C,m-C-
1 to Com-C-0.5 (Table 1). This result indicates that the observed trends are not specific to

sugarcane bagasse and that the approach could also be applied to other cellulose-rich agrowastes.

To further support the role of the chloroferrate anion, ITC of bagasse was also carried out

in [Cymim]Fe-x with longer alkyl chains (n > 4). Comparable trends were observed. C,m-Bg-
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0.5 showed higher yields, higher nitrogen content and the presence of residual imidazole
moieties was revealed by FTIR (Figures S11-13). Moreover, C,m-Bg-0.5 ionochars
systematically display a type I/IV isotherm with a H2a-type hysteresis loop, while C,m-Bg-1
ionochars systematically display a type I/II isotherms with a H3-type hysteresis loop (Figure 5b-
d). Note that the H2a-type hysteresis loops observed for the C,m-Bg-0.5 ionochars with n > 4
are characteristic of micro-mesoporous materials with pore restrictions or with narrow pore
entrances, such as ink-bottle-shaped pore networks*. This difference between pore networks in
C,m-Bg-0.5 and in the three other C,m-Bg-0.5 ionochars is in good agreement with our
previous study on the role of the cation on textural and morphological properties.”® As the length
of the alkyl chain increases, the ability of 1-alkyl-3-methylimidazolium chloroferrate ILs to
dissolve lignocellulose becomes increasingly weak leading to ionochars with more restricted
pore networks. We invite the readers to refer to our previous works for a comprehensive

overview regarding the impact of the cationic structure on the ITC of (ligno)cellulose.*
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0.5 versus C4ym-Bg-1, (c) Cem-Bg-0.5 versus Cem-Bg-1, (d) Csm-Bg-0.5 versus Csm-Bg-1.

Overall, we showed that the external pore volume contribution systematically increases from
C,m-Bg-1 to C,m-Bg-0.5, whatever the method used to determine it, i.e., t-plot (Figure 6a) or
2D-NLDFT (Table S1 and Figure S14). This behavior is more pronounced for cellulose (C,m-C-
x versus C,m-Bg-x) and imidazolium cations with longer alkyl chain. However, as mentioned
above, the C,m-Bg-0.5 ionochars with n > 4 display H2a-type hysteresis loops suggesting
complex pore networks with pore restrictions.*® One may assume that pore restrictions are due to
the drying method used herein, i.e., oven-drying, which might generate a huge shrinkage of the

pore network due to capillary forces. To support this statement, a ionochar prepared in
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[Csmim]Fe-0.5 was dried by freeze-drying, yielding Csm-Bg-0.5-L. Before freeze-drying, the
ionochar was washed several times in an aqueous solution with 25 wt% of tert-butyl alcohol to
avoid ice crystal growth and to preserve the nanostructure.”® Note that self-standing monolithic
gels were systematically obtained when conducting ITC of bagasse in the [Cgsmim]Fe-0.5 IL
(Figure 6b, insert). Interestingly, Csm-Bg-0.5-L displays a type I/II isotherm with a H3-type
hysteresis loop (Figure 6b). As anticipated, the pore volume increased from 0.39 cm® g™ for the
oven-dried ionochar, Cgm-Bg-0.5, to 1.07 cm’ g'1 for the freeze-dried ionochar, Cgm-Bg-0.5-L,
mainly due to the contribution of the external pore volume. This feature was further confirmed
by scanning (SEM; Figure 6¢-d) and transmission (TEM; Figure S15) electron microscopy.
Similar observations were made with cellulose treated in [Cgmim]Fe-0.5, yielding Cem-C-0.5

(oven-dried) and C¢m-C-0.5-L (freeze-dried; Figure S16).
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Figure 6. (a) Comparison of the V/Viota ratios for the different ionochars prepared herein at x
= 0.5 and 1. The external pore volumes, V¢, were determined from the t-plot method (Thickness
equation: Harkins and Jura). (b) Nitrogen sorption isotherms at 77 K of Csm-Bg-0.5-L (freeze-
dried) versus Csm-Bg-0.5 (oven-dried). Insert: picture of a wet gel of ionochar Cgsm-Bg-0.5 just
before drying. SEM micrographs of (c) Csm-Bg-0.5 (oven-dried) versus (d) Csm-Bg-0.5-L

(freeze-dried).

In our previous study, we demonstrated the possibility to control both textural and
morphological properties of ionochars through cation engineering.”® Herein, we showed that the
chloroferrate anion has also a strong impact on textural properties. Interestingly, we also showed

a fine control in terms of morphological properties. Indeed, significant differences were observed
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in the C,m-Bg-x series (Figure 7). The two ionochars prepared in ILs with the lowest
FeCls/[C,mim]Cl molar ratios, i.e., C;m-Bg-0.5 and C;m-Bg-1, are made of aggregates of small
nanoparticles. SEM and TEM micrographs reveal an interconnected pore network made of large
mesopores and narrow macropores (Figures 7a-b). This feature is in good agreement with the
data extracted from the nitrogen sorption analyses (Figure 2a; Table 1). When increasing the
FeCls/[C,mim]Cl molar ratio, i.e., for Cm-Bg-1.5, C,m-Bg-1.8 and C,m-Bg-2, very different
morphologies were obtained (Figures 7c-e). In addition to aggregates of small nanoparticles,
TEM micrographs reveal hollow fibers, i.e., nanotubes, the inner diameter of the tubes being
clearly identified (Figure 7c;-e;). As mentioned above, ILs bearing anions with strong HBA
ability are more likely to dissolve and depolymerize (ligno)cellulose. It is well known that
chloride anions have a stronger HBA ability than tetrachloroferrate [FeCls]” and
heptachlorodiferrate [Fe,Cl;]” anions. Thus, when [FeCls]” and [Fe,Cl;]" anions are predominant
in 1-alkyl-3-methylimidazolium chloroferrate ILs, the dissolution/deconstruction of lignin is
probably laborious. As a direct consequence, at high FeCl;/[C,mim]Cl molar ratios (x > 1) the
lignocellulose-solvent interface is probably limited and the carbonization occurs in a
heterogeneous solid-liquid biphasic medium. In the light of our previous work®®, one may
assume that this feature allows preserving the fibrous structure of fibrils in lignocellulose and
yields ionochar replicas made of hollow nanofibers. It should be noted that the occurrence of
tubular nanostructures was more evident in C,m-Bg-1.5 than in Cm-Bg-1.8 and C,m-Bg-2,
especially by SEM (Figure 7c;-e;). This feature might be due to the heterogeneity in 1-ethyl-3-
methylimidazolium chloroferrate ILs with FeCls/[Comim]Cl molar ratios above 1.5. Besides,
M.D. Nguyen et al.* showed that Fe(Ill) can be more easily reduced to Fe(II) and Fe(0) in

[Fe,Cl7] than in [FeCly] species. Therefore, a mechanistic investigation and elucidation of ITC
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in these ILs appears to be extremely complex. Overall, these observations are in agreement with
the ones extracted from nitrogen sorption analyses. The ionochar with the highest occurrence of
tubular nanostructures, i.e., C;m-Bg-1.5, displays the lowest external pore volume contribution

(Figure 2c).

Figure 7. Micrographs obtained by transmission (a;-e;. scale bar 100 nm) and scanning (a-e.
scale bare 2 pm) electron microscopy of (a) C.m-Bg-0.5, (b) C,m-Bg-1, (c) C,m-Bg-1.5, (d)

C,m-Bg-1.8 and (e¢) C,m-Bg-2.

To better understand the interaction between lignocellulose and [Comim]Fe-x ILs, we performed
immersion calorimetry with sugarcane bagasse in two different ILs, with x = 0.5 and 1.0 (Figure
8). For each IL, we obtained an exothermic peak that is related to the energy involved in bringing
the sugarcane bagasse and the ionic liquid into contact through wetting and subsequent partial
dissolution. We determined the enthalpy of immersion for each IL, ie., —32 +4 J.g' for
[C;mim]Fe-0.5 and —4.5 +1 J.g"' [C;mim]Fe-1. This result supports the hypothesis that chloride
anions are more likely to dissolve lignocellulose than tetrachloroferrate. It should be noted that
similar experiments were performed with [C;mim]Fe-1.5, containing heptachlorodiferrate

anions. However, we observed intricate features, with low reproducibility, indicative of strong
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and complex interactions between sugarcane bagasse and [C;mim]Fe-1.5 at low temperature.
Heptachlorodiferrate anions are known to be more reactive than tetrachloroferrate anions,
which could favour hydrolysis and subsequent carbonization of (ligno)cellulose at low

temperature. Additional characterization would be required to gain further insight.

0 20 40 60 80 100 120 140 160 180
Time, min

Figure 8. Heat flow over time obtained by immersion calorimetry of sugarcane bagasse in

[Comim]Fe-0.5 (upper curve; -34 J/g) and [C,mim]Fe-1 (bottom curve; -5 J/g).

The trends observed with the Com-Bg-x series were confirmed in [C,mim]Fe-x with longer
alkyl chains (n > 4; Figures S17-19). Tubular nanostructures were systematically obtained above
a certain FeCl;/[Cymim]Cl molar ratio. The boundary between aggregates of small nanoparticles
and tubular nanostructures gradually decreases from x = 1.5 for C, to x = 1 for Cg (Figure 9).

This feature highlights the concomitant role of the chloroferrate anion and the 1-alkyl-3-
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methylimidazolium cation. On the one hand, shorter alkyl chains on the cation favour
intermolecular interactions between the chloroferrate anions and (ligno)cellulose, which promote
the dissolution of the latter. This aspect was thoroughly discussed in our previous work.?® On the
other hand, lower FeCls/[C,mim]Cl molar ratios cause the prevalence of chloride anions, which
have a stronger HBA ability, to the detriment of tetrachloroferrate [FeCls]” and
heptachlorodiferrate [Fe,Cl;]" anions. The prevalence of chloride anions favours the dissolution
of (ligno)cellulose, while the presence of the highly reactive heptachlorodiferrate anions
promotes the chemical conversion of (ligno)cellulose. Thus, the concomitant role of the
chloroferrate anion and the 1-alkyl-3-methylimidazolium cation provide a fine control over
textural and morphological properties of ionochars that can be summarized as follows (Figure 9):
(1) l-alkyl-3-methylimidazolium chloroferrate ILs with short alkyl chains and/or low
FeCls/[Cymim]Cl molar ratios display strong interactions with (ligno)cellulose, yielding meso-
macroporous ionochars made of aggregates of small nanoparticles; (ii) 1-alkyl-3-
methylimidazolium chloroferrate ILs with long alkyl chains and/or high FeCls/[C,mim]CI molar
ratios have greater difficulty dissolving (ligno)cellulose, yielding microporous ionochars made of

tubular nanostructures.
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Figure 9. Schematic representation of the concomitant role of the chloroferrate anion and the 1-
alkyl-3-methylimidazolium cation on both textural and morphological properties of ionochars. x,
on the y-axis, corresponds to the FeCl;/[C,mim]Cl molar ratio and n, on the x-axis, corresponds
to the length of the alkyl chain on the cation. The light blue area corresponds to the domain
where microporous ionochars made of tubular nanostructures are obtained. The zebra area
indicates the domain where heterogeneous ionic liquids are obtained. The nitrogen sorption
isotherms at 77 K and the TEM micrographs are placed in the area corresponding to the synthesis

conditions (X, n) of the associated ionochars. Scale bars on TEM micrographs: 100 nm.
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The ionochars reported herein display high specific surface areas (up to 1 000 m* g™),
high pore volumes (up to 1.5 cm® g"') and tuneable nanostructures. Due to these advantageous
properties, they can find application in various fields, including wastewater treatment’’,

23, 40 . .
340 and environmental remediation®*. In our

electrocatalysis®, electrochemical energy storage
previous study, we showed that cation engineering can significantly improve the CO, uptake,
i.e., the quantity of CO, adsorbed per gram of ionochar. Herein, we compared three ionochars of
the C,m-Bg-x series, i.e., C;m-Bg-0.5, C;m-Bg-1 and C,m-Bg-1.5 (Figure 10). The CO; uptake
at 273.15 K of the three ionochars are very close: between 2.15 mmol of CO, per gram for C,m-
Bg-0.5 and 2.4 mmol of CO, per gram for C,m-Bg-1.5 (Figure 10a). In the literature, it is known
that the CO, adsorption capacity of carbonaceous materials is well correlated with the volume of
micropores narrower than 0.7 nm, ie., the volume of ultramicropores.52 To check this
assumption, the micropore size distributions of C,m-Bg-0.5, C;m-Bg-1 and C,m-Bg-1.5 were
determined from the 2D-NLDFT models for porous carbons with heterogeneous surfaces using
SAIEUS software (Figure S20).>* ** The absolute contribution in volume of ultramicropores (<
0.7 nm) and supermicropores (between 0.7 and 2 nm) and the corresponding volume fraction are
represented for each ionochar of the C,m-Bg-x series in Figure S21. A clear correlation can be
made between ultramicropores and CO, uptake: the higher the contribution of ultramicropores
(Figure S21, Figure 10b), the greater the CO, uptake. This correlation is particularly true at low
pressures (Figure 10b), which is in agreement with other previous studies>. Besides, the isosteric
heats of adsorption, which define the specific affinity for CO,, were calculated using the
Clausius-Clapeyron equation (see experimental section). Interestingly, the isosteric heat of
adsorption does not follow the same trend as the CO, uptake; it increases following the order

C,m-Bg-0.5 > C;m-Bg-1.5 > C,m-Bg-1 (Figure 10c). To understand this behavior, the role of
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surface chemistry must be taken into account. On the one hand, the higher amount of residual
nitrogen in C,m-Bg-0.5 (Table S1) might provide surface nitrogen functionalities that can act as
basic sites with a great affinity for CO, molecules (which present a soft acidic character).” It is
worth noting that the higher the N/C molar ratio (Table 1, Figure S22), the greater the isosteric
heat of adsorption in absolute values. On the other hand, C,m-Bg-1, and to a lesser extent C,m-
Bg-1.5, display higher O/C molar ratios than C,m-Bg-0.5 (Table S1, Figure S22). In the
literature, it is known that oxygen functionalities can act as acidic sites that can be unfavorable to
CO, adsorption.”® This correlation seems to be confirmed here, since the higher the O/C molar
ratio, the lower the isosteric heat of adsorption in absolute values (Figure 10d). This is
particularly true at low pressures, i.e., at low CO; uptakes (Figure 10d). These features, which
are demonstrated for the first time with ionochars, confirm the concomitant roles of surface
chemistry and textural properties of carbonaceous materials in CO; capture. Interestingly, our
study demonstrates the versatility of the ionothermal process to design carbonaceous materials
with singular properties. Therefore, it opens up new perspectives to engineer ILs able to conduct

functionalization and ionothermal carbonization of agrowastes simultaneously.
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Figure 10. (a) Carbon dioxide sorption isotherms at 273.15 K of C,m-Bg-0.5, C,m-Bg-1 and
C,;m-Bg-1.5. (b) Correlation between CO, uptake at 273.15 K and ultramicropore volume for
C;m-Bg-0.5, C;m-Bg-1 and C,m-Bg-1.5. Ultramicropore volumes were determined from the
2D-NLDFT models for porous carbons with heterogeneous surfaces using SAIEUS software™>*.
(c) Isosteric heat of adsorption of CO, for C;m-Bg-0.5, Cm-Bg-1 and C,m-Bg-1.5. The
isosteric heat of adsorption was calculated by applying the Clausius-Clapeyron equation to CO,
adsorption isotherms obtained at three different temperatures (273.15, 298.15 and 323.15 K).
The isosteric heats of adsorption are given as absolute values. (d) Correlation between O/C molar

ratio determined from combustion elemental analyses and isosteric heat of adsorption for C,m-

Bg-0.5, C;m-Bg-1 and C;m-Bg-1.5.
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CONCLUSIONS
In summary, we propose an original and systematic study to fill the knowledge gap about the
physico-chemical properties of 1-alkyl-3-methylimidazolium chloroferrate ILs and their use in
the ionothermal carbonization of biomass. We identified anionic speciation and its impact on the
properties of 1-ethyl-3-methylimidazolium chloroferrate ILs. We demonstrate that the
ionothermal carbonization of (ligno)cellulose is a versatile process to produce advanced
carbonaceous materials and to modulate their physico-chemical properties. We obtained
ionochars with high specific surface area (up to 1 000 m* g), high pore volume (up to 1.5 cm’ g
", tuneable nanostructures and adjustable CO, uptake/retention properties. We highlight the
concomitant role of the chloroferrate anion and the 1-alkyl-3-methylimidazolium cation, which
can be summarized as follows: (i) l-alkyl-3-methylimidazolium chloroferrate ILs with short
alkyl chains and/or low FeCls/[Cymim]Cl molar ratios display strong interactions with
(ligno)cellulose, yielding meso- macroporous ionochars made of aggregates of small
nanoparticles; (i1) 1-alkyl-3-methylimidazolium chloroferrate ILs with long alkyl chains and/or
high FeCls/[C,mim]Cl molar ratios have greater difficulty dissolving (ligno)cellulose, yielding
microporous ionochars made of tubular nanostructures. Although the mechanisms involved in
the ionothermal carbonization of (ligno)cellulose remain to be better understood, this process

presents many advantages to engineer carbonaceous materials with adjustable properties.
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Supporting Information. The supporting information is available free of charge and includes:
Raman spectra of [C¢mim]Fe-1, Raman spectra of anhydrous FeCl;, [C,mim]Fe-2 and
[C;mim]Fe-1.5 versus time, FTIR and Raman spectra of C,m-Bg-x ionochars, GC-MS
spectra of [Comim]Fe-0.5 recovered after ITC of sugarcane bagasse at 240 °C, TG/DTG
analyses of [C;mim]Fe-x, TEM and SEM micrographs of C,m-Bg-x, Csm-Bg-0.5-L. and
C¢m-C-0.5-L. ionochars, nitrogen sorption isotherm at 77 K of Cegm-C-0.5-L, and

micropore volumes determined from the 2D-NLDFT models.
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