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Understanding the Effects of Ionic Liquids and Antisolvent Addition

on the Extraction and Recovery of Pinus Radiata Bark Components

Ionic liquids (ILs) are being increasingly explored as extraction solvents due to
their tunable properties, which can control their ability to dissolve an array of
solutes. IL selection requires an in-depth understanding of the consequences of IL
structure on extraction outcomes for different substrates. Here, 14 ILs containing
cations and anions that have been systematically modified to examine key
structural effects have been explored for the extraction of chemical components
from Pinus radiata bark. The extraction efficiency relative to the mass of bark
ranged from 4 to 70%, and the isolation of bark components was evaluated using
antisolvent addition. Extraction outcomes highlighted the importance of the IL
anion in affecting extraction efficiency and selectivity, with a secondary role
from the IL cation, and point towards a simple route for improving the overall
selectivity of biomass extractions through control of the antisolvent addition

process.
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Introduction

One of humanity's most significant challenges is the transition to sustainable
energy sources in light of the need to combat climate change. Accompanying this
transition is the need to identify renewable chemical feedstocks to replace existing
petrochemical sources. Biomass has the potential to make a significant contribution
toward sustainably meeting future chemical needs.!'! Bark, in particular, is a promising
biological resource for this use as it is currently a widely available forestry waste
product. Pinus radiata is one of the most utilised woods in New Zealand, accounting for
ca. 90% of New Zealand’s plantation forests.? It is a medium-dense softwood
renowned for fast growth and applicable to a wide variety of traditional and emerging

forestry product uses.’! Pinus radiata bark, like most barks, contains four main classes



of substances: suberin, lignin, carbohydrates (including hemicellulose and cellulose)
and polyphenols together with other extractives. Many bark extractives show bioactivity
such as antifungal, anti-tumour, anti-carcinogenic, anti-diabetic and anti-inflammatory
activity and hence, are gaining attention from researchers as therapeutic agents.*) The
structural biopolymers of bark are of emerging interest for the production of bio-based
chemicals and materials.>”! Pinus radiata bark represents a significant and growing
waste product within New Zealand and, other than boiler fuel, has limited high value
applications at present. Moreover, very few studies examine possible routes for the
separation and isolation of key structural components such as cellulose, lignin and
suberin in these barks alongside the fractionation and isolation of traditional bark
extractives. Therefore, further research is needed to explore novel alternatives for the
extraction and fractionation of Pinus radiata bark to more effectively utilise the
components of this bark as part of future biorefineries.

Bark extraction processes have traditionally utilised organic solvents and water
to separate the extractives from the structural biopolymers of bark.!* 8! For example, an
extractive content of loblolly pine (Pinus taeda) bark of up to 27.5% was observed by
performing sequential and exhaustive extractions using hexane, benzene, ethyl ether,
ethanol, water and 1% NaOH.[* The issue of exhaustive extractions following this
approach is the need for volatile and often flammable solvents and energy intensive
distillation processes for the subsequent isolation of the extracts.

Ionic liquids (ILs) are salts often defined as having melting temperatures below
100 °C and have been proposed as non-volatile alternatives to conventional organic

5.1 ILs can be considered “designer”

solvents due to their unique solvation propertie
solvents with tunable physicochemical properties that can be adjusted by selecting

appropriate ions to suit the requirements of a particular process.!'!! For example, the



choice of anion and the length of the cation alkyl chain play an important role in the
solubility of ILs in water.!'?! IL ion selection is often supported by empirical polarity
parameters, particularly Kamlet-Taft parameters, which can relate the polarity of IL ions
to their performance in specific applications. These parameters are o (hydrogen bond
donating ability), B (hydrogen bond accepting ability) and

7" (dipolarity/polarisability).['*! The o parameter is typically affected by the cation, the B
parameter by the anion and 7" values tend to be close to 1 and change only slightly with
ion composition.!!* 13!

The composition of bark differs from that of wood due to a greater abundance of
polyphenols, suberin, extractives, ash and lignin with a reduced quantity of
carbohydrates.* ' Although considerable work has been done exploring the extraction
of wood and biopolymers abundant in woody biomass using ILs,!!”!"! little is known
about the ability of ILs to act as solvents for the selective extraction of bark
components. Much of the interest in ILs for biomass extraction originates from the
discovery that some ILs can solubilise traditionally poorly soluble biopolymers such as
lignin, cellulose and hemicellulose without the need for derivatising agents or harsh
conditions.?>%3] The dissolution of cellulose is favoured in ILs that incorporate strong
hydrogen bond acceptor anions, i.e., those with large 3 values, due to strong hydrogen
bonding interactions between hydroxyl functionalities of the cellulose and the IL

[20,21,23, 241 In contrast, the dissolution of lignin does not increase with increasing B

anion.
value, although a minimum J is required to enable lignin dissolution. Instead, lignin
dissolution tends to be affected by the a parameter of the IL.[**]

In addition to the biopolymers commonly found in other types of woody

biomass, bark contains significant amounts of suberin. Suberin is a waxy substance

found in cork and bark that is difficult to extract intact from these sources due to its



complex hydrophobic structure. Isolation and depolymerisation of suberin is
traditionally a laborious process requiring harsh chemical processes involving ester
bond hydrolysis, normally attained by alkaline treatment.[*®! While there have not been
any studies performed on the extraction of suberin from Pinus radiata bark using ILs,
the extraction of suberinic material from cork has been examined.’! It was identified
that choline-based ILs performed better than imidazolium ILs to extract suberinic
material with minimal impact of the anion, albeit only similar carboxylate anions were
investigated. These examples demonstrate that structural features of IL cations and
anions are of substantial importance for determining the solubility of key structural
biopolymers in biomass and hence will likely affect the selectivity of Pinus radiata bark
extraction and the recovery of these compounds.

As illustrated by the preceding discussion, ILs are promising solvents for
biomass extraction, although, to the best of our knowledge, there are no reported studies
using these novel solvents for Pinus radiata bark extraction. Therefore, a major goal of
this research is to understand the relationship between IL structure and the extraction of
key components from Pinus radiata bark. Hydrogen-bonding interactions in ILs are
likely to play a pivotal role in fractionating different chemical compounds found in the
bark. Moreover, the amphiphilic nanostructure of ILs may affect the separation of bark
components due to their greater affinity for hydrophobic compounds. To examine the
effect of these factors, the ILs used were systematically varied to explore the
relationships between hydrogen bonding and amphiphilic nanostructure on the
extraction of the bark. Three different cation types: 1-alkyl-1-methylpyrrolidinium
([CaCipyrr]"), 1-alkyl-3-methylimidazolium ([CnC1im]") and 1-alkylguanidinium
([Cngun]") were selected based on their increasing hydrogen bond donating strength

with n =4 and 8 to assess the influence of the alkyl chain on bark extraction. Similarly,



the anions explored included bis(trifluoromethanesulfonyl)imide ([NTf2]"),
dicyanamide ([N(CN)2]"), and dimethylphosphate ([Me2PO4]") in increasing order of
their hydrogen bond accepting strength. The [Cagun] ILs, apart from [Csgun][NTf2],
were found to be solid at room temperature and were not used for bark extractions. Only
[Csgun][NTf>] was prepared of the [Cggun] IL series. The Kamlet-Taft parameters (a, f3,
and 1) of the ILs chosen, where they have been reported, are summarised in Table 1 to
illustrate the variation in their hydrogen bonding abilities. The structures of the cations
and anions selected are shown in Figure 1.

[Table 1 near here]

[Figure 1 near here]

The recovery of the bark extracts was also explored as this is an important but
often-overlooked area when using non-volatile solvents such as ILs. Antisolvent
additions were examined as the main route for recovery as this approach is one of the
more practical methods for separating solutes under ambient conditions, both for
biopolymers such as cellulose and for small molecules.?®% Similar to the use of ILs,
antisolvents of varying polarity (water, acetonitrile (MeCN), dimethyl sulfoxide
(DMSO0)) were used to examine the relationship between the use of antisolvent and the
nature of the recovered bark components. Antisolvents were added sequentially to

explore the selectivity of the recovered extract with added antisolvent volume.

Materials and Methods

Pre-drying of bark

Pinus radiata bark was recovered from the lower stem (0 - 6 m) of freshly harvested 25-



28 year old trees and then air-dried before milling to 2-4 mm particle size. Prior to
extractions being performed, the bark was pre-dried by heating under nitrogen flow at
50 °C for 2-3 hours and then in vacuo at 50 °C for 16 h. The drying procedure was
performed in 10 g batches, and each time resulted in a reduction in mass of 20-23%
compared to the air-dried bark. IR spectra were obtained before and after this procedure
to confirm there were no significant structural changes due to the drying process. These

are included in the ESI.

Synthesis of ILs

The synthesis of ILs and the source of chemicals used is given in the ESL

Extraction of bark by ionic liquids

IL was added to a pre-weighed bark sample to produce a 5 w/v% suspension, which was
then stirred at 100 °C for 24 h. The IL supernatant was removed and passed through a
syringe filter to remove any suspended bark particles. The residual bark was collected
by Buchner filtration. Residual bark was washed using an appropriate solvent (water or
dichloromethane (DCM)) to remove residual IL. The bark residue was analysed using
IR and solid-state NMR. The IL extracts were analysed by NMR, although the
complexity of the IL extracts and the low concentration of individual components in
these extracts limited the usefulness of this analysis. Moreover, the overall extraction

yield was determined from the mass of recovered bark.

B¢ Solid-State NMR

13C solid-state NMR was obtained using an AVIII 200 MHz spectrometer equipped
with a 4 mm MAS probe. Samples were ground in a mortar and pestle to form a fine

powder and were inserted into 4 mm ZrO rotors fitted with Kel-F caps and then



analysed. The standard CP-MAS experiments had a 3.5 us proton preparation pulse
followed by 1 ms contact time. A total of 10k transients were collected for each sample,
and the resulting data were Fourier transformed, applying 25 Hz Gaussian line
broadening. Non-quaternary suppressed experiments were collected with a 70 ps (total)
dephasing delay. NMR spectra were analysed using MestReNova software, applying a
Savitzky-Golay smoothing followed by GSD deconvolution of peaks refined using 20
fitting cycles. Peak areas assigned to each of the key components were summed and
normalised to the peak area of the lignan OMe peak at 56 ppm, with values compared to

bark subjected to an identical washing procedure but not subjected to IL extraction.

Antisolvent addition to ionic liquid extracts

To test the effect of antisolvent addition, small amounts of antisolvent were added
sequentially, with any solid formed isolated and characterised separately to see if the
quantity of antisolvent added influenced selectivity. The first step was the addition of
0.5 mL of antisolvent to 1 mL of the IL extract. Any suspended solids formed in the
first sample were settled by centrifugation for 5 — 10 min. The supernatant was
separated from the solids, and the solids were washed with the antisolvent used for their
separation. Further antisolvent (0.5 mL) was added to the supernatant after the solids
had been removed and the same process followed as for the first sample. This process
continued with increasing amounts of antisolvent with any solids formed separated and
characterised. The solids formed were characterised using IR. Based on the initial IR
outcomes, the antisolvent addition process was further refined and scaled up (5 mL or
10 mL of IL extract) based on the optimal antisolvent addition volumes for the selective
recovery of fractions, with the solids from the scaled-up samples further characterised

by IR and pyrolysis GC-MS.



FT-IR analysis

FTIR analysis was performed on a Bruker Vertex 70v FT-IR Spectrometer. Solid
samples were dried at 50 °C, firstly under a nitrogen purge for 1 — 2 hours and then
under high vacuum overnight to remove residual water. Before analysis, samples were
ground into a powder using a mortar and pestle. Data were recorded at room
temperature, in the range of 400 — 4000 cm™!, by accumulating 256 scans with a

resolution of 8 cm’’.

Tetramethylammonium hydroxide pyrolysis gas chromatography mass

spectrometry (TMA-OH-Py-GC/MS) analysis

The Py-GCMS instrument was composed of a Lab Frontier pyrolysis furnace with an
auto-shot sampler (Pyrolysis), an Agilent 7890A gas chromatograph (GC) and Agilent
5973 single quadrupole mass spectrometer (MS). Samples (0.5 mg + 0.1) were weighed
directly into a pyrolysis cup, and 10 puL of 25 wt% tetramethylammonium hydroxide
(TMAH) in methanol was added to each to enable their derivatisation during pyrolysis.
Samples were pyrolysed at 500 °C for 12 seconds before the gas/vapour products were
injected into the GC/MS with a 20:1 split ratio. Analyte separation took place on a 30 m
HP-5MS column (Agilent) with 0.25 mm inner diameter and 0.25 pm film thickness.
The pyrolyser interface and the GC injection temperature were both set at 250 °C, the
transfer line temperature was 280 °C, and the ion source temperature was 230 °C. The
carrier gas was helium at a 1.0 mL/min constant flow rate. The oven temperature
program was set at 1 min isothermal heating at 40 °C, followed by a ramp of 6 °C/min
to 300 °C, then held at this temperature for 10 min. The mass spectra were obtained in
electron impact (EI) mode at 70 eV by scanning m/z 35 — 800 amu at 2.6 scans/s.

The relative proportion of each structural component in the bark was determined

as the sum of the total ion count of several characteristic pyrolysis products divided by



the total ion count of all products. For suberin/waxes, the compounds used were the
methyl esters of tetracosanoic acid, hexadecanoic acid, dodecanoic acid, docosanoic
acid and the dimethyl ester of octadecanedioic acid. 2-Methoxy-5-methylphenol,
2,3,5,6-tetramethylphenol, 2,6-dimethoxyphenol, 2,5-dimethylanisole, and 2,4,6-
trimethoxytoluene were selected as representative compounds corresponding to the
lignin/tannin component. Finally, 3-methylfuran and 2-(methoxymethyl)furan were

chosen as the carbohydrate components.

Results and Discussion

Bark Extraction Yields

The extraction efficiency of the ILs prepared was explored at a biomass loading of 5
w/v% at 100 °C for 24 h. A temperature of 100 °C was selected as this corresponds to
the temperature where the maximum solubility of key biopolymers such as cellulose
have been observed in ILs.*! After their synthesis, it was discovered that the proposed
[Cagun][Me2PO4] and [Chgun][N(CN)2] ILs were solid at room temperature and
therefore unsuitable for the extraction and recovery process, so these were excluded
from the extraction studies. The extraction yield was quantified based on the mass loss
of the washed and dried bark residue recovered after the extraction process compared to
the initial mass of the dried bark (Table 2). Extraction yield experiments were repeated
for ILs that demonstrated an ability to extract significant proportions of the bark, except
for some [N(CN)2]™ ILs. Only individual runs were performed for [N(CN)>] ILs apart
from [C4C1im][N(CN)2] due to issues observed in their analysis highlighting potential
side reactions in the bark, which will be discussed later. While most ILs displayed
reliable extraction results, [CsCiim][Me2POs4] provided not readily reproducible

outcomes. [CsCiim][Me2PO4] was the most viscous of the ILs explored and formed a



gel following the bark extraction process. This affected the separation of bark from the
IL and likely caused mass transfer limitations during the extraction process itself,
leading to inconsistent outcomes.

[Table 2 near here]

Table 2 highlights that the extraction yield is strongly affected by the IL anion,
with the yield typically decreasing in the order [Me2PO4]” > [N(CN)2]” > [NTH2]— (e.g.
70% to 4% for the [C4Cipyrr] series). This order is consistent with the observed colour
change of these ILs after extractions, with darker solutions observed following
extraction for ILs containing the [Me2PO4] ™ anion compared to the weakly hydrogen
bond accepting [NTf2]™ anion. This general order similarly agrees with prior studies on
biomass extraction, where the § value of an IL is a key determinant in its ability to
solubilise key compounds, particularly with respect to the solubility of structural
biopolymers such as cellulose and lignin.[2%2!-23.25]

The effect of the cation on the extraction yield was also examined. Table 2
demonstrates that the [C4Cipyrr]" cation tends to lead to the most efficient bark
extraction, with [C4Cipyrr][Me2PO4] leading to the highest extraction yield observed
(70%). In the case of the [NTf>]™ anion, [Cagun]” led to the highest (14%) extraction
yields of the Cs4 cations, although all of these values are relatively small. The greater
extraction yields observed for [C4Cipyrr][Me2PO4] (70%) compared to
[C4Ciim][Me2PO4] (33%) may arise from reduced cation-anion interactions, which will
assist the solvation of bark components by the IL anion. It has also been found that
pyrrolidinium ILs are capable of solvating aromatic solutes through the intercalation of

alkyl chains between the localised charge on the cation and the aromatic substrate,

which compensates for reduced cation-m interactions compared to imidazolium ILs.?!



The localised charge also leads to a larger relative hydrophobic surface area of the
cation, which may assist the extraction of the hydrophobic components of the bark, such
as suberin and lower molecular weight waxes.

Increasing the alkyl chain of the cations typically led to a decrease in extraction
yield. The large uncertainty in the extraction yield of [CgCiim][Me2PO4] makes specific
trends difficult to determine; however, it appears that smaller, more polar ILs tend to be
more favourable for extracting bark components.

The extraction yields obtained compare favourably with extraction using
conventional solvent systems. For example, the use of maceration led to extraction
yields ranging from 2.0-23.4% for Pinus radiata bark using water, aqueous methanol
and aqueous acetone.*>3# The highest yield of 23.4% was obtained using water at
100°C and a biomass loading of 2 w/v% and so is comparable to the extractions
performed here.** This highlights that the ILs that display the most effective extraction
efficiencies can outperform conventional solvent systems in terms of their absolute
ability to extract components from Pinus radiata bark.

While extraction yield is an important measure, the selectivity of the extraction
is in many ways more important given the ultimate aim of the fractionation of the bark.
While attempts were made to characterise the IL extracts directly using NMR and IR,
the complexity of the extracts and the low concentration of individual components
meant that these attempts were unsuccessful. Instead, the residual solid was investigated

to identify the chemical components removed during the extraction procedure.

Solid-State NMR analysis of bark residues

13C solid-state NMR was used to characterise the solid residue remaining after the
extraction of the bark with different ILs to gain insight into the selectivity of the

extraction process. The assignment of the solid-state NMR peaks were made based on



previous reports of similar biomass substrates.[*>38! The peaks at 144 ppm and 154 ppm
were assigned to aromatic carbons from tannins and lignin, the peak at 56 ppm to the
OCH; of lignans and methoxylated lignin, the peaks at 72 — 75 ppm to ring carbons of
cellulose excluding those that form glycosidic bonds and the peaks at 20-40 ppm were
assigned to the methylene groups of aliphatic constituents. While some overlap within
these regions between structural components has been noted, changes in these spectral
regions will provide a semi-quantitative guide to the components extracted from the
bark. Figure 2 depicts the assignment of key solid state NMR peaks to the bark's lignin,
tannin, suberin, and carbohydrate components.

[Figure 2 near here]

The recovered solid residues collected for solid-state NMR were washed with hot water
for samples extracted with [Me2PO4]- and [N(CN);]-based ILs, whereas samples
extracted with [NTfz]-based ILs were DCM washed. These washing solvents were
selected based on the solubility of the ILs. To account for any extraction that may occur
during these washing steps, dried bark not subjected to extraction was similarly washed
and analysed by '*C NMR for comparison. It was found that washing with hot water
and DCM proportionally increased the relative integral of peaks of all 3 components. As
peak areas are normalised to the OMe peak at 56 ppm from lignin, this can be attributed
to the preferential extraction of methoxylated aromatics in the washing step.**!

To easily compare trends in the solid-state NMR data, the relative areas obtained
for each spectral region were normalised to the area of the peak at 56 ppm. These
relative peak areas were then divided by the corresponding area for the bark subjected
only to the washing procedure. These proportions are summarised in Figure 3 for all ILs

with NMR spectra and raw values provided in the ESI. A lower proportion implies the



preferential extraction of that compound relative to the OMe peak at 56 ppm compared
to bark subjected only to the washing procedure.
[Figure 3 near here]

Figure 3 reveals several notable trends. Firstly, most ILs containing the [NTf>]"
anion led to very small or insignificant changes in the proportion of lignin/tannins and
carbohydrates present. This is to be expected given the low extraction yields for these
ILs and the use of a weakly interacting anion. However, some aliphatic extraction was
observed for these ILs, particularly [C4Ciim][NTfz], [C4Cipyrr][NTt2],
[CsCipyrr][NTf>] and [Cggun][NTH2].

Conversely, the extraction of bark by ILs containing the [Me;PO4] ™ anion led to
notable decreases in the proportion of lignin/tannin remaining relative to the water
washed bark, with proportions < 0.7 for all of these ILs and as low as 0.38 for
[C4Cipyrr][Me2POs]. Given the normalisation of the spectrum to the OCH3 group of
lignin, this shows greater extraction efficiency of non-methoxylated lignin and tannins
by these ILs regardless of the cation present. These ILs also demonstrated the greatest
preferential extraction of carbohydrates compared to the ILs containing other anions,
consistent with the known ability of these solvents to dissolve cellulose.**! However,
the proportion of carbohydrates in the solid residue remained around 0.7 for these ILs,
apart from [CsCipyrr][Me2PO4], where no preferential extraction could be observed,
highlighting that the extent of carbohydrate extraction by these ILs likely remains small.
The extent of aliphatic extraction by the [Me2POa4]-ILs appeared to be less than the
[NTf2]-ILs, with no clear evidence of preferential extraction at all by
[C4Cipyrr][Me2POy4], although the broad peaks observed in this region of the solid state
NMR spectrum for bark extracted by [C4Cipyrr][Me2PO4] may have led to an

overestimation of the proportion of aliphatics (ESI).



The residues obtained following extraction by [N(CN)2]™ containing ILs did not
show any notable preferential extraction of components. Moreover, residues obtained
following extraction by [N(CN)>]" ILs had additional peaks at chemical shifts of 21
ppm and 13 ppm not present for bark extracted by ILs containing different anions. This
is despite the solid residue being washed with hot water to remove residual IL using the
same conditions as for the [Me2PO4]™ ILs. These additional peaks were present
regardless of the cation used. This suggests that there is potentially a side reaction
occurring between the bark and the [N(CN)2]™ anion. Further evidence for such a side
reaction was observed due to unusual IR spectra observed, significant changes in the
colour of the bark residue from brown to black after the extraction and elemental

analysis results which are discussed in greater detail in the ESI.

Recovery and isolation of Pinus radiata bark extracts

It has been determined that among the three IL anions that were explored, the
[Me2PO4] ™ anion appeared to be the most effective for the extraction of a wider range of
components than the [N(CN)2]” and [NTf>] anions. Additionally, ILs generally appear

to be more successful at extracting aromatics and aliphatics than carbohydrates.

Many investigations have been performed exploring the regeneration, purification, and
separation of compounds from ILs using antisolvents.[2! 4% 411 For these extracts to be
useful for the fractionation of the bark, it is necessary to explore if the components
solubilised within these ILs can be selectively recovered. While multiple approaches
could be used to isolate the extracts, one of the most feasible to perform on a larger
scale is fractional precipitation by antisolvent addition. By controlling the quantity of
antisolvent addition and the identity of the antisolvent, this approach could be useful in

improving the selectivity of the extracted compounds within the recovery and isolation



step, allowing for the separation of specific subclasses of compounds from the bark

extract.

Identification of recovered components

Antisolvent addition was used on solutions obtained after employing the standard
extraction conditions (Table 2). The [NTf;]™ ILs were excluded from this approach as
they were determined to have negligible efficacy as extraction solvents. IR spectroscopy
was used to initially characterise fractionated precipitates. From this analysis, the
specific components that had been isolated could be classified by functional group, with
key absorptions for aliphatics (suberin and waxes where waxes refers to smaller
molecular weight aliphatic components such as fatty acids and resin acids) being 2919
cm™! and 2850 cm’!, lignin 1604 cm ™!, tannins 1512 cm™! and carbohydrates 1033 cm’
1127:42 To verify this assignment and gain insight into the relative absorbance of each of
these components, IR spectra were obtained for model compounds. These included
lignin (kraft lignin), tannins (tannic acid), suberin/waxes (decanoic acid), and
carbohydrates (microcrystalline cellulose) (further details in ESI).

To gain insight into changes in the proportions of components within the
recovered precipitates, the relative absorbances of the IR peaks were obtained,
referenced to the lignin peak (1605 cm ™). Underlying these absorptions from structural
subclasses such as suberin/waxes, carbohydrates and lignin, there will be overlapping
peaks that cannot be easily distinguished. For example, aliphatic hydrocarbon
components other than suberin/waxes cannot be distinguished as they all contain
significant C-H stretching absorbances around 2919 cm™ and 2850 cm™'. Other
polyphenols such as monomeric flavonoids also show aromatic ring-breathing
absorptions similar to lignin and tannins,'**! although these tend to be at slightly lower

wavenumbers (1448 cm™).



Water, MeCN and DMSO were selected as antisolvents to explore the effect of
antisolvent polarity and the nature of their interactions with ILs. Initial experiments
involved the addition of 0.5 mL of antisolvent to 1 mL of IL extract, followed by
measuring both the yield and IR spectrum of any solid recovered and then sequentially
adding more antisolvent until no further solid or limited additional amounts of solid
could be isolated. Based on these initial experiments, it was revealed that MeCN and
DMSO led to mixed fractions with limited evidence of preferential precipitation and
low solid recovery yields (ESI). However, water led to evidence of preferential
precipitation and good recovery yields in many cases, so these antisolvent additions
were scaled up to enable the more detailed characterisation of the products formed.

Table 3 depicts the results of the scaled-up water antisolvent addition, which
was performed on either 5 or 10 mL of IL extract. The IR spectra are given in the ESI.
Table 3 includes the composition of the recovered solid as determined by IR
spectroscopy, the mass of the recovered solid, and the recovery yield based on the bark
extraction yield observed for the IL. The volume of antisolvent added in these
experiments was determined by grouping together additions with similar selectivity
based on the smaller scale experiments. These results showed that for many ILs, the
addition of a small amount of water as an antisolvent facilitated the selective
precipitation of suberin/wax and carbohydrate components, whereas further addition of
water led to the isolation of purely or predominantly aromatic fractions. There was
significant variation between the different ILs, highlighting both differences in the
nature of the extracts and the interactions between the IL and antisolvent.

In terms of trends based on the IL anion, it was found that antisolvent addition to
[C4C1im][N(CN):] led to the recovery of suberin/waxes, tannin, and lignin, whereas no

carbohydrates could be observed, consistent with the poor extraction of carbohydrates



by this IL. However, there was evidence of potential side reactions between the
[N(CN).] anion and bark due to the complexity of the IR spectra obtained, which
accords with the earlier observations relating to this IL anion. In contrast, all of the
[Me2PO4] ILs displayed the presence of at least some carbohydrates in the recovered
precipitates alongside the other structural subclasses.

Another notable effect was the influence of the alkyl chain on the cation. While
ILs with butyl chains led to suberin/wax and carbohydrate components being
exclusively isolated in the first fraction, this was not the case for the ILs containing
octyl chains. These ILs led to mixed fractions containing all components even with the
extensive addition of water. This is most likely due to the increased solubility of
hydrophobic compounds in the presence of water due to the formation of amphiphilic
nanostructures within [CgCiim][Me2PO4] and [CgCipyrr][Me2PO4]. This would lead to
the solubility of aliphatic/carbohydrate components even after adding large amounts of
water. It has been recently shown that these and similar ILs retain their nanostructures
even on dilution with appreciable concentrations of cosolvents.*4!

From the relative IR absorbances, it can be seen that fractions with much higher
concentrations of aliphatics and carbohydrates than the original bark can be observed
from all of the [Me2PO4]™ containing ILs. This is despite the extraction results
suggesting these ILs did not lead to extensive carbohydrate extraction compared to
other bark components, which means this antisolvent approach can effectively
concentrate the different bark components following the extraction process. Using the
IR absorption values as a rough guide, it appears that [C4Cipyrr][Me2PO4] achieved the
highest selectivity towards aliphatic compounds, increasing their concentration by ~4
fold compared to the original bark. This may be due to the more hydrophobic nature of

this cation combined with the ability of the structure of the IL to be more easily



disrupted by the addition of water than ILs with longer alkyl chains. The other
[Me2PO4] ™ ILs displayed high selectivity for the aliphatic components involving a 2-3
fold increase but were also effective in concentrating the carbohydrates with an increase
of ~ 2 fold compared to the original bark. These results indicate that although pure
suberin/wax or carbohydrate fractions were not achieved, their concentration could be
substantially increased using the combination of the ILs and water as an antisolvent.
Further to the concentration of the suberin/wax and carbohydrate components, both
[C4C1im][Me2PO4] and [C4Cipyrr][Me2PO4] led to the isolation of purely aromatic
fractions containing only lignin/tannin components on further addition of water.

A key consideration of the antisolvent addition process is not just the selectivity
of the precipitates isolated but their yields. Table 3 reports the mass of each extract
obtained, the relative proportion of each fraction isolated and the total yield of solid
recovered relative to the extraction yield. The recovery ranged from 22% for
[C4Cipyrr][Me2PO4] through to 97% for [C4Ciim][Me2PO4] with the mass of recovered
extracts ranging from 5.5 mg solid mL ™! IL for [C4C1im][N(CN)] up to 17.6 mg solid
mL ! IL for [CsC1im][Me2PO4]. Given its good extraction efficiency, it is unclear why
the proportional recovery was so low for [C4Cipyrr][Me2PO4]. Other ILs gave moderate
to excellent proportional recoveries, apart from [C4Ciim][N(CN).], which is likely less
efficient due to the reactivity of the IL with the bark discussed previously. In terms of
the absolute recovery of the mass of solid per mL of IL, this is most strongly affected by
the extraction yield, which favours the [C,Ciim][Me2PO4] ILs which can solubilise
lignin, tannins, carbohydrates and other extractives due to the strong hydrogen bond
donating and accepting nature of its constituent ions.

[Table 3 near here]



In terms of the recovered yield of the different fractions, only mixed fractions
could be observed for the ILs with Cs alkyl chains. For the other 3 ILs with Cs4 alkyl
chains, the pure aromatic lignin/tannin fractions comprise 35.9%, 55% and 38.8% of the
recovered solid for [C4Ciim][Me2POs], [C4Ciim][N(CN)2] and [C4Cipyrr][Me2PO4],
respectively. Based on the extraction yield of bark using [C4Ciim][Me2POs], this
indicates that 12% of the bark mass can be isolated as lignin or tannins free of
contamination by other structural biopolymers. While other approaches exist to produce

(431 these often

higher yields of polyphenols, such as extraction using hot alkali solutions,
damage the remaining bark components. The antisolvent approach in conjunction with
ILs explored here highlights the ability to separate and isolate carbohydrates and waxes
from these aromatic constituents without leading to their degradation. The overall
proportion of pure aromatic fractions and the purity of the recovered
aliphatic/carbohydrate fractions can potentially be improved by optimisation of the
initial bark extraction process and fine-tuning of the antisolvent addition, for example,
by control of temperature.

While the cause of the low recovery yield from [C4Cipyrr][Me2PO4] is not
immediately apparent, it is clear from the solid recovered from this IL that it led to the
highest proportion of waxes in the initial fraction recovered. This implies that the
[C4Cipyrr]” cation improves the recovery of suberin monomers and other waxes. The
selection of a less strongly hydrogen-bonding anion that retains water miscibility could
improve this selectivity by further reducing the proportion of carbohydrates and
aromatics extracted while retaining the ability of water to be used as an antisolvent.

These results demonstrate that carbohydrates tend to be recovered selectively

with only small amounts of added antisolvent. The reasonably high initial

concentrations of these are due to the [Me,PO4] ™ anion facilitating the dissolution of



cellulose and other carbohydrates,'*”) which is readily disrupted by the addition of water
which competes for hydrogen-bonding interactions with the anion. In comparison, the
precipitation of hydrophobic compounds (waxes, suberins) on the addition of small
amounts of water is due to their poor solubility in aqueous media. Meanwhile, tannins
and lignin are more soluble in water and tend to interact more strongly with the IL
cation, which is an interaction that is not as readily disrupted by the addition of water.
This accounts for their gradual precipitation on the addition of significant amounts of
added antisolvent. The analysis of the recovered solid here was based on IR
spectroscopy which is less comprehensive than other analytical tools. To gain greater
insight into the composition of the extracts, pyrolysis GC-MS (Py-GC-MS) was used

alongside solid state NMR when sufficient sample was obtained to enable their use.

Further analysis of recovered precipitates

Pyrolysis GCMS (Py-GCMS) is a widely used method to characterise carboxylic acid
and phenolic components from lignocellulosic biomass samples and was used to gain
further insights into the compositions of isolated bark extracts.[**) These samples were
analysed following tetramethylammonium hydroxide (TMA-OH) derivatisation to
methylate fatty acid and phenolic compounds and improve their detection.[*”!

Figures 4, 5, and 6 depict the proportional sum of these representative
compounds observed using TMA-OH Py-GCMS in the recovered solids, with the dried
bark source provided for reference. These compounds are broken into subclasses of
suberin/waxes, lignin/tannins and carbohydrates. Only precipitates recovered from
[C4C1im][Me2PO4] and [C4C1im][N(CN).] extracts were obtained in high enough yield
for this analysis.

[Figure 4 near here]



It was observed that the proportion of products obtained from suberin was
substantially greater for the samples recovered from the small initial addition of
antisolvent for both ILs. This is in agreement with the IR results. The relative
proportion of suberin/wax compounds appears to be higher for [C4C1im][N(CN);] than
[C4C1im][Me2PO4] based on the Py-GCMS results, although this may be due to the
reduced concentration of carbohydrates in the [C4C1im][N(CN)2] sample rather than a
higher inherent recovery of waxes. Moreover, the amount of the fatty acid methyl esters
(FAME) observed decreased for samples obtained on further addition of water which
reiterates that these suberin/wax components are preferentially precipitated on the
addition of small amounts of water as an antisolvent. The proportion of these
compounds is much higher in the initial precipitate formed than in the pure bark,
emphasising this preferential precipitation. Complementary solid-state NMR analysis of
the C4IMMP1 sample revealed a strong aliphatic CH; peak at 33 ppm, and a strong
carbohydrate peak at 70 ppm with virtually no aromatic peaks observed (see ESI),
consistent with the IR and the Py-GCMS results.

Figure 5 depicts the relative proportion of highly substituted phenolic
derivatives assigned to lignin or tannins observed by Py-GCMS.!8] The trend for
lignin/tannin products is the opposite of the suberin products previously discussed, with
an increase in the proportion of these compounds for samples obtained when large
amounts of antisolvent were added. The proportion of lignin/tannin related pyrolysis
products within the solids obtained following the final antisolvent addition for both ILs
are greater than the proportions in pure bark. This is consistent with the IR results
indicating that these fractions predominantly contain aromatics.

[Figure 5 near here]



Lastly, Figure 6 represents the proportion of compounds detected by Py-GCMS,
which correspond to the pyrolysis of carbohydrate components.[**! It was evaluated that
the carbohydrates were recovered in greater amounts from [C4Ciim][Me2PO4] IL
extracts on the addition of water than [C4C1im][N(CN).] IL extracts, although the
difference between these is less than is implied by the IR results. The proportion of
carbohydrates in the isolated solid decreased with the further addition of water as an
antisolvent, in agreement with the trends observed by IR. All samples show a reduction
in carbohydrate content relative to pure dried bark, emphasising that ILs preferentially
extract components other than carbohydrates from the bark, even when ILs shown to
dissolve cellulose and related carbohydrates such as [C4C1im][Me2PO4] are used.** 3

[Figure 6 near here]

The combination of IR, solid-state NMR data and pyrolysis GC-MS results
illustrate that the quantity of antisolvent addition can be used to control the composition
of products recovered from the extraction of Pinus radiata bark. The addition of small
amounts of water as an antisolvent (1-1.5 equivalents by volume) can yield selective
separation of carbohydrate and suberin/wax rich fractions. After these are separated,

further addition of water lead to the isolation of purely aromatic fractions.

Conclusion

The extraction of Pinus radiata bark was explored using a range of ILs that vary
systematically in terms of their hydrogen-bonding capabilities and the presence of
amphiphilic nanostructures. The IL anion was found to govern the extraction yield, with
[Me2PO4]™ generally the most effective anion of those explored. The cation had a
secondary effect on extraction yield and selectivity with [CoCipyrr]" cations typically

resulting in greater suberin/wax components extraction, whereas ILs with [C,C1im]"



cations tended to lead to a higher proportion of aromatic components. Longer alkyl
chains on the cation reduced the extraction efficiency of carbohydrates while increasing
the extraction of aliphatic components.

Water was determined to be the most effective antisolvent for recovering
components from the IL extracts, in contrast to DMSO and MeCN. The addition of
small amounts of water led to precipitates with higher concentrations of aliphatic
components and carbohydrates. Further addition of water to the supernatant led to
predominantly aromatic fractions. The cation played a significant role in the recovery
process, with ILs featuring longer alkyl chains reducing the selectivity of the recovered
fractions, with mixed aliphatic and aromatic fractions present even after substantial
antisolvent addition. The use of the [C4Cipyrr]” cation led to the greatest selectivity for
recovered aliphatic components, whereas the [C4Ciim]" cation led proportionally to
more carbohydrate recovery, while both also led to the recovery of pure aromatic
fractions. This highlights that IL-solute-antisolvent interactions can be used to improve
the selectivity of biomass fractionation from Pinus radiata bark using ILs. These
outcomes demonstrate the potential to tailor such interactions to formulate ILs and
recovery processes that target the extraction and recovery of different Pinus radiata

bark fractions.
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Tables

Table 1 Kamlet-Taft parameters of selected ILs used.

ILs
1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)
imide
1-butyl-3-methylimidazolium
dicyanamide
1-butyl-3-methylimidazolium
dimethyl phosphate
1-butyl-1-
methylpyrrolidinium
bis(trifluoromethanesulfonyl)
imide

1-butyl-1-
methylpyrrolidinium dimethyl
phosphate
1-methyl-3-octylimidazolium
bis(trifluoromethanesulfonyl)
imide
1-methyl-3-octylimidazolium
dicyanamide
1-methyl-1-octylpyrrolidinium
bis(trifluoromethanesulfonyl)

imide

Abbreviation

[C4C 1 im] [Nsz]

[C4C1im][N(CN),]

[C4C 1 im] [M62PO4]

[C4Cipyrr][NTH]

[C4C 1 pyrr] [M62PO4]

[CsC1im][NTH]

[CsCiim][N(CN)2]

[CsCipyrr][NTH]

0.72

0.54

0.45

0.57

0.24

0.60

0.43

0.80

P
0.24

0.60

1.13

0.23

1.14

0.29

0.71

0.08

0.90

1.05

0.98

0.87

1.02

0.96

0.97

0.73

Ref

[14]

[14, 20]

[14, 20]

[14]

[14]

[14]

[51]

[14]



Table 2 Extraction yields from bark with ILs at 5 w/v% bark loading for 24 h at 100 °C.

ILs used
[C4Ci1im][NTH]
[C4C1im][N(CN)]
[C4C1im][Me2PO4]
[C4Cipyrr][NTH]
[C4Cipyrr][N(CN)2]
[C4Cipyrr][Me2PO4]
[CsC1im][NTf2]
[CsCrim][N(CN)]
[CsCi1im][Me2PO4]
[CsCipyrr][NTH]
[CsCipyrr][N(CN):]
[CsCipyrr][Me:PO4]
[Csgun][NT1>]
[Csgun][NTf>]

* Reported errors are standard deviations of replicate experiments where replicates were

performed (see text for details).

Yield (%)?
4

2842
33+2

37
70+3

32
48+ 19

10
39+4
14

7



Table 3 The fractions of bark components isolated from IL extracts using water as an

antisolvent. Total yield % is calculated with respect to the extraction yield of each IL.

IL/DES Sample Vol. Absorbance Solid Proportion Total
Extract used Name (mL) A:L* C:L* T:La recovered = of Fraction Yield
(mL) (mg) (%) (mg)
- Bark - 03,02 154 045 - - -
[C4Ciim] CJdMMP1 15 0.6,04 267 046 103 64 161
[MePO4] CJIMMP2 10 0° 0° 0.56 15 9 (97%)
(10 mL) CJMMP3 75 ob ob 052 43 27
[C4Ciim] C4dMNCNI 10 03,02 0P 0.78 24 45 55
[N(CN),] CJAMNCN2 10 0P 0P 086 13 24 (40%)
(10 mL) CJMNCN3 5 K - - 9 15

CJMNCN4 75 0P 0P 089 9 16
[C«Cipyrr]  C,PYMP1 10 1.1,07 154 067 24 61 39
[Me,PO4] (22%)
(5 mL) C,PYMP2 90 0P 0P 049 15 39
[CsCiim)] CsIMMPI 7.5 0.9,0.5 - 0.67 45 51 88
[Me:PO4] GIMMP2 5 1.0,0.6 3.11 0.60 8 9 (73%)
(5 mL) CsIMMP3 875  0.604 140 055 36 41
[CsCipyrr]  CsPYMPL 5 09,06 3.19 036 21 42 49
[Me2PO4] CsPYMP2 30 - i i 24 49 (50%)
(5 mL) CsPYMP3 65 0.2,0.1 0 055 4 9

* A = aliphatic (suberin/wax), L = lignin, T = tannin, C = carbohydrate. Ratios calculated with

respect to the absorbance of the lignin peak at 1605 cm™'. ® Peaks not present in the IR

spectrum. ¢ Insufficient sample or sample powder was too fine to be isolated for IR

analysis. ¢ Peak obscured.
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Figure 1 The structures and abbreviations of cations (top) and anions (bottom) used for

the ILs explored for bark extraction.
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Figure 2 Carbon peaks of the °C solid-state NMR of the initial bark used assigned to
tannins (T), lignin (L), carbohydrates (C) and aliphatics (A) which include suberin and

waxes.
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Figure 3 Proportion of identified components in bark after extraction compared to bark
subjected only to the washing procedure based on *C solid-state NMR integration.
Black line at a proportion of 1 provided as a guide for the eye. Errors are estimated

based on reproducibility of deconvolution procedure.
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Figure 4 Observed relative TIC areas for the sum of compounds assigned to
suberin/waxes following TMA-OH-Py-GCMS analysis. Sample names are from Table
3.
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Figure 5 Observed relative TIC areas for the sum of compounds assigned to
lignin/tannins following TMA-OH-Py-GC/MS analysis. Sample names are from Table
3.
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Figure 6 Observed relative TIC areas for the sum of compounds assigned to
carbohydrates following TMA-OH-Py-GCMS analysis. Sample names are from Table
3.



Figure captions

Figure 2 The structures and abbreviations of cations (top) and anions (bottom) used for

the ILs explored for bark extraction.

Figure 2 Carbon peaks of the °C solid-state NMR assigned to tannins (T), lignin (L),

carbohydrates (C) and aliphatics including aliphatics (A) such as suberin and waxes.

Figure 3 Proportion of identified components in bark after extraction compared to bark
subjected only to the washing procedure based on '*C solid-state NMR integration.
Black line at a proportion of 1 provided as a guide for the eye. Errors are estimated

based on reproducibility of deconvolution procedure.

Figure 4 Observed relative TIC areas for the sum of compounds assigned to
suberin/waxes following TMA-OH-Py-GCMS analysis. Sample names are from Table
3.

Figure 5 Observed relative TIC areas for the sum of compounds assigned to
lignin/tannins following TMA-OH-Py-GC/MS analysis. Sample names are from Table
3.

Figure 6 Observed relative TIC areas for the sum of compounds assigned to
carbohydrates following TMA-OH-Py-GCMS analysis. Sample names are from Table
3.



	Introduction
	Materials and Methods
	Pre-drying of bark
	Synthesis of ILs
	Extraction of bark by ionic liquids
	13C Solid-State NMR

	Antisolvent addition to ionic liquid extracts
	FT-IR analysis
	Tetramethylammonium hydroxide pyrolysis gas chromatography mass spectrometry (TMA-OH-Py-GC/MS) analysis


	Results and Discussion
	Bark Extraction Yields
	Solid-State NMR analysis of bark residues
	Recovery and isolation of Pinus radiata bark extracts
	Identification of recovered components
	Further analysis of recovered precipitates


	Conclusion
	Acknowledgements
	Declaration of interest statement
	References
	Tables
	Figures
	Figure captions

