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Abstract Ionic liquids (ILs), based on 1,3-dialky-
limidazolium cations, are frequently used solvent
components or auxiliaries for various types of bio-
mass in biorefinery approaches. Unless washing
and sample preparation have been carried out very
carefully, analytical samples often contain residual
traces of such ionic liquids. These residues can com-
promise the quality of physicochemical analyses, as
was demonstrated for monosaccharide analysis after
hydrolysis by gas chromatography, high-performance
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thin-layer chromatography, or ion chromatography
(IC), and even damage analytical equipment, such as
gas chromatographic capillaries or IC electrodes. We
suggest a simple procedure—short stirring with solid
elemental sulfur adsorbed on alumina as the scaven-
ger—as a pretreatment of the analytical samples to
remove interfering imidazolium IL traces. The chem-
istry underlying this pretreatment is the conversion of
the 1,3-dialkylimidazolium cation to the correspond-
ing, water-insoluble, neutral, volatile 1,3-dialky-
limidazole-2-thiones. Given the negative effect of
imidazolium IL impurities, the minor extension of
the sample preparation by one short additional step
appears to be a small price to pay for an unperturbed
and instrument-safe analysis.
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Introduction

1-Butyl-3-methylimidazolium (BMIm) and 1-ethyl-
3-methylimidazolium (EMIm), both as either ace-
tate or chloride, were the first ionic liquids (ILs) to
be reported to dissolve cellulose (Swatloski et al.
2002), and in biorefinery research are thus often
referred to as “first-generation” ILs. After the first
hype about ionic liquids being able to directly dis-
solve wood and other biomass and about potential
applications in biomass pulping and separation, the
views on ionic liquids have now become more real-
istic and objective. There seem to be unsurmountable
general problems with recycling and byproduct accu-
mulation when it comes to biomass fractionation or
wood pulping by ILs—and the often-praised advan-
tages of the ILs, superior solubilization power and
negligible vapor pressure, turned into distinct disad-
vantages when it came to IL recycling and purifica-
tion. Further, the claim of chemical inertness, which
has frequently been proposed as one of the ILs” main
assets, was no longer valid when it was demonstrated
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that imidazolium ILs react with the reducing ends of
cellulose and contained carbonyl groups (Ebner et al.
2008; Liebert et al. 2009) or that the IL anions, in par-
ticular the acetates, cause trace acetylation of the bio-
mass treated with the IL (Kohler et al. 2007; Zweck-
mair et al. 2015). Natural aging, especially thermal
stress, causes byproduct formation in imidazolium
ionic liquids, mainly imidazole and N-methylimida-
zole, which can be seen as almost ubiquitous trace
impurities in IL samples that are not meticulously
purified (Liebner et al. 2010; Wendler et al. 2012).
Consequently, advancement of ILs proceeded
very fast: the next generations of ILs, which were
distillable, more inert towards biomass constitu-
ents or phase-separable, were able to tackle the ini-
tial drawbacks more efficiently (King et al. 2011;
Holding et al. 2014; Vijayaraghavan and Macfar-
lane 2014; Ahmad et al. 2016; Kakko et al. 2017;
Brandt-Talbot et al. 2017; Song et al. 2018; Achin-
ivu et al. 2014). Still, the first-generation imidazo-
lium ionic liquids have seen a revival: not in bio-
mass fraction or wood pulping, but for instance in
fiber spinning—where the short contact times and
the pure starting celluloses minimize side reactions
and purification issues (Zhang et al. 2019 and 2020;
Hettegger et al. 2022) —or in biomass pretreatments
to increase accessibility and improve saccharifica-
tion and enzymatic digestibility (Mora-Pale et al.
2011; Tadesse and Luque 2011; Zhang et al. 2014;
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Elgharbawy et al. 2016; Tu and Hallett 2019; Azi-
zan et al. 2020; Ehaz and Sohail 2020; Amini et al.
2021; Quesada-Salas et al. 2022; for recent reviews
see: Haldar and Purkait 2021; Lin et al. 2022; Roy
and Chandawat 2023). Some of these approaches
are still at the lab scale, but all of them require ana-
lytical monitoring.

In many biorefinery scenarios, analysis of the
monosaccharide profile is a key analytical approach to
characterize carbohydrate biomass, fermentation lig-
uids, cellulosic pulps, or cellulosic fibers. Commonly
used methods are acidic hydrolysis or methanolysis
of the accessible polysaccharides, which have been
recently compared with their pros and cons being
evaluated in detail (Becker et al. 2021). Over the last
decade, the analytical techniques for monosaccharide
quantification have been thoroughly optimized and
reviewed in the literature. Three main approaches
are used today: ion chromatography (IC) (McGregor
et al. 2017; Griinewald et al. 2021), gas chromatog-
raphy (GC) after derivatization (Becker et al. 2013a,
2013b) and high-performance thin-layer chromatog-
raphy (HPTLC) (Bohmdorfer et al. 2016; Zweckmair
et al. 2016; Oberlerchner et al. 2018).

In the present study, we briefly demonstrate the
negative impact of trace imidazolium-based ionic lig-
uids on each of these three analytical techniques and
communicate a simple and general method for remov-
ing these traces prior to analysis to diminish further
interference with the analytical process and instru-
mentation. The common ionic liquids 1-ethyl-3-meth-
ylimidazolium as acetate (EMIm-OAc, 1a) and
chloride (EMIm-CI, 1b) as well as 1-butyl-3-meth-
ylimidazolium, also as acetate (BMIm-OAc, 2a) and
chloride (BMIm-Cl, 2b) were studied.

Materials and methods
General

All chemicals were purchased from Sigma-Aldrich
(Schnelldorf, Germany) and of the highest purity
available. Solvents of the highest available purity
(HPLC grade) were used for all extractions and
workup procedures. Deionized water was used
throughout. HPTLC was performed using Merck sil-
ica gel 60 F,5, pre-coated plates, 20X 10 cm.

GC/MS analysis

GC/MS analysis was carried out on an Agilent 7890A
gas chromatograph with an Agilent 5975C triple-
axis mass selective detector (MSD) and pressurized
splitter (25 kPa constant pressure) for simultaneous
detection by MS and FID. The capillary, an Agilent
VF-5ht Ultimetal (30 mx0.25 mm i.d., 0.1 pm film
thickness), was operated at constant flow (2.5 mL/
min) with helium as carrier gas. The sample (1 pL)
was injected with an automated liquid sampler into a
temperature-programmed multi-mode inlet that was
operated under the following conditions: 15:1 split,
65 °C (0.1 min), then 500 °/min to 380 °C (5 min).
The oven temperature was set to 60 °C (5 min), then
10 °C/min to 380 °C. The MS was operated in scan
mode, 29-2050 m/z, EI mode, 70 eV ionization
energy, ion source temperature: 230 °C, quadrupole
temperature: 150 °C, transfer line: 280 °C. The entire
system was controlled by Agilent Masshunter B.7.02.

IC-PAD analysis

Analysis was carried out on an ICS3000 ion chro-
matography system (Thermo-Dionex, USA) with
a DP gradient pump, AS-1 autosampler, and an
ED-3000 electrochemical detector. A Dionex™ Car-
boPac™ PA20 column (3x 150 mm) with a PA20
CarboPac™ guard column (3X30 mm) was used.
Injection volume 3 mL, flow rate 0.30 mL min~" at 20
°C, system temperature 20 °C. Linear-gradient elu-
tion: 0—15 min with 2 mM NaOH, 15-22 min with
10 mM NaOH+0.5 M sodium formate, 22-24 min
with 200 mM NaOH, 24-30 min with 2 mM NaOH.
Electrochemical detection was done with an Au
working electrode and an Ag/AgCl reference elec-
trode with 0.5 s potential sweeps (potentials: E1 for
detection, E2-E4 for cleaning; E1=0.10 V, 0-0.4 s;
E2=-2.00 V, 041-0.42 s; E3=0.60 V, 043 s;
E4=-0.10V, 0.44-0.50 s). Data processing was done
with Chromeleon 2.0 software.

HPTLC analysis

Samples (2 uL, 1 pL for the thiones) were sprayed
as bands at 50 nL/s with an Automatic TLC Sam-
pler (ATS 4, Camag, Muttenz, Switzerland) equipped
with a 25 pL syringe. After each deposition, the
syringe was rinsed with neat acetone. Two different
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elution protocols were used, one for the separation
of monosaccharides, the other to demonstrate the
separation of the treated ionic liquids. For the analy-
sis of monosaccharides, elution was performed with
10 mL of n-butanol/iso-propanol/acetic acid/boric
acid (6/14/1/3, v/v/v/v) in an Automated Developing
chamber 2 (Camag) to a distance of 60 mm. Images
were taken with the TLC Visualizer (Camag) with
UV light at 366 nm (fluorescence mode) after deri-
vatization with aniline. For the separation of treated
ionic liquids, elution was performed with ethyl ace-
tate/hexane (3/1, v/v) in a twin trough chamber to a
distance of 60 mm. Images were taken with the TLC
Visualizer (Camag) with UV light at 254 nm (fluores-
cence quenching mode).

All instruments were controlled with VisionCats
2.5 software or later (Camag).

NMR spectroscopy

Solution-state NMR spectra were recorded using a
Bruker Avance II 400 spectrometer equipped with a
cryogenically-cooled broadband observing (BBO) 5
mm probe-head (CryoProbe™ Prodigy, N,-cooled).
The NMR experiments were performed with z-gradi-
ents at RT at resonance frequencies of 400.13 MHz
for 'H, 100.61 MHz for '*C, and 40.54 MHz for '°N
using standard Bruker pulse programs. Chemical
shifts are given in parts per million (ppm) and were
referenced to the respective solvent as internal ref-
erence (DMSO-dg; 2.50 ppm for 'H, 39.52 ppm for
13C). 'TH NMR spectra were recorded with 32k com-
plex data points and apodized using a Gaussian win-
dow function (Ib=-0.30 Hz and gb=0.30 Hz) prior
to Fourier transformation. '*C NMR J-modulated
spectra using WALTZ16 'H decoupling (Bruker pulse
program “jmod”) were recorded with 65k complex
data points. S/N was enhanced utilizing an exponen-
tial window function (Ib=1.0 Hz) before Fourier
transformation. 'H-'"H COSY using gradient pulse
for selection (Bruker pulse program “cosygpqf’)
was used to determine homonuclear shift correla-
tion and acquired with 2048 X256 data points. The
multiplicity-edited HSQC experiment (Bruker pulse
program “hsqcedetgpsp.3”) was performed using
adiabatic pulses for inversion of '*C and GARP-
sequence for broadband '*C-decoupling, optimized
for 'J(CH)=145 Hz and acquired with 1024 X256
data points. For determination of long-range
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'H-13C couplings, an HMBC experiment using gra-
dient pulses and a low-pass filter without decoupling
(Bruker pulse program “hmbcgplpndqf’) was per-
formed and acquired with 1024 X256 data points. To
determine 'H-">N couplings, "H-">"N HMBC experi-
ments (Bruker pulse program “hmbcgplpndqf’) were
performed acquiring 1048 x 128 data points; °N
shifts were extracted from the obtained 2D spectra.
All NMR data was acquired and processed using
Bruker TopSpin 4.3.0 and/or 3.2.7 software.

Compound identification

Detailed analytical data of compounds 3 and 4 can be
found in the supporting information (NMR spectra,
IR spectra, QTOF MS data, microanalysis).

Preparation of an analytical sample of 1-ethyl-
3-methyl-1,3-dihydro-2H-imidazole-2-thione (3)

Vacuum-dried 1-ethyl-3-methylimidazolium chlo-
ride (1b, 1.01 g, 6.89 mmol, 1.0 equiv.), elemen-
tal sulfur (0.234 g, 7.30 mmol, 1.06 equiv.), and
K,CO; (1.14 g, 8.26 mmol, 1.2 equiv.) were mixed,
flushed with Ar and refluxed in anhydrous MeOH
(10 mL) for 3 h. The yellow suspension was cooled
to RT, the solvent was removed in vacuo and deion-
ized H,O (10 mL) was added. The suspension was
briefly heated to reflux to fully dissolve impurities,
cooled to RT, acidified with 1 M HCI (10 mL), and
extracted with EtOAc (3x20 mL). The combined
organic layers were washed with 2xX20 mL of 1 M
HCI and 20 mL of brine, dried over MgSO, and
concentrated in vacuo. The product was obtained as
a yellow oil (0.678 g; 69%). '"H NMR (400.13 MHz,
DMSO-d,): 6 7.15 (d, 1H, 3J=2.4, 5-CH), 7.12 (d,
1H, 3J=2.4, 4-CH), 3.95 (q, 2H, */=7.3, N-CH,),
3.45 (s, 3H, N-CH;), 1.21 (t, 3H, J=7.3, CH;) ppm.
13C NMR (100.61 MHz, DMSO-d,): 6 160.9 (C=S),
118.3 (4-CH), 116.5 (5-CH), 41.9 (N-CH,), 34.3
(N-CH;), 14.1 ppm (CHj), see Fig. 1. ATR-FTIR:
v=3157, 3131, 3187, 2959, 2931, 2874, 1567, 1458,
1413, 1398, 1357, 1328, 1264, 1222, 1166, 1088,
954, 735, 709, 672 cm~!. HRMS (LC ESI-QToF-
MS): m/z=143.0636 (calcd. 143.0643 for C¢H,|N,S,
[M+H]"). Microanalysis for C¢H;,N,S: caled. C
50.67, H 7.09, N 19.70, S 22.55; found C 50.72, H
6.99, N 19.82, S 22.46.

Preparation of an analytical sample of 1-butyl-
3-methyl-1,3-dihydro-2H-imidazole-2-thione (4)
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Fig. 1 '>C NMR spectrum of 1-ethyl-3-methyl-1,3-dihydro-2H-imidazole-2-thione (3)

Vacuum-dried 1-butyl-3-methylimidazolium chlo-
ride (2a, 1.00 g, 5.72 mmol, 1.0 equiv.), elemental
sulfur (0.191 g, 5.95 mmol, 1.04 equiv.), and K,CO;
(0.999 g, 6.87 mmol, 1.2 equiv.) were mixed, flushed
with Ar and refluxed in anhydrous MeOH (9 mL) for
3 h. The yellow suspension was cooled to RT, the sol-
vent was removed in vacuo and deionized water (10
mL) was added. The biphasic suspension was briefly
heated to refluxing temperature to fully dissolve
impurities, cooled to RT, and extracted with EtOAc
(3%x20 mL). The combined organic layers were
washed with 2x20 mL of 1 M HCI and 20 mL of
brine, dried over MgSO4, and concentrated in vacuo.
The product was obtained as a yellow oil (0.799 g;
82%). '"H NMR (400.13 MHz, DMSO-d,): 6 7.13 (d,
1H, */=2.4,5-CH), 7.11 (d, 1H, *J=2.4, 4-CH), 3.92

(q, 2H, 3J=7.4, N-CH,), 3.45 (s, 3H, N-CH;), 1.64
(m, 2H, N-CH,-CH,), 1.26 (m, 2H, CH,-CH,), 0.89
ppm (t, 3H, *J=7.3, CH;). '3C NMR (100.61 MHz,
DMSO-dy): § 161.3 (C=S), 1182 (4-CH), 117.1
(5-CH), 46.6 (N-CH,), 34.4 (N-CH;), 30.4 (N-CH,-
CH,), 19.2 (CH,-CH,), 13.6 ppm, see Fig. 2. ATR-
FTIR: v=3157, 3131, 3187, 2959, 2931, 2874, 1567,
1458, 1413, 1398, 1357, 1328, 1264, 1222, 1166,
1088, 954, 794, 735, 709, 672 cm~'. HRMS (LC
ESI-QToF-MS): m/z=171.0941 (calcd. 171.0956 for
CgH sN,S, [M+H]"). Microanalysis for CgH,,N,S:
caled. C 56.43, H 8.29, N 16.45, S 18.83; found C
56.51, H 8.14, N 16.54, S 18.85.
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Fig. 2 '3C NMR spectrum of 1-butyl-3-methyl-1,3-dihydro-2H-imidazole-2-thione (4)

Protocol for removal of 1,3-dialkylimidazolium
traces from analytical samples by conversion into the
corresponding 2-thiones.

Preparation of sulfur@alumina:

Sulfur (0.5 g, p.a.) was dissolved in toluene (200 mL,
freshly distilled), and alumina (5.00 g, Brockmann
grade 1) was added. The slurry was stirred for 5 min
and then evaporated to dryness. The resulting sulfur@
alumina (10 wt%) was obtained as an off-white, free-
flowing powder, which was stored in an airtight, dark
flask at room temperature. Note: the toluene must be
freshly distilled to remove stabilizers which other-
wise could distort the HPTLC or GC chromatograms.
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For later use in aqueous media, alumina Brockmann
grade 5 was used instead of grade 1.

Removal of IL traces:

To the analyte solution (for GC or HPTLC meas-
urement) 5 mg of a sulfur@alumina (10 wt%, from
Brockmann grade 1 alumina, 10 mg per 5 mL of solu-
tion) was added and the solution was gently shaken or
slowly stirred for 5 min, allowed standing for 5 min to
let the solids settle, filtered through a 0.45 pm syringe
filter, and then used directly for analysis. In the case
of aqueous solutions for IC analysis, sulfur@alumina
prepared from Brockmann grade 5 was used and the
solution was filtered through Whatman filter paper,
with the protocol otherwise unchanged.
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Results

Since the pretreatment of biomass with ionic liquids
is very common in biorefinery approaches, and the
subsequent trace-free removal of the ionic liquids is
rather demanding—if not entirely impossible on a
larger scale—the presence of trace ILs in ionic lig-
uids is a very prevalent phenomenon. Although ILs
are versatile solvents known for several unique prop-
erties, such as low volatility, high thermal stabil-
ity, and tunable physicochemical characteristics, the
presence of trace amounts of ILs in analytical sam-
ples from biorefineries can have significantly nega-
tive effects on both analytical methodology and ana-
lytical equipment. In the following, we have selected
the three analytical techniques—ion chromatography
(IC), gas chromatography (GC), and high-perfor-
mance thin-layer chromatography (HPTLC)—which
are commonly used to analyze mono- and oligosac-
charides in very different samples and matrices from
biorefineries. Irrespective of the individual analyti-
cal case, traces of 1,3-dialkylimidazolium ionic lig-
uids can generally interfere with the measurements,
either by influencing the hardware or by falsifying
the method’s analytical quality parameters. While
adulterated results for analytical samples might still
be tolerable on a case-by-case basis, permanent nega-
tive impacts on analytical hardware are generally
unacceptable.

The potential negative effects of IL impurities in
analytical samples include more IL-specific impacts,
such as the contamination of analytical instruments
(cf. the GC example below), which is aggravated by
the low volatility and general stability of the ILs,
and the interference with chromatographic separa-
tion along with suppression of analyte signals (cf.
the HPTLC and IC cases below). Apart from those,
there might be general impurity effects, such as modi-
fication of the sample matrix with regard to polarity,
which possibly become interesting for MALDI-MS
analyses, memory effects, of which the retention of
the non-volatile ILs in GC capillaries is a good exam-
ple, and corrosion of analytical instrumentation in the
case of ILs with chloride anions (for example 1b, 2b).

Understanding and addressing the negative
impacts of IL traces in analytical samples is crucial
to ensure the reliability and accuracy of analytical
results in biorefinery research. Although IL contami-
nation has scarcely been recognized as a problem to

date, the results presented below suggest that many
of the analytical results obtained so far—with either
of the three discussed methods IC (HPAEC-PAD),
HPTLC or GC, working on IL-contaminated samples
for mono-/oligosaccharide determination—have been
more or less erroneous. There was therefore an urgent
need to consider the potential interference of ILs in
the chosen analytical methods and to develop strate-
gies to eliminate or at least mitigate these effects.

Ion chromatography (IC)

Ion chromatography (IC), mostly used with pulsed
amperometric detection (PAD), is a standard tech-
nique in the analysis of carbohydrates and related
substances. It has the advantage of a direct analysis
of mono- and oligosaccharides without the need for
derivatization (as required in gas chromatography) at
high sensitivity (ppm). In biorefinery scenarios, the
separation and quantitation of fermentable sugars in
hydrolysates or residual sugars in fermentation broths
is a permanent analytical task. In pulp analysis, the
monosaccharide composition of the hemicelluloses is
a frequent question, addressed by hydrolysis/metha-
nolysis followed by IC analysis. In standard IC-PAD,
carbohydrates are separated in an NaOH eluant at a
pH of 10 or above and analyzed with high sensitiv-
ity by oxidation at the anode, usually an Au elec-
trode. The chromatographic separation, under identi-
cal measurement conditions, usually remains stable
and highly reproducible. In PAD, a rapid sequence
of electric potential changes, the “pulse”, is applied
which is usually repeated every 0.1 to 0.5 s. The cur-
rent at the actual measuring potential, at which the
analyte is oxidized, is recorded as output. The meas-
uring pulse is preceded and followed by oxidative and
reductive cleaning pulses, which aim at regenerating
the gold working electrode and ensuring stable and
reproducible detection conditions. In standard carbo-
hydrate analysis by IC, this approach keeps the elec-
trode clean and the measurement highly reproducible.
The standard deviation of a repeated glucose deter-
mination (1 mM in water, pH 10) can be as low as
0.05% or even less.

Figure 3 shows the measured monosaccharide con-
centration of an aqueous solution containing 10 mM
methyl pB-p-glucopyranoside and 5 mM methyl p-p-
galactopyranoside. The values remained constant
when the measurement was repeated 20 times. By
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Fig. 3 Consecutive IC-PAD measurements (1 - 20)
of an aqueous solution containing 10 mM methyl f-p-
glucopyranoside and 5 mM methyl B-p-galactopyranoside
(B-OMe-Glcp pure/p-OMe-Galp pure), demonstrating the con-
stancy of the output value. Consecutive IC-PAD measurements
(1-25) of the same aqueous solution containing additionally 1

contrast, when the solution contained 1 wt% EMIm-
OAc (1a, rel. to the sum of the two monosaccha-
rides), the signal decreased over six measurements
and remained rather constant afterward at about 80%
of the starting value. An increase in the IL content
caused a faster decrease but with similar end values
(Fig. 4). Evidently, the IL traces contaminated the
working electrode and decreased its effectivity so that
seemingly smaller carbohydrate concentrations were
reported. When the IL-free carbohydrate mixture was
measured after the series of IL-containing samples,

wt% (rel. to the sum of the two monosaccharide derivatives)
EMIm-OAc (B-OMe-Glcp, 1% EMIm-OAc / B-OMe-Galp,
1% EMIm-OAc). Between runs 20 and 21, the electrode was
washed with hot DMSO (100 °C) and wiped with a polypro-
pylene wipe

the concentration values remained lower: the elec-
trode contamination effect was obviously long-lasting
or even permanent. The values did not increase over
20 more measurements. Washing of the electrode
in hot (100 °C) DMSO and/or polishing with a soft
polypropylene wipe fully returned the initial capac-
ity of the electrode and removed the contamination. It
is obvious that these cleaning processes—at least the
mechanical one—damage the gold layer of the elec-
trode and are detrimental to the working electrode in
the long term. Clearly, it would be advisable to avoid
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such tenacious contaminations of the electrode from
the very beginning.

The fact that the electrode response decreases and
then remains constant during subsequent measure-
ments is indicative of a passivation process which
covers the electrode by a very thin, probably even
monomolecular layer, which still allows the electrode
reactions to proceed, but at a lower rate, as reagents
and electrons must pass through the additional layer.
The layer also seems to protect the underlying elec-
trode from further passivation, otherwise, the elec-
trode response would continuously decrease and not
remain constant at the lower level, as observed in our
experiments. Concluding from our recent work on
1,3-dialkylimidazolium ion chemistry in connection
with beta-irradiation (Jusner et al. 2023, Lehrhofer
et al. 2024), we assume that the imidazolium-derived
N-heterocyclic carbene (Jahnke and Hahn 2017),
which is responsible for the observed chemical pro-
cesses during electron beam treatment in ILs, is also
generated at the electrode surface and covers the elec-
trode tightly until removed mechanically or by suit-
able solvents. It is known that such carbenes form
exceptionally stable coordination complexes/addi-
tion compounds with transition metals—among them
Au—a chemistry that has been exploited for transition
metal-based anticancer agents, nanoparticles, or gly-
coside synthesis (Zhang et al. 2024; Teles 2015; Por-
chia et al. 2018; Hosoya et al. 2014; John and Ghosh
2010; Yokota et al. 2008). Similar complex formation
occurs between N-heterocyclic carbene and Au sur-
faces, such as on the material of the IC working elec-
trode (de Souza et al. 2019; Lv et al. 2018; Mechelke
et al. 2017). If this is indeed true, the observed pas-
sivation would not only impact the measurement but
very slowly consume the electrode’s Au layer and
thus permanently damage it.

The effects of the presence of traces of IL have
not been investigated for IC conditions other than
HPAEC-PAD (e.g. for anion or cation determina-
tions), so no statements can be made about the effects
of traces of IL under different IC conditions and
modes.

High-performance thin-layer chromatography
(HPTLC)

HPTLC allows easy and fast quantification of mono-
saccharides, also in complex matrices, such as those

obtained in biorefinery approaches, fermentation
broths, or hydrolysis liquors. While IC, GC, or HPLC
have the risk of capillary or column clogging, HPTLC
does not suffer from such restrictions. Constituents
that are not completely dissolved or immobile in
the mobile phase remain at the starting point of the
TLC plate and do not interfere with the later separa-
tion along the stationary phase. In an HPTLC setup
with sampling, plotting, development, and quantita-
tion (UV/VIS scanning) being done in an automated
way, the analytical figures of merit are well compa-
rable to HPLC for biorefinery applications. Figure 5
shows the separation of p-glucose and p-galactose in
the presence of different amounts of the ionic liquid
EMIm-OAc. While the R; values were not influenced
by the presence of the IL, the signal intensities of the
spots were evidently reduced, with higher IL concen-
trations having a more pronounced suppressive effect.
While the concentration of both monosaccharides in
the solution was in fact always the same, the presence
of IL (1%, 0.5%, 0.2%) falsified the result when the
spots were read out by the automatic scanner so that
the reported monosaccharide concentrations were
much lower than the expected values.

The presence of IL was clearly not compatible with
reliable quantification of the monosaccharide content
by HPTLC. The effect was similar for the monosac-
charides and oligosaccharides tested. Interestingly,
onic and uronic acid detection seems to be more
severely affected, so that in these cases sometimes a
complete “disappearance” of the analyte occurs in the
presence of the IL (not shown). This effect might be
a consequence of the ionic (ion pair) interaction of
the onate/uronate anion with the imidazolium cation,
which is stronger than the rather weak IL-analyte
interaction in the case of neutral monosaccharides.

Gas chromatography (GC)

The negligibly small vapor pressure of 1,3-dialkylim-
idazolium-based ILs turns into a significant drawback
if these ionic liquids enter a gas chromatography sys-
tem as a trace impurity of an analyte. While solvent
and conventional, volatile analyte components will
enter the capillary as gases and will be separated dur-
ing the transport along the stationary phase, the IL
will mostly remain in the inlet and liner and contami-
nate them, and this contamination will increase in the
case of multiple injections. Small amounts of the IL
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Fig. 5 HPTLC chromatograms of a model separation of
equimolar mixtures of D-glucose and p-galactose. Track 1:
0.03 mg mL~! p-glucose only; track 2: 0.03 mg mL~! p-galac-
tose only; Tracks 3-5: 0.03 mg mL™' of each sugar, with 3)
0.2%, 4) 0.5% 5) 1% of EMIm-OAc (1a); track 6: EMIm-OAc

will be dragged along with the carrier gas in the form
of neutral ion pairs, enter the capillary, slowly travel
deeper into it, and may eventually reach the detector.
This causes a gradual increase of the background in
the case of MS detection, with “classical” symptoms
of capillary bleeding and contamination (see Fig. 6a).
Since it is almost impossible to flush out the IL once
it entered the capillary, the only remedies are to
shorten the capillary mechanically from its liner side,
trying to remove at least the most heavily IL-contam-
inated part, and to perform a thorough cleaning of the
inlet and replacing the contaminated liner (Fig. 6b),
or eventually using a new capillary. It is obvious
that IL traces in analytical GC samples — which can
even impair the analytical hardware in the manner
described — are a highly undesirable occurrence that
should be avoided as far as possible.

Removing 1,3-dialkylimidazolium IL traces
from analytical samples
Given the negative effects that 1,3-dialkylimidazo-

lium IL traces in analytes can have on different ana-
lytical methods, it seemed obvious that a protocol to
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(1a) only; track 7+ 11: EMIm-thione (3); track 8 + 12: BMIm-
thione (4). Tracks 1-5: separation conditions for monosaccha-
rides; tracks 7-8 and 11-12: separation conditions for treated
ionic liquids

neutralize such impurities and render them harmless
would be most welcome. We started with the require-
ment that up to 5 wt% of IL (relative to the sum mass
of the analyte) should be removed, although the
actual content in most samples would probably be one
(to two) orders of magnitude lower. Further, a possi-
ble additional treatment should evidently interfere as
little as possible with the analyte and the analytical
techniques, of which we focused on IC, HPTLC and
GC (vide supra). Adsorption and ion exchange tech-
niques, although well-suited to remove the IL, would
be generally unsuitable as it cannot be guaranteed that
ionic components in the analyte, e.g., frequent analyte
components, such as onic and uronic acids, carbox-
ylic acids, and hydroxy-acids, would not be retained
as well.

After quite extensive and unfortunately rather
unsuccessful trials to remove the IL traces by adsorp-
tion and separation techniques, we resorted to a chem-
ical modification approach. Ideally, this would require
a selective modification of the IL that cancels out its
disadvantageous analytical properties, but without
compromising the chemical integrity of any other
component of the analyte and solvent. Considering
the complexity of analytes in the field of biorefinery
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Fig. 6 a Flushing a GC
capillary (DB-5ms) after
previous sugar analysis of
samples containing trace IL
impurities (0.1 wt% EMIm-
OAc), section of chroma-
tographic trace, t> 20 min.
The increased background
noise and “bleeding”
remained constant and did
not decrease for more than
4 h. b Mildly contaminated
(left) and heavily con-
taminated GC liners which
require thorough cleaning
or exchange

analytics, this seemed rather utopian until we were
reminded — admittedly serendipitously in conjunc-
tion with studies on beta-irradiation studies of ILs

Scheme 1 Conversion of
1,3-dialkylimidazolium
cations from ionic liquids
into the corresponding
2-thiones by stirring with
elemental sulfur. Conditions
a preparative synthesis of
an authentic sample accord-
ing to a modified literature
protocol (Laus et al. 2013),
conditions b protocol for
removing IL traces from
analytical samples

a) 2000 2100 2200 2300 2400 2500 2600 2700 2800 2000 3000  31.00

b)

(Jusner et al. 2023; Henniges et al. 2012) and residual
chromophores in cellulosics (Rosenau et al. 2007)—
of the very facile formation of the carbene derived
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a) Sg (1.04 eq.),KoCO3(1.2 eq.), MeOH, reflux, 3h
b) Sg (10-50 eq.), Al,O3 (10-50 eq.), any common non-apolar solvent, 5 min
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from 1,3-dialkylimidazolium cations and its neat
follow-up reaction with elemental sulfur to the cor-
responding thiones (Laus et al. 2013), see Scheme 1.

The reaction with Sg converts 1,3-dialkylimidazo-
lium cations on a preparative scale in nearly quanti-
tative yields into the corresponding 2-thiones when
stoichiometrically equivalent amounts of co-reactants
are used. If the co-reacting sulfur is offered in a large
excess, as in the present case where only IL traces
are present, the conversion is complete within a few
minutes, and the yields are practically quantitative.
The reaction is largely independent of the reaction
medium: it proceeds equally well in aprotic media,
in protic media such as alcohols or pyridine, and also
in aqueous solvent mixtures (tested up to 65 vol% of
water in acetone or ethanol). The resulting thiones are
neutral heterocyclic compounds: upon reaction, the
1,3-dialkylimidazolium moiety loses its cationic and
aromatic character.

In contrast to their 1,3-dialkylimidazolium precur-
sors, the thiones behave quite “nicely” in the analyses:
in IC, the thiones are redox-neutral and thus “blinded
out”, becoming invisible under the usual conditions of
electrochemical carbohydrate detection, without hav-
ing any negative influence on the other (carbohydrate)

analytes. Most notably, there is no negative effect on
the stability of the electrode response as in the case
of the IL traces, so the IL conversion into the thiones
combined with measurement on a freshly conditioned
working electrode provides consistent and constant
quantification (Fig. 7). In TLC, the thiones show
clear spots when their concentration is high enough
(Fig. 8). In low concentrations, such as those of the IL
traces in the analytes, the thiones are scarcely TLC-
detectable, and their formation reliably cancels out
the negative quantification effects of the IL traces on
the carbohydrates. In GC analysis, the thiones are
readily volatilized and transported through the capil-
lary without residues and interferences (Fig. 9), giv-
ing clear and well-distinguishable peaks.

The reagent used to prepare the thiones, elemental
sulfur that is mainly present as the cyclic octamer Sg,
has very low general reactivity under the conditions
of sampling and analysis, so that a reaction with com-
ponents of the analyte other than the IL is rather unu-
sual, if not highly unlikely. Optimization trials have
established that the sulfur is best applied as precipi-
tate on neutral alumina (sulfur@alumina, 5 wt%, a
mixture of basic and acidic alumina) which is simply
prepared by adding the alumina to a solution of sulfur

— —=—a) 1 % EMIM-OAc
—— o -OAc with in-between electrode cleanin
512' b) 1 % EMIM-OAc with in-b. | de cleaning
é c) 1 % EMIM-OAc with in-between S-treatment
S 114 d) 1 % EMIM-OAc with in-between S-treatment and electrode cleaning
c —o—e) 1 % EMIM-OAc with S-treatment from the beginning
o
($) ° o ° o .
-c 10 1 4 v \ g v A b v v v
(V]
£
£ 91
-
2 -3
[<}]
a 81

1 2 3 4 5

7 8 9 10 1 12

Number of consecutive measurements

Fig. 7 Consecutive IC-PAD measurements (1-6) of an aque-
ous solution containing 10 mM methyl f-p-glucopyranoside
and 1 wt% EMIm-OAc (rel. to the monosaccharide derivative).
a direct measurement on a freshly cleaned electrode (1-7); b
direct measurement on a freshly cleaned electrode (1-7) fol-
lowed by another electrode cleaning step and further measure-
ment (8-12); ¢ direct measurement on a freshly cleaned elec-
trode (1-7) followed by sample treatment with elemental sulfur
and further measurement (8-12) without another electrode
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cleaning step; d direct measurement on a freshly cleaned elec-
trode (1-7) followed by sample treatment with elemental sul-
fur, another electrode cleaning step and further measurement
(8-12); e sample treatment with elemental sulfur before meas-
urement on a freshly cleaned electrode. For the Sg-treatment,
see the protocol in the Materials and Methods section. Note
that the purification protocol gives improvements only when
used from the beginning on a clean, non-contaminated elec-
trode, or after an in-between electrode cleaning step
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1 2 3 4

Fig.8 HPTLC chromatograms of a model separation of
equimolar mixtures of p-glucose and D-galactose contain-
ing 0.5% of EMIm-OAc (eluant: methanol/water, v/v=6/4).
Track 1: direct measurement, track 2: measurement after IL
removal through conversion into the corresponding thione by
Sg-treatment  (separation conditions for monosaccharides).
Tracks 3 and 4: HPTLC of thiones derived from EMIm and
BMIm (separation conditions for thiones / treated samples)

in toluene and evaporating the solution to dryness.
The alumina has two functions: first, the basic centers
aid the formation of the corresponding N-heterocyclic
carbene (Gurau et al. 2011), which then immedi-
ately reacts with the sulfur, and second, the formed
thiones are obviously adsorbed to a large extent to the
alumina surface where they just had been formed so
that the concentration of thiones in the analysis solu-
tion is thus significantly reduced. It should be noted
that alumina cannot be replaced by silica, Celite®, or
other carriers because the alkaline centers are a pre-
requisite for substantial carbene formation and thus
for the thione formation to proceed. Also, neutral
alumina cannot be replaced by basic alumina (in an
attempt to further expedite IL conversion), as this alu-
mina variant would adsorb acidic components in the
analyte, such as organic acids, which is not the case
with neutral alumina. We took water-free alumina
(Brockmann grade 1) for preparation of the solid
sulfur@alumina to be used in combination with all
non-aqueous solvents, and Brockmann grade 5 alu-
mina (non-hygroscopic) for use in aqueous media
and binary water-containing solvents. The solubility
of sulfur in other very apolar media, such as alkanes,
cycloalkanes, benzene or toluene, is also notice-
able but is much higher for sulfur than for sulfur@
alumina. Although the derivatization reaction itself
proceeds readily and the release of sulfur into the sol-
vent would be minimal, these apolar solvents should
be replaced by polar or polar protic solvents before
subsequent analysis to avoid unnecessary uptake

/--_-—

Fig. 9 GC chromato-
graphic traces of the thiones —— EMIM
and their parent ILs. From EMIM Thion
top to bottom: EMIm-OAc ';' ——— BMIM
(1a), 1-ethyl-3-methyl- : BMIM-Thion
1,3-dihydro-2H-imidazole- 5,
2-thione (3), BMIm-OAc ©
(2a), 1-butyl-3-methyl- c
1,3-dihydro-2H-imidazole- =y
2-thione (4). For the 2
behavior of the ILs in GC, (e}
cf. also Fig. 6a "6'
2
[<4]
(]
T T
5 10 15

20 25 30 35 40 45
Retention time [min]
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of sulfur into the analytical systems. After solvent
screening, we can recommend all common solvents,
such as ethyl acetate, THF, dioxane, dichloromethane,
pyridine, chloroform, methanol, ethanol, 2-propanol
or their mixtures—which are commonly used for GC
and HPTLC detection—for the IL-removal protocol
and subsequent analysis.

Conclusions

Traces of 1,3-dialkylimidazolium ionic liquids impair
the accuracy of analyses by GC, IC and HPTLC—
the negative influence of the IL traces on these ana-
lytical methods for monosaccharide determination is
reported here for the first time. Even more detrimen-
tal, the IL traces can permanently compromise the
integrity of IC detector electrodes and GC capillar-
ies and deteriorate the quality of the measurements.
In the case of ion chromatography, it can be assumed
that the formation of the 1,3-dialkylimidazolium-
derived carbene and its strong interaction with the
electrode material (Lv et al. 2018) is the reason for
the loss of sensitivity. In gas chromatography, the
missing (or extremely low) volatility of the ILs and
subsequent thermal degradation cause the undesired
capillary effects and the loading of the capillary/liner
with contaminants that are hard to remove. The rea-
son for the negative influence on the detectability
of carbohydrates (and carbohydrate derivatives) in
HPTLC can only be speculated at present. Although
it is known that 1,3-dialkylimidazolium ionic liquids
react with the reducing ends of aldoses of cellulose
(Ebner et al. 2008), this reaction cannot take place
in the case of the methyl aldopyranoside compounds
used, and the concentration of IL would also be far
too low to explain the observations of the apparent
“disappearance” of the analytes.

To avoid such problems, an easy remedy is intro-
duced: suspending elemental sulfur—a roughly
tenfold molar excess—in the solution of the ana-
lyte for 10 min under stirring. This will convert the
1,3-dialkylimidazolium ions into the corresponding
1,3-dialkyl-imidazole-2-thiones, which have two
favorable properties: their adsorbates at alumina
exhibit very low extractability into most apolar,
aprotic and protic solvents and—if they should dis-
solve nevertheless—have no negative effect on IC,
HPTL, or GC separation. If freshly precipitated
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sulfur on neutral alumina is used, the stirring time
can in most cases be reduced to 5 min and the
formed thione is reliably absorbed onto the solid
phase in standard GC and HPTLC solvents. Even
in rather polar aprotic solvents, such as DMSO or
DMF (which would be rather non-standard solvents
for GC measurements anyway), only thione traces
are dissolved and the main part remains bound to
the alumina matrix.

The method presented also works with other
1-alkyl-3-methylimidazolium ILs, which are reli-
ably converted into their corresponding 2-thione
derivatives. 1-Alkyl-3-methylimidazolium ILs with
additional 2-substituent do not react because the
C2-carbene intermediate required for thione forma-
tion cannot be formed.

If hydrolysates or similar samples from biomass
treatments involving ILs are to be analyzed by GC,
we generally recommend sulfur pretreatment before
injection. The same applies to HPTLC or IC analy-
sis, to eliminate measurement errors resulting from
IL impurities contained. The additional step in the
analytical protocol can easily be integrated into
sample preparation (addition, stirring, and filtra-
tion), does not constitute a significant extension of
analysis time, and does not involve any hazardous
chemicals or tedious techniques. We thus hope that
after a necessary "familiarization phase", the addi-
tional step will become a matter-of-course protocol
in the respective analysis approaches for biomass
hydrolysates in which the presence of IL traces can-
not be ruled out with certainty.
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