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Introduction

On the chemical interactions of the biomass
processing agents y-valerolactone (GVL) and
N-methylmorpholine-N-oxide (NMMO)+

Paul Jusner, © 2 Markus Bacher, &2 Hubert Hettegger, @2 Huy Quang Le, ©°
Antje Potthast, © 2 Herbert Sixta &2 ® and Thomas Rosenau & *2

In new biorefinery processes, NMMO/water is used for the pre-treatment of biomass to increase the
efficiency of subsequent digestion processes, while GVL/water is used for “organosolv” fractionation of
biomass. The combination of both methods, GVL digestion after pre-activation by NMMO, appears to be
reasonable, but has not been successful. In the present study, we examine the reason for this failure and
investigate the chemical processes in the ternary system NMMO/GVL/water and in the quaternary system
NMMO/GVL/water/"biomass”. The consumption kinetics of NMMO and GVL at different temperatures,
water contents and NMMO/GVL ratios were recorded. The respective degradation and reaction products
were identified for the first time, by combining nuclear magnetic resonance (NMR) spectroscopy, and gas
chromatography — mass spectrometry (GC-MS) techniques and synthesis of authentic compounds for
comparison. Decomposition products of NMMO and GVL on their own as well as reaction products of
both components together (ax-morpholinomethyl-GVL (7), a-methylene-GVL (8), and 4-hydroxyvaleric
acid morpholide (13)) were observed among the main degradation products. At temperatures of 150 °C
and at a water content <10% (or 180 °C and 30%, respectively), the contained NMMO was autocatalytically
decomposed in highly exothermic reactions, and explosive processes occurred which caused complete
charring of the reaction mixture. At higher water contents, the system remained stable, but NMMO was
still completely degraded and GVL was consumed to a significant extent. While the biomass component
cellulose was largely unreactive, lignin was the main culprit that caused degradation reactions in the
system. The formation of NMM (5) from NMMO and the resulting ring opening of GVL to 4-hydroxyvaleric
acid (3), which is immediately oxidized by NMMO to levulinic acid (4), were the initial reactions that trig-
gered the subsequent, more complex decomposition pathways. The chemical structures of all degra-
dation products were fully analytically confirmed. Due to the instability of the NMMO/GVL system, the
combination of NMMO biomass pre-treatment and GVL biomass digestion is prohibited, unless a careful
removal of NMMO is carried out beforehand. Besides these practical conclusions with regard to biomass
processing in biorefineries, the present study provides hopefully helpful insights into the chemistry of
NMMO and GVL and the underlying reaction mechanisms.

according to the Lyocell technology, which is one of the most
environmentally benign industrial fibre-making processes

N-Methylmorpholine-N-oxide monohydrate (NMMO, 2) is the
solvent used in the industrial production of cellulosic fibres
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developed. NMMO is fully biodegradable' and recyclable to
more than 99% in the industrial setting.”

NMMO, theoretically, dissolves cellulose in a merely physi-
cal process - the strong N-O dipoles® break the complex hydro-
gen bond network of cellulose and establish solvent-solute
hydrogen bonds, effecting cellulose dissolution. Practically,
NMMO tends to react with several chemical agents: the system
NMMO/water/cellulose involves complex homolytic (radical)
and heterolytic (ionic) degradation reactions,” which - in the
worst case - can cause autocatalytic degradation® of the
solvent with uncontrollable exothermic reactions. However,
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the use of stabilizers nowadays allows running the industrial
applications safely and reliably.®

NMMO, as the most widely used amine N-oxide oxidant, is
frequently employed in chemical synthesis,” mostly as a direct,
primary oxidant® or as a secondary oxidant in transition metal-
catalysed oxygenations,’ as the intermediate to effect stabiliz-
ation of ortho-quinone methides or N-dealkylation,'® for the
production of metal nanoparticles,'* or many other reactions,
so that reflections on the manifold aspects of NMMO chem-
istry would go far beyond the scope of this article.

More recently, NMMO has got into the focus of usage
attempts as an effective and environmentally compatible
auxiliary in the pretreatment of cellulose'” and lignocellulosic
biomass"? to facilitate subsequent enzymatic hydrolysis of the
polysaccharides contained. NMMO in general closely interacts
with water'® and forms two stable hydrates, a monohydrate
(NMMO-H,0) and a semisesquihydrate (NMMO-2.5H,0).
Pretreatment of biomass is carried out in rather concentrated
aqueous NMMO solutions which mostly contain 50% or 85%
NMMO.

NMMO-pretreated biomass was shown to react faster and to
give higher monosaccharide yields upon enzymatic hydrolysis
than non-treated biomass.'®> This was attributed to increased
accessibility and amorphicity (i.e., decreased crystallinity) of
the cellulose after the NMMO pretreatment."® The good results
of enzymatic cellulose hydrolysis of NMMO-pretreated cotton
linters and/or wood (oak, spruce) were attributed to decreased
cellulose crystallinity, partial transformation of cellulose I to
cellulose II, and an increased capacity of the cellulosic sub-
strate to adsorb the enzymes."”“'**'” NMMO is considered to
widen the lignocellulose structure, swell its microfibrils, and
decrease its overall recalcitrance while at the same time main-
taining an almost unchanged chemical composition.'”*® This
effect was similar for wood and non-woody biomass: in all
cases the composition was apparently influenced only to a
little extent. The composition of rice straw, wheat straw, and
corn husks as well as oil palm empty fruit bunches did not
change significantly even after prolonged treatments with
NMMO for over 10 h.*’

Generally, the yield of enzymatic hydrolysis of polysacchar-
ides in biomass was boosted by NMMO-pretreatment, increas-
ing not only the yield of cellulose-derived glucose, but also the
outcome of hemicellulose-derived monosaccharides, such as
xylose, glucose and mannose during enzymatic hydrolysis,*
and the effect on methane/biogas yield was similarly posi-
tive.”! The big advantage, as suggested in the pertinent papers,
is that NMMO has no inhibitory effect on the enzymes used,
which - in combination with the good biodegradability of
NMMO - eliminates the need for extensive washing to remove
residual NMMO from the pretreated biomass, as NMMO carry-
overs would neither pose an ecological nor a major economic
problem.*?

Unlike synthetic NMMO, the cyclic ester y-valerolactone
(GVL, 1) is a natural substance, occurring as a volatile flavour
constituent in many products, such as barley, coffee, cocoa,
mango, honey, peach, or mushrooms.>® GVL has been widely
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applied as a food flavour enhancer,>* a perfume component
or a solvent for lacquer, insecticides, and adhesives.>® GVL is
produced from carbohydrate sources via levulinic acid,””
which is hydrogenated under heterogeneous catalysis con-
ditions. GVL and its properties comply with Green Chemistry
principles for solvents (low volatility, low toxicity, no malo-
dour, and stability under pH-neutral storage conditions),®
which promoted the recent renaissance of GVL-related
research activities. Since the first revival of interest led by
Horvath et al. in 2007,>° GVL has almost been hyped as a
green solvent for a variety of chemical and biomass conversion
processes.

The most straight-forward production approach for GVL is
the synthesis from carbohydrate sources, such as fructose,*
cellulose® or biomass®* in aqueous media, which effectively
minimizes the costs for GVL separation and purification.
Alternatively, pioneered by Dumesic et al.,** bio-chemicals,
such as lignin monomers, monomeric carbohydrates, organic
acids and platform furan compounds, were produced from
carbohydrate sources or biomass in aqueous solutions of
GVL.*! The apparent activation energies of hydrolysis reactions
were lower in GVL than under conventional conditions, allow-
ing for low-temperature operation. Besides this, furfural degra-
dation reactions (to humins) were suppressed in GVL, thus
increasing the product yield and allowing the use of solid cata-
lysts with lower risk of deactivation.*

GVL has been widely employed in the thermochemical pre-
treatment of biomass for improving enzymatic activities in the
production of biofuels.*® Full biorefinery concepts based on
GVL pulping have been developed by Sixta et al®’ and
Dumesic et al.*® to produce dissolving pulp and other value-
added products from lignocellulosic biomass.>*>¢ Luterbacher
et al. introduced a lignin-first biorefinery concept based on the
aldehyde-stabilized GVL treatment of biomass to produce less
condensed lignin with a high content of native linkages, which
was more susceptible to depolymerization to monoaromatic
compounds than other technical lignins.*”

Given the advantages of NMMO pretreatment and GVL
biomass fractionation, each on its own, it was logical, at least
at first sight, to attempt a combination of the two to check for
possible synergistic, beneficial effects.”” On the one hand, the
NMMO pretreatment was expected to reduce the process temp-
erature, and thus the energy input of the subsequent GVL frac-
tionation step, and on the other hand, the GVL fractionation
would open utilization ways for NMMO-pretreated biomass
other than just enzymatic saccharification or biogas pro-
duction, for instance direct material utilization of the cellulose
and lignin fractions.

A combination of both compounds, of course, raises the
issue of whether the NMMO system and the GVL system are
chemically compatible or not. This is especially important as
NMMO residues from the pretreatment step are usually not
meticulously removed (see above) so that appreciable amounts
of NMMO are carried forward into the GVL biomass fraction-
ation. While both NMMO pretreatment and GVL fractionation
of biomass have been shown to be fairly devoid of degradation
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reactions and byproduct formation, this cannot necessarily be
assumed for the combination of the two agents (see the ESIT
for known incidents).

Previous research has demonstrated how important and
surprising the chemistry of byproducts and side reactions in
allegedly fully physical processes during biomass processing
can be. This starts with the formation of highly reactive
agents, such as keteniminium ions from the cellulose solvent
N,N-dimethylacetamide/LiCl** or methyl(methylene)sulfonium
ylide from the cellulose derivatizing system DMSO/phenyliso-
cyanate® that degrade cellulose and, if not avoided, render
respective analytical methods highly inaccurate. Such research
also includes examples of high economic and ecological rele-
vance, such as chromophore formation in cellulosics and the
associated bleaching requirements*® or the derivatization of
cellulose by degradation products of allegedly inert ionic
liquids,** and even touches upon aspects of work safety and
health, such as the avoidance of the formation of N-(methyl-
ene)morpholinium ions in the industrial production of Lyocell
fibres.”” From such former studies we were able to draw on
experience with by-product formation and complex reaction
systems involving biomass components, from which we hoped
to benefit methodologically also for the present work. The
aspects of the chemical compatibility of NMMO biomass pre-
treatment and GVL biomass fractionation, in particular the
questions which side reactions occur and which by-products
are formed, were the incentives of this study.

Experimental section
General

All chemicals were purchased from commercial suppliers and
were of the highest purity available. Solvents of highest purity
available were used for all extractions and workup procedures.
Distilled water was used throughout. Anhydrous NMMO was
recrystallized twice from acetone before use. TLC was per-
formed using Merck silica gel 60 F,s, pre-coated plates. Flash
chromatography was performed on Baker silica gel (40 pm par-
ticle size). All products were purified to homogeneity (TLC/GC
analysis).

Beech sawdust was produced by milling of bark-free, air-
dried beech wood (Retsch lab mill, Haan, Germany); only
particles with sizes below 150 pm were used; the chemical
composition of the wood was as follows: 47.9% cellulose
(glucose), 21.2% hemicelluloses (15.8% xylose and 5.4%
other monosaccharides), 26.2% lignin, 1.1% extractives
and 0.3% ash. Commercially available cellulose (Avicel
PH-101 microcrystalline cellulose, Sigma-Aldrich) was used,
along with hemicellulose (beech xylan) and lignin (beech and
spruce milled wood lignin) available from earlier work.*’

Analysis and compound identification by nuclear magnetic
resonance (NMR) spectroscopy

For NMR analysis, a Bruker Avance II 400 instrument (*H reso-
nance at 400.13 MHz, *C resonance at 100.62 MHz) with a
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5 mm broadband probe head (BBFO) equipped with a z-gradi-
ent with standard Bruker pulse programs was used. Data were
collected with 32k data points and apodized with a Gaussian
window function (GB = 0.3) prior to Fourier transformation. A
2.5 s acquisition time and a 1 s relaxation delay were used. A
Bruker TopSpin 3.5 spectrometer was used for the acquisition
and processing of the NMR data. Spectra were recorded in
CDCl; in the case of isolated compounds (either from degra-
dation mixtures or authentic samples for comparison), or in
DMSO-d, for determination of the composition of the reaction
mixtures. Chemical shifts, relative to TMS as an internal stan-
dard, are given in § ppm values, and coupling constants in Hz.
13C peaks were assigned by means of APT, HSQC and HMBC
spectra.

GC-MS analysis (liquid phase)

To a 0.5 mL aliquot of the sample in dichloromethane 200 pL
of anhydrous pyridine containing 1.5 mg mL™" 4-dimethyl-
aminopyridine (DMAP) and 200 pL N,O-bis(trimethylsilyl)
trifluoroacetamide  (BSTFA) containing 10% trimethyl-
chlorosilane (TMCS) were added. The mixture was heated for
2 h at 70 °C and allowed to cool to room temperature. The
sample was diluted to 1.00 mL with dichloromethane and an
aliquot of 0.2 pL was injected.’® The GC-MS analysis was
carried out on an Agilent 7890A gas chromatograph with an
Agilent 5975C triple axis mass selective detector (MSD).
Column: DB5-ms (30 m x 0.25 mm i.d., 0.25 pm film thick-
ness; J&W Scientific, Folsom, CA, USA). The MMI multi-mode
inlet was operated under the following conditions: splitless
injection, constant column flow: 0.9 mL, min~" with helium as
the carrier gas, purge flow: 15.0 mL min~" (0.75 min); injector:
constant T = 260 °C. Temperature profile: 50 °C (2 min), then
5 °C min~" to 280 °C (20 min). MS detection: EI mode, 70 eV
ionization energy, 1.13 x 1077 Pa, ion source temperature:
230 °C, quadrupole: 150 °C, transfer line: 280 °C. Data acqui-
sition: scan from 45 to 950 m/z. Injection: 0.2 pL, CTC-PALxt
autosampler, Chronos software v.3.5 (Axel Semrau,
Spockhovel, Germany). The NIST/Wiley 2008 database was
used for compound identification.

Headspace GC-MS analysis (gas phase)

GC-MS analysis was carried out on an Agilent 6890 gas chro-
matograph with an Agilent 5975C mass selective detector
(MSD). Column: VF-WAXms (30 m x 0.25 mm i.d., 0.25 pm
film thickness; J&W Scientific, Folsom, CA, USA). The MMI
multi-mode inlet was operated under the following conditions:
splitless injection, constant column flow: 0.9 mL min~" with
helium as the carrier gas, purge flow: 15.0 mL min "
(0.75 min); injector: constant at 250 °C. Temperature profile:
40 °C (2 min), then 8 °C min™" to 250 °C (6 min). MS detec-
tion: EI mode, 70 eV ionization energy, 1.13 x 10”7 Pa, ion
source temperature: 230 °C, quadrupole: 150 °C, transfer line:
280 °C. Data acquisition: scan from 45 to 500 m/z. Injection:
3 mL headspace, Agilent 7694 headspace sampler, 3 min equi-
libration at 50 °C, vial pressurization time: 0.2 min, loop fill
time: 0.18 min, loop equilibration time: 0.05 min, injection
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time: 1 min. The NIST/Wiley 2008 database was used to
support compound identification.

General procedure for studies of the chemical integrity in the
ternary system GVL/NMMO/water and the quaternary system
GVL/NMMO/water/biomass

Experiments on reactions in the GVL- and NMMO-containing
reaction systems were performed in 100 mL stainless steel
bombs with inner PTFE coating equipped with a magnetic
stirrer and a valve that allowed withdrawing gaseous or liquid
samples. The procedure was adapted from previous work.?”¢
The reactors were inserted into an aluminium block system
(2mag AG Munich; Germany) with internal electrical heating
and 15 separately stirrable wells (70 mm i.d., 80 mm deep) so
that 15 reactions could be carried out in parallel. The heating
block allowed controlled rapid heating (250 °C min™') and a
temperature accuracy of +2 °C. Cooling was performed by
quickly immersing the reactors in a water bath which allowed
reaching the target temperature (r.t.) within less than 15 s.

CAUTION! NMMO containing mixtures, especially at temp-
eratures >100 °C, may undergo spontaneous, uncontrollable
degradation reactions and explosive decomposition!
Appropriate pressure-proof reactors, working in a hood,
and appropriate protection wear are absolutely necessary!
Minimizing reagent amounts is recommended!

The reactors were filled to a volume of maximum 50 mL
with the ratios of the components of the reaction mixture
being set according to Fig. 1-4 (see the corresponding text).
After fast heating within less than 1 min, the target tempera-
ture (100, 125, 150 or 180 °C, see Fig. 1-4) was kept for 2 h.
The reactors were quickly cooled to r.t. as described above and
opened. In all cases where charring of the content occurred as
a result of autocatalytic NMMO degradation, the black, intract-
able precipitate was discarded. In some cases, the gas phase
was withdrawn through the sample valve and analysed by
headspace GC-MS. Solids from biomass were filtered off
through a sintered glass frit. A 200 pL aliquot of the liquid
phase was dissolved in 400 pL of DMSO-d, and analysed by "H
NMR to determine the loss of GVL and NMMO (see above).

Isolation of degradation products was performed only in
cases where NMR indicated extensive degradation of NMMO
and/or GVL and formation of by-products, otherwise the
amounts isolated would have been too small for a reliable
identification. The liquid phase was poured into a saturated
aqueous NaCl solution (100 mL, pH = 4 set with conc. HCl),
stirred vigorously for 1 min and extracted with dichloro-
methane (3 x 20 mL). The organic extracts were combined. The
aqueous phase was brought to pH 10 (2 M NaOH) and
extracted again with dichloromethane (3 x 20 mL). The
aqueous phase was discarded and all organic extracts (from
both the acidic and alkaline aqueous phases) were combined,
washed with brine (20 mL) and dried over MgSO,. Evaporation
of the solvent in vacuo was performed at r.t. in order not to
lose highly volatile components. An aliquot of the residue was
dissolved in CDCl; for NMR and GC-MS analysis. The bulk of
the residue was dissolved in chloroform and subjected to
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column chromatography on silica gel with an ethyl acetate/
toluene (v/v = 4: 1) eluant. The isolated components were ana-
lysed by NMR and GC-MS (see above). The identity of the
reported components was in all cases confirmed additionally
by comparison with authentic samples, which were either
commercially available or independently synthesized.

Analytical characterization of GVL- and NMMO-degradation
products

Levulinic acid (4). "H NMR (CDCl,): § 2.12 (s, 3H, 5-CHj),
2.54 (t, J = 6.1 Hz, 2H, 2-CH,), 2.69 ppm (t, J = 6.1 Hz, 2H,
3-CH,). ®C NMR: § 27.6 (2-CH,), 29.5 (5-CH3), 37.5 (3-CH,),
178.3 (1-CO), 207.0 ppm (4-CO). Anal. caled for CsHgO;: C
51.72, H 6.94; found C 51.76, H 6.99.

N-Methylmorpholine (5). "H NMR (CDCl;): § 2.27 (s, 3H,
N-CHj3), 2.39 (t, 4H, N-CH,), 3.70 (t, 4H, O-CH,). *C NMR:
5 43.7 (N-Me), 53.8 (d.i.), 64.1 ppm (d.i.). Anal. caled for
C5H,,NO: C 59.37, H 10.96, N 13.85; found: n.d.

5-Methyl-3-(morpholinomethyl)dihydrofuran-2(3H)-one,
a-morpholinomethyl-y-valerolactone (7). 'H NMR (CDCl,):
5 1.37 (d, 3H, CHj), 2.12 (m, 1H, 4-CH,), 2.54-2.62 (m, 2H,
4-CHg, 3-CH-CH,), 2.72 (m, 4H, N-CH,), 2.91 (m, 1H,
3-CH-CHg), 3.62 (m, 4H, O-CH,), 4.54 ppm (sext, 1H, 5-CH).
3C NMR: § 20.8 (CH3), 34.1 (4-CH,), 45.0 (3-CH), 45.6 (d.i.,
N-CH,), 49.8 (3-CH-CH,), 65.9 (d.i., O-CH,), 75.0 (5-CH),
175.9 ppm (1-CO). Anal. caled for C;,H;,NO;: C 60.28, H 8.60,
N 7.03; found C 60.19, H 6.72, N 7.14.

5-Methyl-3-methylenedihydrofuran-2(3H)-one, a-methylene-
y-valerolactone (8). "H NMR (CDCl,): § 1.39 (m, 3H, CHj,), 2.51
(ddt, J = 17.0, 6.0, 2.9 Hz, 1H, 4-CH,), 3.07 (ddt, J = 17.0, 7.6,
2.6 Hz, 1H, 4-CHp), 4.64 (m, 1H, 5-CH), 5.60 (t, J = 2.6 Hz, 1H,
methylene-H,), 6.18 ppm (t, J = 2.9 Hz, 1H, methylene-Hy). **C
NMR: 6 21.9 (CH;), 35.0 (4-CH,), 73.9 (5-CH), 121.9 (methyl-
ene-CH,), 134.8 (2-C), 170.3 ppm (1-CO). Anal. caled for
CcHgO,: C 64.27, H 7.19; found C 64.32, H 7.26.

Morpholine (9). "H NMR (CDCl,): § 1.73 (s, b, 1H, NH), 2.87
(m, 4H, N-CH,), 3.68 ppm (m, 4H, O-CH,). "*C NMR: § 46.4
(d.i.), 64.1 ppm (d.i.). Anal. caled for C,HoNO: C 55.15,
H 10.41, N 16.08; found C 55.08, H 10.62, N 15.96.

5-Methylfuran-2(3H)-one, a-angelicalactone (10). '"H NMR
(CDCL,): 6 1.96 (td, J = 2.6, 1.6 Hz, 3H, CH;), 3.14 (“pent”, J =
2.6 Hz, 2H, CH,), 5.10 ppm (m, CH). *C NMR: § 13.9 (CH3),
34.0 (CH,), 99.0 (CH), 153.2 (C-CH3), 176.9 ppm (CO). Anal.
caled for CsHgO,: C 61.22, H 6.17; found C 61.34, H 6.03.

3-Pentenoic acid (11). "H NMR (CDCL,): § 1.70 (ddt, J = 6.0,
1.4, 1.4 Hz, 3H, 5-CH3), 3.06 (dm, J = 6.6 Hz, 2H, 2-CH,), 5.52
(m, 1H, 3-CH), 5.60 ppm (m, 1H, 4-CH). "*C NMR: § 17.9
(5-CH3), 37.7 (2-CH,), 121.9 (3-CH), 130.1 (4-CH), 178.9 ppm
(1-CO). Anal. caled for CsHgO,: C 59.98, H 8.05; found C 60.12,
H 8.17.

4-Pentenoic acid (12). '"H NMR (CDCl3): 6 2.38 (m, 2H,
3-CH,), 2.47 (m, 2H, 2-CH,), 5.02 (ddt, J = 10.2, 1.5, 1.5 Hz, 1H,
5-CH,), 5.08 ((ddt, J = 17.0, 1.5, 1.5 Hz, 1H, 5-CHy), 5.83 ppm
(ddt, J = 17.0, 10.2, 6.3 Hz, 1H, 4-CH). ">C NMR: § 28.4 (3-CH,),
33.3 (2-CH,), 115.7 (5-CH,), 136.2 (4-CH), 179.8 ppm (1-CO).
Anal. caled for C;HgO,: C 59.98, H 8.05; found C 59.87, H 8.07.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The ternary system GVL/NMMO/water. Consumption of GVL and NMMO by side reactions (hydrolysis, degradation) at different temperatures
covering NMMO contents between 0.5 and 10 mol% relative to GVL and NMMO/water molar ratios between 1:2 and 1:10. A: 100 °C, B: 125 °C, C:
150 °C, D: 180 °C. Cf. Fig. 3 for the corresponding quaternary system with an additional biomass component. The numerical values of NMMO and
GVL losses, on which the graphical representations are based, are listed in the ESI.{

4-Hydroxyvaleric acid morpholide (13). '"H NMR (DMSO-d6):  (CO-CH,-CH,), 34.1 (CO-CH,), 45.6 (d.i., N-CH,), 66.3 (d.i.,
8 1.07 (d, 3H, CH3), 1.60 (“q”, 2H, CO-CH,~CH,), 2.32 (t, 2H, O-CH,), 67.0 (CH(OH)), 172.9 ppm (CO). Anal. caled for
CO-CH,), 3.47 (m, 4H, N-CH,), 3.65 (m, 4H, O-CH,), CoH,;;NO,: C 57.73, H 9.15, N 7.48; found C 57.59, H 9.40,
3.68 ppm (“sext”, 1H, CH(OH)). >C NMR: § 21.2 (CH;), 28.8 N 7.34.
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Fig. 2 Stability of the system GVL/NMMO/water/biomass at different temperatures over 2 h. The first columns of the tables show the GVL/water
molar ratios. Complete degradation of the reaction mixture under char formation (red) and stable systems with degradation reactions proceeding,

but without any violent effects (green).

Results and discussion
The system GVL/NMMO/water

The interaction of GVL (1) and NMMO (2) depends mainly on
the presence of water. This is not only a concentration effect,
since the presence of water reduces the effective concentration
of the other two components, but is also chemically deter-
mined: it has long been known that anhydrous NMMO
behaves differently from its monohydrate, which in turn
behaves differently from the respective semisesquihydrate or
aqueous NMMO solutions. The same applies to GVL: in the
absence of water and no other co-reactants present, for
example, a hydrolysis reaction is evidently impossible. The
material safety data sheets (MSDS) of both NMMO and GVL
(see the ESIf) do not contain any information about possible
incompatibilities of the two compounds.

In a first step, we investigated the interaction of GVL with
anhydrous NMMO. These reaction conditions might be less
relevant for biomass systems, but have been included for the
sake of completeness. An equimolar mixture of GVL and
NMMO as well as a mixture in the molar ratio 10:1 was
heated at different temperatures (100, 125, 150 and 180 °C) for
2 h and the mixture was analysed with respect to its degra-
dation products. At 100 and 125 °C, no changes in the system
were found, at 150 °C there was a slight yellow colouring
observed, and at 180 °C a clear yellow discoloration occurred.
In none of the cases could degradation or reaction products be
isolated or identified. The yellow hue of the solution is due to

Green Chem.

the formation of chromophores, which are visible to the naked
eye even at very low concentrations (ppb to ppt) but cannot be
detected by conventional means such as NMR, HPLC, GC or
TLC at the given concentrations. In the absence of water and
other reaction partners, the binary system GVL/NMMO
can therefore be regarded as largely stable and the two com-
ponents as inert.

The next step was to investigate the equimolar binary
system GVL and NMMO monohydrate, which in principle can
also be regarded as an equimolar, ternary mixture of the three
components GVL, NMMO and water. Again, an additional
mixture in a ratio of 10:1 was also used, i.e. the three species
were present in a molar ratio of GVL/NMMO/H,0 = 10:1:1.
Interestingly, the results were very similar to those obtained
using anhydrous NMMO. At none of the four temperatures
tested (see above) a detectable chemical reaction occurred. In
contrast to anhydrous NMMO, the mixture remained almost
colourless even at 150 and 180 °C. This result was unexpected
insofar as one would assume an increase in GVL hydrolysis
due to the water present in NMMO monohydrate, especially
at higher temperatures. However, it is known that in mixtures
of NMMO, due to the high polarity of the N-O bond, the
water remains fixed to the NMMO via strong hydrogen bonds
and is not a mobile species. Obviously, such water is not
available for the hydrolysis of GVL. The lower yellowing due
to traces of chromophores can be explained by the lower oxi-
dation power of NMMO monohydrate compared to anhydrous
NMMO. In the absence of any co-reactants, the GVL/NMMO
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Fig. 3 The quaternary system GVL/NMMO/water/biomass with 10 wt% biomass relative to the GVL/water phase. Consumption of GVL and NMMO
by side reactions (hydrolysis, degradation) at different temperatures covering NMMO contents of 5, 10, 15 and 20% relative to biomass and molar
GVL/water rations between 100 : 0 and 50 : 50. A: 100 °C, B: 125 °C, C: 150 °C, D: 180 °C. Cf. Fig. 1 for the corresponding ternary system without the
biomass component. The numerical values of NMMO and GVL losses, on which the graphical representations are based, are listed in the ESI.}

monohydrate system is stable and its two components are
inert.

To further study the GVL/NMMO/water mixture exhaustively
throughout the whole space of this ternary system, with all

This journal is © The Royal Society of Chemistry 2021

possible ratios between the three components, might be of
theoretical interest, but is not relevant in practice. If biomass
is activated by NMMO treatment, the NMMO carryover into the
GVL system is typically in the low percent range relative to
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Fig. 4 The quaternary system GVL/NMMO/water/biomass component (cellulose, lignin, xylan) with 10 wt% biomass component relative to the
GVL/water phase. Consumption of GVL and NMMO by side reactions (hydrolysis, degradation) at different temperatures and a NMMO content of
10% (relative to biomass component), molar GVL/water ratios = 90:10 and 60:40. Cf. Fig. 1 for the corresponding ternary system without the
biomass component. The values for biomass (as a “single chemical component”), taken from Fig. 3, are shown for comparison. The numerical values
of NMMO and GVL losses, on which the graphical representations are based, are listed in the ESI.}

GVL. In our experiments we covered the range of 1-10 wt%
NMMO with respect to GVL. For biomass pretreatment, usually
a 50 wt% solution of NMMO in water is used, which corres-
ponds to a molar NMMO/water ratio of 1:6.5. Ratios between
1:2 and 1:10 were covered in our experiments. We thus deter-
mined the ternary compositional space with NMMO contents
of 0.5, 1, 1.5, 2, 3, 4, 5, 7.5 and 10 wt% relative to GVL, and
molar NMMO/water ratios of 1:2, 1:3, 1:4, 1:5, 1:7.5, and
1:10. The mixtures were subjected to heating for 2 h at four
different temperatures (100, 125, 150 and 180 °C) in a closed
pressure vial, before they were analysed for decomposition or
degradation reactions. 180 °C is a typical temperature for
non-catalysed GVL-organosolv treatments of biomass. The
ratio of the components can be easily determined by "H NMR
based on the integrals, while quantitation — and thus determi-
nation of the remaining content relative to the starting concen-
tration - is achieved by 'H NMR relative to an internal stan-
dard (pivalic acid, Me;C-COOH, § = 1.23 ppm). For each temp-
erature level, this approach resulted in 63 mixture compo-
sitions, for each of which the chemical integrity of the con-
tained species had to be investigated. We first focused on the
consumption of the starting components, without identifi-
cation of the degradation products. The results of the experi-
ments are shown graphically in Fig. 1. While the x-axis and
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y-axis give the content of NMMO in GVL (wt%) and the molar
ratio NMMO/H,0, the z-axis shows the loss of GVL (in %) and
the loss of NMMO (in %). The numerical yield values are given
in the ESL

At a temperature of 100 °C, NMMO was inert at all water
contents: no degradation whatsoever was observed. At the
highest water contents (5% NMMO and above, water/NMMO =
4:1 and above), some GVL hydrolysis was noticeable, but
remained well below approx. 3%. At higher temperatures, the
degradation tendency for both GVL and NMMO increased,
because evidently the decomposition reactions proceeded
faster with increasing temperatures. It was obvious that the
NMMO degradation at a NMMO/water ratio of 1:2 was rela-
tively small, had a maximum at a ratio of 1:3, and decreased
at a ratio of 1:4. This effect became more pronounced when
going from 125 to 150 and 180 °C. At an NMMO/water ratio
above 1:4, no NMMO was consumed, not even at 180 °C. The
lower reactivity of the 1:2 mixture compared to the 1:3
counterpart can again be explained by the ability of NMMO to
bind up to 2.5 equivalents of water in stable structures.
NMMO forms two stable hydrates, a monohydrate
NMMO*H,0 and a semisesquihydrate NMMO-2.5H,0 (or
better 2NMMO-5H,0); water at NMMO/water ratios below 2.5
would be tightly bound and less free to react otherwise. At a
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ratio of 1:3, little free, not NMMO-bound water is present.
With increasing NMMO/water ratio, the amount of free water
increases and the oxidation power of NMMO in turn decreases
significantly. This effect is well known from the realm of syn-
thetic organic chemistry, where NMMO is either applied as an
oxidant in its anhydrous form or as the respective monohy-
drate. The observed “protective effect” of water on NMMO in
the GVL system at water/NMMO ratios of 4 : 1 and above is also
due to this dilution effect: the excess of water increasingly de-
activates the NMMO and decreases its reactivity as an oxidant
so that it remains unchanged at large water ratios, despite the
high reaction temperatures. At 125 °C maximum consumption
of NMMO was approx. 8% (at 0.5% NMMO and a NMMO/
water ratio of 1 :3), while it rose to 86% at 150 °C (at the same
composition). At 180 °C, NMMO degradation was complete,
even over a relatively large composition range (at NMMO con-
tents between 0.5 and 5%, NMMO/water ratios 1: 3 and 1: 4).

The fact that NMMO and NMMO monohydrate were inert
towards GVL, also at higher temperatures, as established
above, seemed to deny the observed NMMO degradation at
higher water contents at a first glance. But as soon as one con-
siders that the main co-reactant of NMMO is not GVL itself,
but its reaction (hydrolysis) product(s) with water, this contra-
diction disappears, and the observed shapes of the ternary
systems in Fig. 1 become very clear.

First, we see that the consumption of GVL by hydrolysis is
increasing with an increasing amount of free water. The water
amount can increase either by a higher NMMO content with a
fixed NMMO/water ratio or by an increasing NMMO/water ratio
at a certain NMMO level in GVL. Generally, more water in the
system promotes GVL hydrolysis, but even at an NMMO
content of 10% at an NMMO/water ratio of 1:10 - in this case
water and GVL are present in equimolar amounts — only 19%
of GVL is hydrolysed. The high stability of the cyclic, 5-mem-
bered lactone compared to its open-chain y-hydroxyacid
counterpart is mainly due to entropic reasons that favour the
cyclic structure, and the 5-membered ring in particular.
Second, it was obvious that NMMO oxidation of GVL hydrolysis
products occurred only when the oxidation power of NMMO
was not diminished by too high water contents, i.e. at NMMO/
water ratios below 1:5. Thus, water in the system had an
ambivalent effect: on the one hand, increasing water amounts

H,0 0

O
— A,

OH
1 3
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promoted GVL consumption by hydrolysis, and on the other
hand, higher concentrations deactivated NMMO and decreased
its reactivity as an oxidant. At lower water contents, only small
amounts of GVL hydrolysis products are present, but these
react readily with NMMO. At higher concentrations, much
more GVL hydrolysis products are available in the system, but
NMMO is not reactive enough anymore to convert them
further.

The reaction products of NMMO with the primary GVL
hydrolysis products were evidently able to react with GVL in
secondary reactions, because the consumption of GVL showed
a local maximum at the NMMO/water ratio of 1:3, and then
decreased with increasing water amounts to rise again at very
high water contents (hydrolysis). This causes the peculiar
“bimodal” shapes of the GVL consumption graphs in Fig. 1.
The maxima of GVL consumption at the NMMO/water ratio of
1:3 coincide with the maxima of NMMO degradation. NMMO
reacts with the hydrolysis products of GVL, and the NMMO
degradation products, in turn, consume some GVL in addition.
The second maximum of GVL consumption at high water con-
tents (high NMMO contents and NMMO/water ratios) orig-
inates from GVL hydrolysis, but without further involvement of
NMMO.

Degradation products in the system GVL/NMMO/water

This discussion of the chemical processes in the ternary system
GVL/NMMO/water must appear oddly theoretical as long as the
degradation reactions and products are not specified. The only
three degradation products identified are shown in Scheme 1,
namely 4-hydroxyvaleric acid (3), N-methylmorpholine (NMM,
4) and levulinic acid (5). The compounds were detected at
random in all samples and were quantified in the cases where
their concentration was highest. No other reaction products
were found. The concentrations of the degradation products
can be retrieved from Fig. 1 and from the yield tables in the
ESL{ The loss in NMMO is equal to the molar amount of levuli-
nic acid (and N-methylmorpholine) produced. The loss of GVL
corresponds to the amount of 4-hydroxyvaleric acid generated,
which in some cases is diminished by the amount of levulinic
acid produced by the reaction with NMMO.

This makes the chemical processes in the ternary system
very clear. 4-Hydroxyvaleric acid (3) is the hydrolysis product of

0]
®

H3C/ \O_ (e
.

N

|

2 0
NOH
0 CHs
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Scheme 1 Chemical processes in the system GVL (1)/NMMO (2)/water and chemical structures of the by-products generated: 4-hydroxyvaleric

acid (3), levulinic acid (4) and N-methylmorpholine (5).
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GVL. It is formed as soon as water reacts with GVL, although
the equilibrium is far on the side of the more stable lactone.
Opposite to GVL, which does not react with NMMO, com-
pound 3 has a secondary hydroxyl group which is readily
oxidized by NMMO to give levulinic acid and NMM. As seen in
an independent experiment, the reaction between 4-hydroxyva-
leric acid and NMMO is complete within less than 20 min at
near-quantitative yields, employing equimolar amounts
of NMMO monohydrate at 150 °C in GVL as the solvent.
The generated NMM is present as the corresponding
N-methylmorpholinium (ammonium) salts of the respective
acids present. In all cases, within the errors of measurement,
the sum of levulinic acid and 4-hydroxyvaleric acid corre-
sponded exactly to the loss of GVL, while the concentrations of
NMM and levulinic acid in a sample were always the same, in
agreement with the processes shown in Scheme 1. When NMM
was absent, also no levulinic acid was found, and vice versa.

The system GVL/NMMO/water/biomass

It is evident that a mixture of GVL, NMMO, water and biomass
is not a quaternary system in the conventional sense: biomass
is obviously not a single compound, and even if we neglect its
heterogeneity and approximate “biomass” roughly as being
one chemical entity with properties averaged from its individ-
ual components, screening the whole four-dimensional com-
positional space of the GVL/NMMO/water/biomass would be
utterly challenging.

Fortunately, the practice of biomass valorisation largely
limits this compositional space, and only certain concen-
tration ranges are practicable and reasonable. A pretreatment
of biomass with NMMO is usually carried out in a way that
5-10% biomass is heated in a mixture of NMMO and water.
The process liquor is then washed out with hot water, an
organic solvent, such as ethanol, or simply removed by press-
ing. Typical conditions are treatment times of 1-5 h and temp-
eratures around 100-140 °C. The NMMO/water ratios are typi-
cally between 1:1 and 1:10. The residual content of NMMO
in the pretreated biomass is below 5 wt% after washing and
about 20 wt% after pressing (relative to wet biomass). The pre-
treatment has been shown to have no influence on the compo-
sition of the biomass, but to increase accessibility to enzymes
or pulping chemicals in subsequent saccharification or frac-
tionation steps. Lots of research endeavours have also been
dedicated to the question of whether (and if so, how) NMMO
influences subsequent saccharification of the polysaccharides
or delignification of the biomass.

Fractionation of biomass in GVL is typically performed in
GVL/water mixtures of 50-80 wt% GVL, corresponding to
molar GVL/water ratios of approx. 1:5.5 and lower, at tempera-
tures around 180 °C for 1-3 h. The liquid-to-solid ratio is typi-
cally around 3-10 L kg '. This is followed by separation of
solids (mostly cellulose) and process liquor (containing lignin,
hemicellulose, extractives, and degradation products) which
can be further fractionated and refined.

In accordance with these numbers, we used the following
compositions in our tests: GVL/water mass ratios of 50:50,
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60:40, 70:30, 80:20, 90:10 and 100:0, and 10% biomass
containing 5, 10, 15 and 20% NMMO. As representative
biomass samples either milled air-dried wheat straw or milled
air-dried beech sawdust was used, as well as isolated biomass
components for special experiments (see below). The biomass
sample was premixed with the respective amount of NMMO,
then mixed with the GVL/water mixture and heated to the
corresponding reaction temperature (100, 125, 150 or 180 °C
as already used in the experiments without biomass) in a
sealed pressure vial. An actual “pretreatment” step with
NMMO/water was not carried out, but the solid biomass/
NMMO premix was directly added to the liquid GVL/water
phase. The amount of water contained in the biomass/NMMO
sample is very small compared to the amount of water in the
GVL/water phase, and was therefore considered to be negli-
gible. Therefore, only NMMO was used for the premix with
biomass, not NMMO/water mixtures. Nevertheless, some
control experiments with NMMO/water in the premix were
carried out to make sure that the results were identical with
employing only (anhydrous) NMMO. Since we were mainly
interested in possible chemical side reactions in the systems,
these simplifications were considered completely acceptable.

The most obvious outcome of the experiments involving
biomass was that the chemical behaviour of the system GVL/
NMMO/water changed totally. Generally, there was a consider-
able degradation of both NMMO and GVL already at the lowest
temperature tested, as described below. Under some con-
ditions, the system was even unstable and tended to uncontrol-
lable reactions.

It is well known from the literature that NMMO tends
towards spontaneous, uncontrollable reactions if transition
metal ions, acylating or alkylating agents, or simply acids are
present. This instability, which increases with higher tempera-
ture, is generally due to an activation of the N-O bond in the
amine N-oxide. In the following, the autocatalytic degradation
of NMMO is triggered, in which a degradation product of
NMMO, the carbenium-iminium ion N-(methylene)morpholi-
nium, induces NMMO degradation and is constantly regener-
ated in this process, resulting in uncontrollable degradation
and processes that are euphemistically called “exothermic
events”."®

CAUTION! It should be noted that exothermic reactions invol-
ving NMMO may proceed violently and may cause explosions and
fire. This poses severe risks for health and wellbeing. Appropriate
personal protection is imperative! When studying the system
GVL/NMMO/water biomass it was evident that in several cases
the system became unstable, resulting in complete charring of
the reaction mixtures without any compounds that could
reasonably be retrieved. As the same reaction mixtures -
without NMMO being present — were completely stable, it was
evident that NMMO was the culprit in all those cases. In the
charred residues of such reactions, NMMO was completely
absent, GVL was present only in traces, and the biomass con-
verted to a black viscous char or black solid. The addition of
3% propyl gallate (rel. to NMMO), which is commonly added
to stabilize NMMO solutions in fibre making or biomass pro-
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cessing, had no effect whatsoever, and the far-reaching degra-
dation occurred no matter whether propyl gallate was present
or not.

Fig. 2 shows under which compound ratios and conditions
charring occurred (red) and which ones were safe (green). In
general, the system became more stable with higher water con-
tents, and this protective effect of water diminished with
increasing reaction temperatures. At 100 °C, no charring
occurred at all, at 125 °C only in GVL without water present, at
150 °C at GVL/water ratios of 100:0, 90:10 and at 180 °C
under almost all conditions except GVL water ratios of 50: 50
and 60 :40. Furthermore, it was interesting to see that in the
case of an uncontrollable reaction occurring, the content of
NMMO made almost no difference with regard to the extent of
charring. The formation of black remainders was as severe at
5% NMMO as it was at 15%. Apparently the exothermicity of
the NMMO degradation was so severe that already small
amounts affected the reaction mixture in its entirety.

The most important conclusion - because aspects of health
and safety at work might be concerned - was that at 180 °C the
water content in the GVL/NMMO/water system must not be
lower than 40% to make sure that no uncontrollable exother-
mic events due to NMMO occur. At lower temperatures, water
contents can be lowered without impairing the integrity of the
system, about 25% at 150 °C and 10% at 125 °C. Without
water in the GVL phase, the presence of NMMO and biomass
is generally unsafe, even at a temperature as low as 100 °C.
Concluding from these results, we excluded further experi-
ments under conditions which had proven to be unstable and
uncontrollable.

In Fig. 3, the consumption of GVL and NMMO in the qua-
ternary system GVL/NMMO/water/biomass is summarized,
with the numerical yield values listed in the ESI.f The figure is
thus analogous to Fig. 1, which describes GVL/NMMO/water,
i.e. the same system, but without biomass. It was evident that
the presence of biomass changed the chemistry of the system
fundamentally. While in the ternary system GVL/NMMO/water
chemical reactions, and thus the extent of GVL or NMMO
degradation, were quite limited, they became extensive in the
presence of biomass. Since GVL as a solvent in organosolv pro-
cessing is known to be more or less inert (apart from minor
hydrolysis),’® the chemical instability obviously had to be
attributed to the NMMO (and later on its degradation pro-
ducts) which additionally entered the system.

At 100 °C, the system was able to consume roughly 10% of
NMMO (rel. to biomass) at 100% GVL. Consequently, if 20%
NMMO was contained, the consumption was approx. half of it.
With higher water contents, the consumption of NMMO
decreased, so that approx. 3-4% of NMMO (rel. to biomass)
were consumed by the system (74% of the 5% NMMO charge
or 18% of the 20% NMMO charge). The GVL degradation was
minor. It reached a maximum of about 12% at 100% GVL, but
already 10% of water decreased the GVL consumption to about
8% and 50% water to about 4%. It was interesting to note that,
in a first approximation, 1% of degraded NMMO was able to
trigger a GVL consumption of at least 4%, with this number
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increasing to 12% with decreasing water contents. The reac-
tion was thus by no means a stoichiometric process as in the
biomass-free case discussed above (Fig. 1), but a complex
system with multiple parallel and interlinked reactions.

Increasing the temperature to 125 °C generally intensified
the degradation reactions as expectable. In water-free GVL the
system is unstable (see Fig. 2). At all GVL/water ratios 5%
NMMO was completely consumed, except GVL/water = 50: 50
where consumption was “only” approx. 4.25% (85% of the
5%). At 90/10 GVL/water, 54% of the NMMO in the 20% batch
were consumed, this value went down to 24% in the GVL/water
= 50:50 batch. Roughly approximated, about 1.5 to 2 times
more NMMO (if present in sufficient amounts) was consumed
than in the analogous system at 100 °C. GVL consumption
increased as well. In 90:10 GVL/water, up to approx. 15% of
the solvent are lost in degradation reactions, in the batch con-
taining 50% water only approx. 9%. The consumption of GVL
at 125 °C was roughly 1.5 to 2 times higher than at 100 °C, the
factor of increase thus being similar to that for NMMO
consumption.

At 150 °C, a region is reached in which the chemical system
is not stable anymore at GVL/water ratios of 100:0 and 90: 10,
undergoing uncontrollable degradation. 10% NMMO was com-
pletely consumed at all GVL/water ratios. At the highest
NMMO charge of 20%, 94% of it were degraded at a GVL/water
ratio of 80/20 and 64% at a GVL/water ratio of 50:50. With
regard to GVL consumption the system became different
insofar as the GVL/water ratio lost its influence and the GVL
consumption was rather constant at a high level. At 5%
NMMO (rel. to biomass), approx. 11% of GVL was lost, 17% at
a 10% NMMO charge, 22% at 15% NMMO, and 26% at 20%
NMMO. The lower values at 5 and 10% NMMO are due to the
fact that the system cannot convert more NMMO than present,
NMMO being the “limiting factor”. GVL consumption at 20%
NMMO and at a 50:50 GVL/water ratio was 30%, and thus
increased more than threefold relative to the 125 °C system.

180 °C is the typical temperature for organosolv biomass
separation with GVL. This temperature is largely incompatible
with the presence of NMMO. Only at GVL/water ratios of
50:50 and 60 :40 NMMO was tolerated, at all other ratios and
lower water contents the system became unstable and exother-
micities with complete product charring occurred. But even at
those two “innocent” GVL/water ratios, the NMMO in the
system was entirely degraded. NMMO, at this typical biomass
processing temperature of GVL, would thus not have any ben-
eficial effect as it is fast and quantitatively consumed. The con-
sumption of GVL was pronounced as well and, as expected,
considerably higher than at 150 °C. At 5% NMMO (rel. to
biomass), 9% of the GVL was lost, i.e. approximately the same
mass as the biomass contained and 18 times more (molar
ratio) than the contained NMMO. At a 20% NMMO charge (rel.
to biomass), GVL consumption was as high as 35%, 3.5 times
the weight of the biomass and again about 18 times more than
the NMMO in the system. Thus, also from the viewpoint of
GVL loss and recovery, the combination of GVL with NMMO
would have to be considered unreasonable.
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Although the system GVL/NMMO/water/biomass was
described successfully with regard to the net degradation pro-
cesses, we were hoping to be able to specify the degradation
processes in more detail. It was evident that the interaction
between NMMO and biomass caused the decomposition reac-
tions in the system (in combination with GVL; neither
NMMO alone nor biomass alone would cause similar
processes).

However, due to simplification, “biomass” had so far been
considered only as one component with overall reactivity. In a
further set of experiments we therefore replaced the beech
sawdust used before with the same mass of either pure cell-
ulose, a beech milled wood lignin or isolated beech xylan,
respectively, as well as a mixture thereof.

Exemplary conditions used 10% of biomass (or biomass
component), 10% of NMMO relative to the biomass, a GVL/
water ratio of 80:20 or 60 : 40 at temperatures of either 150 or
180 °C. The results are shown in Fig. 4. At 180 °C and a GVL/
water ratio of 80:20, the system was unstable and reacted in
an uncontrolled way in the case of biomass, lignin, and simu-
lated biomass (cellulose/lignin/xylan = 1:1:1 by weight),
whereas it remained stable in the case of cellulose and xylan,
although pronounced NMMO and GVL consumption occurred
also then. At 180 °C and a GVL/water ratio of 60 : 40, as well as
at 150 °C and both GVL/water ratios, degradation reactions
were obvious, which however took no violent course (Fig. 4).

It was obvious that cellulose was the most innocent com-
ponent in the biomass, causing nearly no side reactions
beyond the minor processes observed in the biomass-free
system (¢f: Fig. 1 and Scheme 1). Compared to biomass as a
whole, cellulose effected only roughly one tenth of the GVL
and NMMO degradation processes. Analysis of the cellulose —
after 2 h in a 60 : 40 mixture of GVL/NMMO at 180 °C - by gel
permeation chromatography*® with group-selective profiling of
carbonyl groups (CCOA method)*® and carboxyl groups (FDAM
method)® showed a minor chain degradation and an increase
in carbonyl content (from 8 to about 13.5 pmol g~ ') besides a
conversion of the celluloses reducing end groups into car-
boxylic acids (2 to 12 pmol g™ ). This cellulose oxidation went
parallel with the reduction of NMMO into NMM. This behav-
iour of cellulose towards NMMO is well known from Lyocell
systems, ie. solutions of cellulose in NMMO monohydrate,
and from the chemistry of these systems.*”

The reactivity of xylan was higher than that of cellulose,
and caused about three times higher GVL consumption and
about twice higher NMMO degradation. It showed about a
quarter of the reactivity of the whole biomass, measured in
terms of GVL and NMMO consumption. The strong discolor-
ation of the mixture was indicative of condensation reactions
of primary furanoid products easily derived from xylans.>
Furfural, as the primary thermal dehydration product of
xylose, is oxidized by NMMO to 2-furancarboxylic acid which
undergoes further condensation to potent chromophores. The
reactions of primary xylan degradation products with NMMO,
also known from lyocell chemistry,* also explain the higher
NMMO consumption than in the cellulose case.
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Lignin had by far the most pronounced effect on the
instability of the GVL/NMMO system, showing a reactivity
about 3-4 times higher than biomass as a whole, measured in
terms of NMMO and GVL degradation. While NMMO was com-
pletely degraded in all cases, GVL consumption approached
70%. This effect is primarily due to phenolic lignin structures
which are readily oxidized by NMMO at the elevated tempera-
tures.” The generated NMM on the one hand promotes GVL
hydrolysis and on the other hand deprotonates lignin phenols
to the phenolates which in turn - as potent nucleophiles -
consume GVL by transesterification. These two NMM-pro-
moted processes both contribute to GVL consumption. The
fact that the redox process between NMMO and the lignins
phenolic structures was the trigger of the side reaction was
nicely proven by the application of lignin in which the pheno-
lic OH groups were blocked by permethylation: under the
same conditions (2 h in a 60:40 mixture of GVL/NMMO at
180 °C) the consumption of NMMO and GVL was less than
10% and 3%, respectively. Model compounds confirmed the
polymer case: methoxy-hydroquinone, a lignin model com-
pound, had the same effect as its parent polymer (a GVL con-
sumption of 70% and complete NMMO loss), while the corres-
ponding permethylated model compound, i.e. 1,2,4-trimethox-
ybenzene, behaved nearly inert with 3% GVL loss and 12%
NMMO degradation. The readily oxidizable structures in the
lignin are thus the crucial structural elements responsible for
NMMO consumption and - as a direct consequence - for GVL
loss.

Assuming a rough compositional ratio of cellulose/lignin/
xylan of 1:1:1 in the used biomass, the observed behavior of
the system with biomass results quite well from the additive
reactivities of the three individual components (“model mix”
in Fig. 4). The simulated biomass mixture of one third cell-
ulose, one third lignin and one third xylan behaved very simi-
larly to the original biomass, which confirmed the observed
reactivity gradation of cellulose < xylan <« biomass < lignin.
More details on the analysis of the biomass and biomass com-
ponents after treatment in the NMMO/GVL/water system will
be presented in a follow-up report.

Identification of GVL-derived and NMMO-derived degradation
products in the system GVL/NMMO/water/biomass

Even more pressing than in the case of the GVL/NMMO/water
system with its relatively insignificant by-product generation,
the question of the nature of the degradation products became
of central interest when biomass was involved. In addition, the
issue of identification of these by-products was scientifically
quite demanding. The biomass component now being present
in the system (GVL/NMMO/water/biomass) - with its multitude
of components and structures contained - introduced a factor
of huge complexity. While at 100 °C and at 125 °C chemical
biomass modification was less prominent, it became pro-
nounced at 150 °C and even more at 180 °C. The fractionating
effect of GVL, the basis of organosolv separation of biomass
components, as well as the oxidizing effect of NMMO and the
interaction of both components came together to generate a
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“black liquor sludge” mixture of utter complexity. While
measuring the consumption of GVL or NMMO was relatively
easy (c¢f. Fig. 1-3), the determination of the reaction products
was much more intricate, and a reliable quantification turned
out to be virtually impossible.

In the following, we therefore report on the main degra-
dation products of GVL and NMMO, which amount to approx.
80-85% of the consumed GVL and NMMO. The residual
15-20% could not be reliably identified as the number of indi-
vidual compounds was too high or they were (physically or co-
valently) bound to the biomass components. In general, the
biomass components were precipitated by water addition at
r.t., different pH ranges were set and the degradation products
extracted by organic solvents. Possible minor reactions that
occurred during this room temperature process were assumed
to be negligible, although they cannot be ruled out completely.
The main reactions proceeding in the system GVL/NMMO/
water/biomass and the main degradation products of GVL and
NMMO are summarized in Scheme 2.

autocat.

(0]
[ j _ degradation’ [ j
N

View Article Online

Paper

All compounds were comprehensively characterized (see the
Experimental section) and the structure was additionally con-
firmed by comparison with authentic samples, which were
either independently synthesized or commercially available.

The formation of the degradation products can be best cate-
gorized according to the reaction temperature since several
products were only formed above a certain temperature. This
is attempted in Table 1, which shows the prominence of the
degradation products at the respective reaction temperatures.
There was no dependence on the NMMO content, ie., all
degradation products that were found at higher NMMO
concentrations were also present at a lower NMMO content,
only in smaller concentrations. The water content had a notice-
able, but minor, influence on the ratio of the degradation pro-
ducts. Higher water contents favoured the degradation path-
ways involving the primary hydrolysis product of GVL, ie.
4-hydroxyvaleric acid (3) and the products of its follow-up
chemistry. At the same time, deoxygenation of NMMO to
N-methylmorpholine (5) was slightly favoured, and the alterna-
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Scheme 2 Degradation products of GVL (1) and NMMO (2) formed in the system GVL/NMMO/water/biomass and their main formation and conver-

sion reactions.
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Table 1 Dependence of degradation product formation on the reaction
temperature

Degradation products 100°C 125°C 150°C 180 °C

4-Hydroxyvaleric acid (3) 2-5 17-19 36-42 16-18
Levulinic acid (4) 1-3 34
N-Methylmorpholine (5) 20-25 52-60 68-72  79-83
a-Morpholinomethyl-GVL (7) <1 12-15
a-Methylene-GVL (8) <1 9-13
Morpholine (9) <1 <1
a-Angelicalactone (10) 2-3 2-4
3-Pentenoic acid (11) 15
4-Pentenoic acid (12) 17-18
4-Hydroxyvaleric acid morpholide 3-4 8-10
(13)

Yield ranges are given in % relative to NMMO (in normal font) or
relative to GVL (in italic font). Empty cells: not detected.

tive degradation path involving N-(methylene)morpholinium
cations (6) somewhat disfavoured (see Scheme 2). All these
effects were minor, however, compared to the large and domi-
nating influence of reaction temperature on the by-product
concentration and ratio as shown in Table 1. It should be
noted that in the reaction mixture the acids present — either
generated acids, such as 4-hydroxyvaleric acid and levulinic
acid, or acidic functionalities present in biomass - form salts
with the bases present (such as N-methylmorpholine or mor-
pholine), whereas in the extracts used for identification these
compounds are present in isolated form.

At 100 °C, the by-product formation is limited to the reac-
tion of the oxidant NMMO with reducing functional groups in
biomass, such as reducing ends of polysaccharides and phenols
in lignin. This regenerates N-methylmorpholine (5) as the product
of NMMO reduction, which in turn promotes hydrolysis of GVL.

While in pure water the equilibrium between open-chain
4-hydroxyvaleric acid (3) and GVL (1) is far on the side of the
GVL ring structure,”” the presence of a base, such as NMM,
shifts this equilibrium by converting the acid into its salt
form. Other side reactions of GVL and NMMO were not
observed for the system at 100 °C so that 3 and 5 (2-5% rel. to
GVL and 20-25% rel. to NMMO) were the only degradation
products identified (Table 1).

At 125 °C, the oxidative power of NMMO is significantly
increased and thus more NMM (5) is formed (52-60% rel. to
NMMO), which in turn significantly increased the amount of
4-hydroxyvaleric acid (3) (17-19% rel. to GVL), being present as
NMM salt and thus in a form that cannot react back to GVL. In
addition, 4-hydroxyvaleric acid (3) is oxidized to levulinic acid
(4) (1-3% rel. to GVL) by NMMO. At the increased reaction
temperature, also the alternative degradation pathway of
NMMO, involving N-(methylene)morpholinium cations (6) sets
in, see Scheme 2. Inducible by many reagents, such as alkylat-
ing agents, acylating agent, acids or transition metal ions, this
pathway can cause autocatalytic degradation of NMMO and
the related exothermicities. This is the reason for the instabil-
ity of the system at higher temperatures, when consumption of
the N-(methylene)morpholinium cations by side reactions
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cannot compensate anymore for their generation. At 125 °C,
the amount of these carbenium-iminium ions is relatively
small, and uncontrollable reactions occurred only in 100%
(water-free) GVL. The N-(methylene)morpholinium cations
reacted with GVL as the most prominent compound present in
a-morpholinomethyl-y-valerolactone (7) (less than 1% rel. to
NMMO), i.e., an aminomethylation occurred at the weakly CH-
acidic (methylene-active) a-position to the lactone carbonyl
function. This is a good example of a degradation product that
combines both NMMO and GVL moieties in one molecule and
thus unambiguously evidences their involvement in mutual
side reactions. Another process setting in with the elevated
temperature was the cyclization of levulinic acid (4) to
5-methylfuran-2(3H)-one (10), also called o-angelicalactone,
which can be conceived as the intramolecular ester (lactone) of
the endo-enol form of levulinic acid (1-2% rel. to GVL). It is
distinguished from GVL by a C3-C4 double bond. Noticeably,
10 is not formed from GVL directly by oxidation (GVL is inert
towards NMMO, see above), but by the “detour” pathway via
4-hydroxyvaleric acid (3), which is oxidized to levulinic acid (4)
and subsequently dehydrated to the unsaturated lactone 10.

At 150 °C, with the conditions becoming more drastic and
exceeding the temperatures of max. 130 °C at which NMMO is
usually applied, the chemistry of the system changed in a way
that degradation became significantly more pronounced. With
only small amounts of water present (GVL/water = 100:0 or
90 :10) the autocatalytic degradation of NMMO dominates and
the system is thus unstable. At higher water contents, NMMO
reduction is more pronounced, and so is the generation of
4-hydroxyvalerate by NMM-catalyzed GVL hydrolysis. NMM (5)
and 4-hydroxyvaleric acid (3) are the dominating products (up
to 72% and up to 42% degradation rel. to NMMO and GVL,
respectively), but also a-morpholinomethyl-y-valerolactone (7),
resulting from the alternative NMMO degradation pathway,
becomes more prominent than at 125 °C (15% rel. to NMMO).
Some traces of free morpholine (9) were found, which in the
presence of water is in equilibrium with N-(methylene)mor-
pholinium cations, as well as its aminolysis product with GVL,
4-hydroxyvaleric acid morpholide (13) (3-4% rel. to NMMO).
This amide is formed from GVL and morpholine at tempera-
tures above 130 °C in a direct, non-catalyzed reaction.
Formation of levulinic acid (4) and its cyclization product
a-angelicalactone (10) was not significantly more pronounced
than at 125 °C, see Table 1.

At a temperature of 180 °C, the by-product chemistry of the
system changes once more. At water contents lower than 30%
(relative to GVL), the system becomes unstable in a way that
exothermicities with complete charring and loss of the chemi-
cals occur. Also, at higher water contents, NMMO is completely
consumed in all cases, being converted mainly into NMM (5)
(79-83% rel. to NMMO). Morpholine as the second NMMO-
degradation product is not found as a free compound, but in
the form of the GVL-aminolysis product 4-hydroxyvaleric acid
morpholide (13) (12-15% rel. to NMMO), which becomes more
prominent than at 150 °C. a-Morpholinomethyl-GVL (7), a
major product at 150 °C, is not detected anymore, but its
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thermal elimination product a-methylene-GVL (8) (9-13% rel.
to NMMO), formed from 7 by loss of morpholine - which in
turn reacts with GVL to 4-hydroxyvaleric acid morpholide (13).
At the high temperature, also the 4-hydroxyvalerate salts are
not stable, but eliminate water - likely catalysed by the bases
present (NMM or morpholine) - to form 3-pentenoic acid (11)
and 4-pentenoic acid (12) (15% and 17-18% rel. to GVL,
respectively). Both unsaturated acids, present in trans-configur-
ation, were only found at 180 °C. They must have formed from
the salt forms of 4-hydroxyvaleric acid (3), because the free
acid would undergo immediate cyclization to GVL rather than
elimination. The amines in the system thus have a double
function in this reaction, by acting as a base for initial salt for-
mation and as a subsequent elimination catalyst.

Conclusions

In summary, the combination of NMMO pretreatment and
subsequent GVL biomass fractionation is not recommendable,
unless complete removal of NMMO after the pretreatment step
can be guaranteed. Even at temperatures as low as 100 °C,
both NMMO and GVL undergo side reactions and are thus lost
at least partly. At higher temperatures, the system becomes
increasingly unstable at lower water contents so that uncontrol-
lable reactions might occur that might endanger equipment
and workers. These processes are caused by the highly exother-
mic autocatalytic degradation of NMMO. At temperatures rele-
vant for biomass separation with GVL/water, all the NMMO con-
tained is completely lost, but also considerable amounts of GVL
are consumed. The losses in GVL in a molar ratio are up to 18
times higher than the contained NMMO: 2% of NMMO (relative
to GVL, 20% relative to biomass) causes a loss of more than one
third (36%) of the GVL by side reactions. This is mainly due to
the catalytic action of the amines (N-methylmorpholine and
morpholine) formed from NMMO.

Degradation reactions in the system are initiated by the
redox reaction of NMMO - acting as the oxidant and being
converted into NMM - with the biomass, followed a complex
system of degradation reactions. Lignin was roughly 3-4 times
more redox-reactive, due to its readily oxidizable phenolic
structures, than the biomass as a whole, expressed as the
extent of by-product formation in the GVL/NMMO/water
system. Xylan and cellulose behaved largely inert and experi-
enced only minor oxidation as seen by group-selective fluo-
rescence labeling. With increasing temperature the oxidative
power of NMMO increases: both oxidation and thermal elimin-
ation processes of primary GVL degradation products become
more dominant. About 75% of the degradation products of
GVL and NMMO could be identified in this study, and their
formation chemistry explained.
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