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Lignin Depolymerisation and Lignocellulose Fractionation
by Solvated Electrons in Liquid Ammonia

Pepijn Prinsen, Anand Narani, and Gadi Rothenberg*®

We explored the depolymerisation of several lignins in liquid
ammonia at relatively high temperatures and pressures (120°C
and 88 bar). Five different lignins were tested: Indulin AT kraft,
Protobind 1000 soda, wheat straw organosoly, poplar organo-
solv and elephant grass-milled wood lignin (EG MWL). In pure
liquid ammonia, all lignins underwent slow incorporation of
nitrogen into their structure, resulting in higher molecular
weight and polydispersity index. Subsequently, we show a
reductive depolymerisation by solvated electrons at room tem-

Introduction

Lignocellulosic biomass is available worldwide and is renewa-
ble on a human time scale." The main sources of commercial
lignins are pulp and paper manufacturing, although they are
mostly used in-house as boiler fuel.’”? The fibre line capacity of
current kraft paper pulp plants can be increased by extracting
the lignin from the black liquors and thereby enhancing the
turnover rate in the recovery boiler. Indeed, the Lignoboost™
process has applied this successfully by recovering high-purity
lignin fractions through precipitation and filtration. In the
future, lignins will also be produced in biorefinery processes
from lignocellulosic feedstocks. Cellulosic ethanol production is
already a commercial process,” and gives a hydrolysis lignin as
by-product that is burned to supply the energy needs of biore-
fineries. However, burning this lignin is a questionable practice.
Lignin has tremendous value potential. It is the world’s largest
natural resource of aromatics,” and its depolymerisation and
subsequent conversion to high-value products may hold the
key to biorefinery profitability.”

That said, lignin depolymerisation has three inherent prob-
lems. The first comes from its heterogeneous structure that
gives rise to a complex mixture of compounds. For each type
of lignin, the botanic origin determines the ratio of p-hydroxy-
phenyl (H), guaiacyl (G) and syringyl (S) units, as well as the
abundance of different inter-unit linkages that in turn influence
the product yield and composition.
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perature by adding sodium metal to the liquid ammonia with-
out any external hydrogen donor. The netto yields of bio-oil
are low for technical lignins (10-23 %), but with higher yields
of alkylphenols. In the case of native EG MWL, netto yields of
40% bio-oil were achieved. Finally, when the room tempera-
ture method was applied to poplar wood fibre, we observe im-
proved delignification upon the addition of sodium compared
to poplar wood fractionation in pure liquid ammonia.

The second problem is that the isolation method itself can
also affect the reactivity of lignins.”’ Indeed, a core challenge
in lignocellulosic biorefining is finding such isolation conditions
that maintain their reactivity without hampering the main bio-
refinery products, such as pulp and bioethanol. Recently,
Luterbacher and et al. addressed this problem for a corn stover
fractionation process using y-valerolactone as a carbohydrate-
derived solvent.” Elsewhere, Ferrini and Rinaldi® succeeded in
isolating a lignin derived non-pyrolytic bio-oil using a catalytic
organosolv-pulping process followed by hydrotreating, without
compromising the pulp hydrolysis yield. Thermolytic processes
such as pyrolysis give typically a mixture of solid, liquid (bio-
oil) and gaseous products. This method is very effective but
energy-intensive.”? Other methods include enzymatic conver-
sions® and liquid-phase depolymerisation that can be com-
bined with upgrading steps such as catalytic hydrodeoxygena-
tion (HDO).”! Bio-oils contain oxygenated compounds, and
therefore are less stable. Converting them into deoxygenated
aromatics and cyclic aliphatics through HDO is an attractive so-
lution, but gives even more complex product mixtures.”'”
Alternatively, oxidative upgrading of bio-oils can be used to
isolate phenolic compounds.” Moreover, an oxidative pre-
treatment prior to depolymerisation can improve the yield of
low-molecular-weight (LMW) fragments."?

The third problem is the harsh conditions needed for lignin
depolymerisation." Selecting suitable solvents is an important
technical and economic factor here. Methanol," ethanol"” or
isopropanol,’” water/alcohol mixtures,"®' or formic acid"®
(which dissolves lignin at high temperatures) can also O-alky-
late and C-alkylate the aromatic rings stabilizing the reacting
lignin-derived fragments.>'? Ethanol is also a formaldehyde
scavenger, which may affect re-polymerisation. Moreover, etha-
nol can also react further under these harsh conditions,"®'
increasing solvent and separation costs.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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To address these problems, we approached the system from
a different angle, using solvated electrons generated by
sodium metal in liquid ammonia. This is not a radically new
concept—the generation and application of solvated electrons
were published in 1947 by Birch and MacDonald.”” Several
studies followed in the next decades.”’*¥ Yet, all these studies
were run at —33°C, in inert conditions, with excess sodium
and long reaction times.

Aqueous ammonia is a well-known method for separating
lignin from biomass, for example, by the Ammonia Fibre
Explosion/Expansion (AFEX) process.”” Recently, Extractive Am-
monia (EA) pretreatment of corn stover at 120°C was shown
to be effective for both lignocellulose fractionation and lignin
isolation.””> Anhydrous liquid ammonia, however, is not an
innocent solvent. As we recently showed, liquid ammonia dis-
solves lignins, but some nitrogen is cross-linked into the struc-
tures, especially at 120°C.”*® Therefore, its reactivity in depoly-
merisation may be hampered. Indeed, this was experimentally
observed for ethanol soluble EA lignin from corn stover.”!

Here, we combine the solubilisation power of liquid ammo-
nia with the reduction power of solvated electrons, opening
a route to non-pyrolytic bio-oils. We test five lignins and isolate
bio-oils after treatment in liquid ammonia at 120°C and in the
presence of metallic sodium at 20°C. We also show that the
latter treatment improves the EA lignocellulose-fractionation
method.

Results and Discussion

High-temperature lignin depolymerisation in liquid
ammonia

In a typical experiment, lignin was dissolved in liquid ammonia
in an autoclave at 20°C, and then heated for 3 h at 120°C/
88 bar to study the extent of depolymerisation. After removing
the ammonia, the solid residue was extracted with an organic
solvent such as dichloromethane or acetone. The yields of bio-
oil (organic solubles) and the residue (organic insolubles) are
shown in Table 1. Except for Indulin AT (cf. Table 1, entries 1
and 2), all lignins gave less bio-oil after dissolution in liquid
ammonia during 24 h at 20°C than organic solvent extraction
alone (results not shown). We attribute this to covalent and/or
non-covalent cross-linking induced by nitrogen incorporation

Table 1. Residual lignin (RL) and bio-oil yields after treatment in liquid
ammonia.”

Entry  Dry lignin Conditions  RL Bio-oil  Mass balance
[mg] wt%]  [wt%]  [wt%]"™

1 Indulin AT (236)  control 97.4 0.7 98.4

2 Indulin AT (236) RT, 24 h 91.9 2.2 94.1

3 Indulin AT (236) 120°C,3h  92.1 10.1 102.2

4 EG MWL (49) control 80.2 1.1 91.3

5 EG MWL (124) 120°C,3h 745 2.9 84.4

[a] Reaction conditions: 24 h treatment in 30 mL NH;, at 20°C/9 bar and
after 3 h at 120°C/88 bar. The control experiments refer to CH,Cl, extrac-
tion only (without NH;) [b] Mass balance =RL + bio-oil.
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into the lignin.®**?” This effect depends mainly on the lignin

source and the temperature. Indulin AT, however, showed
increased bio-oil yield after treatment at 120°C (Table 1,
entry 3). Milled wood lignin isolated from elephant grass stems
(EG MWL) was also tested under the same conditions (Table 1,
entries 4 and 5).

Figure 1 shows the monomer yields derived from different
lignins (the corresponding chromatograms are shown in Fig-
ure S5 in the Supporting Information). Indulin AT in liquid am-
monia alone gave few monomers (0.04 wt%) at 20°C, but at
high temperature, monomer yields increased (0.81 wt%, of

EG MWL, 120°C, 3h

EG MWL |
G , contro = Phenols

Indulin AT, 120°C, 3h u Alkylphenols

m Hydroxy alkylphenols
Indulin AT, 20°C, 24h m Carbonyl alkylphenols
m Carboxyl alkylphenols

Indulin AT, control m Amide alkylphenols

0 1 2 3 4 5
Yield (carbon wt% on dry lignin)

Figure 1. Monomer yield of the bio-oils obtained from Indulin AT and EG
MWL by treatment in NH,, after 24 h at 20°C/9 bar, after 3 h at 120°C/
88 bar and in the control experiment.

which 33% were phenol and guaiacol). The remaining bio-oil
consists of oligomers and contaminants. The EG MWL lignin
yielded 3.7 wt% monomers after 3 h at 120°C, compared to
1.1 wt% monomers in the control experiment. Interestingly,
59% of the monomers isolated from EG MWL consist of p-
coumaramide and 3% of 4-hydroxy-3-methoxy-phenylpropena-
mide (“ferulamide”). Thus, liquid ammonia at 120°C cleaves
ester-linked p-hydroxycinnamic acids, which are highly abun-
dant in grasses.”® The effect on p-coumarates (PCA) and feru-
lates (FA) in the residual lignin (RL) of EG MWL is also seen in
the HSQC 2D NMR spectra (Figure2a and 2b). The corre-
sponding structures from identified cross-signals are shown in
Figure 3.

Table 2 shows the relative abundances of lignin inter-unit
linkages, acylation degree and aromatic composition. The
inter-unit linkage distribution was unchanged (except for sub-
structures C'), retaining the 3-O-4' ether linkages. About 70%
of the esterified groups in y-position of EG MWL were
removed. The signals of acetate methyl groups, which also
acylate the y-OH,”™ disappeared in the RL. Only some residual
PCA remained in the lignin structure. In agreement with the
GC-MS analysis, we assigned the signals from p-coumaramide
(PCAM, Figure 2b). The ammonolysis effect on PCA and FA was
also observed during the insitu fractionation of wet corn
stover in gaseous/liquid anhydrous ammonia,'”*?? as well as
after the AFEX treatment of dehydrodiferulates.®”

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

CHEMS: U SCHEM

\\,* ChemPubSoc
x Europe Full Papers
(a) 5 |(b) i
Acetyl-CH, @ " r * N r
Nd L 30 - b L 30
L 40 . | 40
¢
8 .C“ L 50 B, . L 50
e B o = Cs
e B, L A'v'qB X, i
v : L 70 o 1 L 70
AJA w s et X @ =i
ol Ao Y %, - A/ c, :,X.
e L 80 x L 80
o = aPoo/Pus)
. 2 G s) [ o0 8 C, "= Agg) )
LY wle o L 100 Sig .} | 100
S2s & '\? " 110 G :
2q=t His B ‘g H [ 110
FAZ' PCAg 35
# d;PCAM
Gs/Go { T pey; L 120 e | 120
PCAM®
H7,G‘. HZ&
- L 130 = L 130
PCA o PCAM,
L 140 - L 140
i PCAM,,
PCA,
80 70 60 50 40 30 20 10 OH 80 70 60 50 40 30 20 10 OH
e | 6C d o | oc
(c) ‘e | 20 ( ) Acetyl-CH; g L 20
- HPCA ° W
HPCA,' T r3 a"/HPCAf ¢ - 30
Pl "7 L a0 f | 40
'
L 50 L 50
s -
.
ly, e L 60 A L 60
A'v"v' B - ><Av q“}“ '
. v..
AN, ad s L eX . AN, O - 70
v ®y X [
g | L 80 L 80
° Ao/ Aus) g
'Ba G Ags) L 90 Co ™™ L 90
S ., L 100 o S L 100
K 110 v 110
G Hy o' H i L
’ :é’" PCAg PCAsY 0’ @PcA?
Gs/Gs | amyPCAss+ HPCA, | 120 ‘;Cﬁc“gs} + 9 ocam, L 120
H],ﬂ PCAMZ,!}
-’y | 130 e L 130
PCA,; HPCAz6 ”gA:SHPCAM
L 140 0 PCAM, I 140
= b PCA,
PCA,

80 70 60 50 40 | 30 20 10 OH

80 70 60 50 40 = 30 20 10 OH

Figure 2. 'H-*C HSQC spectra (8./8, 10-150/0.5-8.5 ppm) of (a) parent lignin (EG MWL), (b) RL after 3 h treatment in NH,, at 120°C, (c) RL, (d) bio-oil, isolated

after 6 h with 75 wt% Na, in NH;, at 20°C.

Depolymerisation of isolated lignins by metallic sodium in
liquid ammonia at room temperature

In the presence of metallic sodium (Na), nitrogen is not incor-
porated into the lignin structure, at least in the case of Indulin
AT. The nitrogen content in the RL was half of that of the
parent lignin (compared to a three-fold increase after treat-
ment at 120°C; see Table S1). We first studied the effect of the
lignin type on the yields of bio-oil and monomers. Experiments
were run at constant lignin loading with Nag (8.1 mmol,
75 wt% based on dry lignin) in liquid ammonia (20 mL) and

THF (10 mL) without any external hydrogen donor. The yields
of RL, bio-oil and aqueous solubles (AS) are shown in Table 3.
No drastic effect on the RL is observed (entries 1-8). The netto
yields of bio-oil (corrected for the yield in the control experi-
ments without using Nay) range between 10-23%. Using EG
MWL, 49% less RL and 40% more bio-oil was obtained com-
pared to the control experiment (Table 3, entries 9 and 10).
These results show the high reactivity of Na, in liquid ammo-
nia towards the cleavage of aryl-alkyl ether linkages (more
abundant in native lignins) and low reactivity to carbon-
carbon linkages (more abundant in technical lignins).

ChemSusChem 2017, 10, 1022 - 1032 www.chemsuschem.org 1024 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Structures identified in the parent lignin, residual lignin and bio-oil from EG MWL, and in the precipitated L fraction and bio-oil isolated from poplar
wood fibre: (A) aryl-alkyl ether structures (3-0-4'), (A’) p-O-4' structures with acylated in y-OH, (B) phenylcoumaran structures (3-5'), (C) resinol structures (f3-
), (C') THF structures (B-p) with acylation in y-OH, (D) C,-oxidized [3-O-4’ structures, (1) p-hydroxycinnamyl alcohol end groups, (I') p-hydroxycinnamyl alcohol
end groups with acylation in y-OH, (H) p-hydroxy-phenyl units, (G) guaiacyl units, (S) syringyl units, (S') syringy! units bearing a carbonyl or carboxyl group at
C,, (FA) ferulate units, (PCA) p-coumarate units, (PCAM) p-coumaramide units, (HPCA) hydro-p-coumarate units, (PHB) p-hydroxybenzoate units, (X) -p-xylo-
pyranoside, (X') O-acetyl-B-p-xylopyranoside and (MGA) 4-O-methyl glucuronic xylopyranoside.

The total monomer yields obtained from the different lignins
are shown in Figure 4. In the case of EG MWL, 3.1 wt% mono-
mers were obtained. When Nay was used, all monomers
were enriched with alkylphenolics such as methyl-, ethyl-
and propyl-phenol/guaiacol/syringol. Remarkably, no hydrogen
donor is needed for the hydrogenolysis of the aryl-alkyl linkag-
es. The reductive cleavage may occur when the solvated elec-
trons add to the carbon of the aryl group.®" Possibly, the
ammonium ion (which complexes to the adjacent phenolic
oxygen)®” acts as the hydrogen donor. Alternatively, Perne-
malm and Dence suggested that the hydrogen may be donat-
ed by lignin functional groups.’” No competing aromatic
hydrogenation was observed in these conditions. The chemis-
try changes completely upon addition of an external hydrogen
donor (loss of aromaticity). PCA-derived monomers are present
in the bio-oils isolated from grass lignins. Hydro-p-coumaric
acid (HPCA) accounts for 37% of the monomers isolated from
EG MWL. In the case of poplar organosolv lignin, 35% of the
isolated monomers are p-hydroxybenzoate (PHB)-derived, such
as p-hydroxy-benzaldehyde and p-hydroxy-benzoic acid, but

ChemSusChem 2017, 10, 1022 - 1032 www.chemsuschem.org
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surprisingly also small amounts of benzoic acid and benza-
mide. At first sight this is surprising as the phenol group is
lacking in the latter compounds, but they are produced exclu-
sively when poplar lignin, ammonia and sodium are used. This
can be explained by the presence of PHB units in poplar lignin
(see also 2D NMR results, Figure 6) and the chemistry changes
when an external hydrogen donor is acting in the ammonia
phase.®? The ratio of monomers derived from syringyl to
guaiacyl is similar to the S/G ratio of the aromatic units present
in the parent lignins. Thus, the composition of the monomers
depends on the source and type of the lignins.

Dimers and oligomers account for the major part of the bio-
oil. Size Exclusion Chromatography (SEC) analysis (Table 4, en-
tries 1-9; for corresponding chromatograms see Figure S8)
shows that all bio-oils have weight average molecular weights
(M,,) ~40-60% lower than those of the parent lignins, with
narrow distributions (polydispersity index, PDI, between 1.6-
1.8). In contrast, the M,, and PDI of the RLs were higher than
the corresponding parent lignins. When extracting the RL iso-
lated from Indulin AT with 0 and 25 wt% Na, with CH,Cl,, 4%

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Abundance of EG MWL lignin inter-unit linkages and aromatic groups at different treatment conditions.
Linkages/units Parent lignin® Abundance [%]®
120°C, RL 75 wt% Na,, 20°C, RL 75 wt% Na, 20 °C, bio-oil
lignin inter-unit linkages abundance'”
B-O-4' aryl-alkyl ether (A) 54 (9.6) 49 (9.5) 55 (11.1) 70 (3.4)
B-5" phenylcoumaran (B) 2(0.4) 2(0.3) 1(0.2) 0 (0.0)
B-p’ resinol (C) 1(0.2) 1(0.2) 3(0.5) 2(0.1)
B-p’ tetrahydrofuran (C') 3(0.5) 0 (0.0) 0 (0.0) 0 (0.0)
a-oxidized [3-O-4' substructures (D) 1(0.1) 0 (0.0) 0 (0.0) 0 (0.0)
lignin end-groups'
cinnamyl alcohol end-groups (1) 7 9 2 0
y-cinnamyl alcohol end groups (1) 4 0 0
side-chain vy-acylation 40 12 13 1
lignin aromatic units
H 3 3 2 2
G 40 33 36 42
S 57 64 62 56
S/G ratio' 14 1.9 17 14
tricin@ 1.3 0.2 0.2 0.0
PCA/p-coumaric acid”! 39 0 19 33
p-coumaramides'” 0 24 3 50
FA® 2 0 1 0
[a] Trace correlation signals from spirodienone substructures. [b] Abundance per 100 lignin aromatic units. [c] The values between brackets compares the
ratio of the inter-unit linkage correlation integral to the sum of integrals of all aromatic correlation signals. [d] Expressed as a fraction of the total lignin
inter-unit linkage types A-D. [e] Expressed as ratio, instead of %. [f] Expressed as a fraction of lignin content (sum of H, G and S unit integrals).

EG MWL, 0% Na(s)

EG MWL, 75% Na(s)

Poplar organosolv, 0% Na(s)

Poplar organosolv, 75% Na(s)
Wheat straw organosolv, 0% Na(s)
Wheat straw organosolv, 75% Na(s)
Protobind 1000 HMW, 0% Na(s)
Protobind 1000 HMW, 75% Na(s)
Indulin AT, 0% Na(s)

Indulin AT, 75% Na(s)

No monomers

m Anisoles, benzenes and cyclohexanes
® Phenols

u Alkylphenols

m Hydroxy alkyl phenols

m Carbonyl alkyl phenols

u Carboxyl alkylphenols

® Amide alkylphenols

0 5 10

15 20 25 30 35 40 45
Yield (wt% on dry lignin)

T T T 1

0 2 4
Yield (carbon wt% on dry lignin)

Figure 4. Bio-oil yield (left) and monomer yield (right) obtained with 75 wt% Na, and 0 wt% Na, in 20 mL NH,;,+ 10 mL THF at 20°C, from Indulin AT, Proto-
bind 1000 LMW, Protobind 1000 HMW, wheat straw organosolv, poplar organosolv and EG MWL lignins.

and 40% CH,Cl, solubles were isolated, respectively. Some of
them (0.3 wt% on dry lignin) consisted of monomers that
were entrapped during the precipitation of RL.

The same set of samples were also analysed by Direct Inser-
tion Probe Electron Impact (DIP-MS, see Figure S9). The bio-
oils show well-defined volatile fractions that elute earlier than
the volatile fractions from the parent lignins. Interestingly, the
fragments present in the first part of the chromatograms of
the bio-oils are almost exclusively phenolics, whereas associat-
ed fatty-acid-derived fragments dominate in the parent lignins.
The rest of the chromatograms from both parent lignin and
bio-o0il show mainly phenolic oligomer fractions.

ChemSusChem 2017, 10, 1022 - 1032 www.chemsuschem.org
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We analysed the parent lignin (EG MWL), RL and bio-oil
obtained after treatment with 75 wt% Na, (Table 3, entries 9
and 10) by HSQC 2D NMR. Figure 2 shows their corresponding
HSQC spectra and Table 2 shows the relative abundances of
inter-unit linkages. At first sight, both RL and bio-oil are
enriched in B-O-4 ether and B-f’ resinol linkages. However,
comparing the integral volume ratio of the linkage correlation
signal with the sum of all aromatic signals, we see that only
the RL is enriched with these linkages, whereas the bio-oil is
depleted. Similar de-acylation levels are achieved compared to
the high-temperature treatment mentioned before. No y-OH-
acylation is seen in all bio-oils where PCA and acetate are

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Residual lignin, bio-oil and aqueous solubles yields.

experiment (Figure 5). After the alkali extraction, the
lignin-rich fraction was isolated by acid precipitation

Entry Dry lignin Na, RL Bio-oil AS Mass balance (L fraction, ~20 wt% of the lignin content in the
[mg] (wt%] [wt%] [wt%] [wto%]” [wt%]” fibre, 19 wt% in the control, Table 5). About 58% of
1 Indulin AT (248) 75 796  15.1 419 1366 residual fibre was recovered, compared to 76% in
2 Indulin AT (248) 0 775 39 175 989 the control experiment. The total lignin content was
3 Protobind 1000 HMW (244) 75 782 158 —148 792 200 )
A Protobind 1000 HMW (244) 0 848 53 154 1025 ) 30'/0 in the pa.rent fibre FTabIe §). Based on the total
5 wheatstraw organosolv (247) 75 784 171 342 1297 lignin content in the residual fibre, 60-70% of the
6 wheat straw organosolv (247) 0 76.1 2.5 143 929 lignin was removed from the parent fibre (cf. only
7 poplar organosolv (248) 75 749 268 79 1096 35-45% in the control). This indicates the positive
8 poplar organosolv (248) 0 80.9 3.6 8.5 93.0 A . .
9 EG MWL (99) 75 318 430 12 76 e.ffe'ct on thelllgnln removal by adding Nay in the
10 EG MWL (94) 0 8038 33 79 920 liquid ammonia.

from 100% (see Supporting Information).

[a] The netto yield of AS was determined as the difference between the theoretical
NaCl yield (formed upon acidification with HCl of the aqueous phase obtained after
separation of RL and extraction of bio-oil) and the experimentally determined dry re-
sidual aqueous extract. Negative AS yield are caused by entrapping of Na*/Cl™ salts
in the RL owing to insufficient washing. [b] In some cases the mass balance varied

The bio-oil yield from poplar wood fibre is similar
to the vyield obtained from isolated organosolv
poplar lignin (Table 3, entry 7). However, monomer
yields are lower. Interestingly, this bio-oil is enriched
with propylphenols, and particularly propylsyringol,

Table 4. SEC analysis of parent lignins and the corresponding residual
lignin and bio-oil fractions.”

Entry Lignin M, M, PDI
1 wheat straw organosolv 540 2260 4.2
2 wheat straw organosoly, RL 690 2980 43
3 wheat straw organosoly, bio-oil 560 1000 1.8
4 poplar organosolv 570 2180 38
5 poplar organosolv, RL 810 3190 39
6 poplar organosolv, bio-oil 620 1000 1.6
7 EG MWL 460 1930 4.2
8 EG MWL, RL 760 5530 7.3
9 EG MWL, bio-oil 640 1140 1.8
[a]l RL and bio-oil obtained with 75 wt% Na, in 20 mL NHs, and 10 mL
THF at 20°C. [b] Average number molecular weight.

present in free form. The HSQC spectrum of the bio-oil (Fig-
ure 2d) shows more correlation signals in the aliphatic region.
In this region, signals from HPCA are assigned, together with
the corresponding aromatic signals.®¥ This matches with the
GC-MS results, confirming the reduction by solvated electrons.

In situ lignin depolymerisation by Na, in liquid ammonia at
room temperature

Here we tried to both depolymerise and remove lignin from
a woody fibre (poplar). We studied the effect on the poplar
lignin by adding Na in liquid ammonia for 3 h at 20°C. After
removing the ammonia and adding water, most of the Na*
salts were converted to NaOH, resulting in a pH of 12.5
(Nag/NH,, treatment). We compare this to the treatment in
pure liquid ammonia followed by addition of water and an
equimolar amount of NaOH, (denoted as NH;;,+NaOH), con-
trol experiment).

Adding Naj, leads to the isolation of non-pyrolytic bio-oil.
The yield is approximately 24 wt% of the lignin content in the
parent fibre whereas only 2 wt% was obtained in the control
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the yield of which was 4 times higher than that of
the organosolv lignin. This shows the high abun-
dance of

syringyl units associated with (3-O-4' ether linkages in native
poplar lignin. In contrast, organosolv lignin yields more phe-
nols.

30 -
—~ 254
E=
S
= 20 A
oy
©
5 15 4
=2
E 10 4
o)
Q2
> 5 J
0. a _mm
3 -
= = Amide alkylphenols
c
g m Carboxyl alkylphenols
'g 2 m Carbonyl alkyl phenols
(o)
N m Hydroxy alkyl phenols
=
5 m Alkylphenols
% 1 A m Phenols
L
L2/
2
’ -
No monomers
0 T 1
75% 0% 75% 0%
Na(s) Na(s) Na(s) Na(s)
Poplar Poplar wood
organosolv lignin fibre

Figure 5. Bio-oil yield (up) and monomer yield (bottom) obtained at 20°C
with 75 wt% Na, and 0 wt% Na, from poplar organosolv and poplar lignins
in situ.
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Table 5. Yields of residual fibre, precipitated ligning-rich fraction, bio-oil and aqueous
solubles.”
Mass balance

Treatment  Nay, NaOH, Residual fibre L fraction Bio-oil AS

[mmol] [mmol] [wt%] [wt %] [wt%] [wt%] [wt%]
Nag/NH;, " 8.1 0.0 57.8 6.0 7.0 13.1 839
control® 0.0 8.1 75.5 5.6 0.6 2.2 84.0

[a] All yields are in wt% on dry initial fibre. [b] Poplar wood fibre treated with 75 wt%
Na in NHs for 3 h at 20°C followed by alkaline extraction for 1 h/80°C. [c] Treated
with NH;;, and an equimolar amount of NaOH,) was added after removing ammonia
to the fibre suspension for alkaline extraction.

Table 6. Total lignin content of the parent poplar wood fibre and of the residual fibre
after treatment with and without Na, in NH;, at room temperature.

Sample AlL AL Total lignin  Delignification [%]
(%] [9%]® content [%)]

parent fibre (27.7+2.6) (1.84+0.1) (29.5+2.5)

(Na/NHjsy), residual fibre  (13.7+£0.5) (1.94£0.1) (1554+0.6) 61-70

control (NHy,+NaOH,),  (183+1.1) (2440.1) (207+1.0) 36-47

residual fibre!®

[a] Acid-insoluble lignin (wt% on dry fibre). [b] Acid-soluble lignin (wt% on dry fibre).
[c] The exact value depends on how much residual fibre loss accounts for the incom-
plete mass balance. [d] An equimolar amount of NaOH,, was added to the fibre
suspension for alkaline extraction.

The bio-oil and L fractions were then analysed by SEC. The
bio-oil shows a low PDI (1.5). The molecular weight of the bio-
oil obtained in situ from poplar lignin was low (M,,=650) com-
pared to the bio-oil obtained from organosolv poplar lignin
(Table 4, M,,=1000). In contrast, the L fractions have
a high molecular weight and PDI (M,,=11670, PDI~

CHEMSSCHEM
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the SEC chromatograms. The L fraction from the
Na/NH;, treatment contains more hemicelluloses,
as seen from the higher HSQC integral ratio of the
anomeric xylan correlation signal (IX;) to the lignin
methoxyl (MeO) signal (MeO) (the same can be con-
cluded when considering the sum of lignin aromatic
signals instead of the MeO signal). Moreover, the
hemicelluloses present in the L fraction in the control
experiment are more degraded, as seen from the
higher abundance of reducing end xylopyranosyl
units and 4-O-methyl-a-b-glucuronic acid residues
(higher (RX,/X; and MGU,/X,; ratios, respectively,
Table 7). Adding Na improves the extraction of
lignin, hemicelluloses and/or lignin-hemicellulose
complexes and preserves better the extracted hemi-
celluloses. However, no direct conclusion can be
drawn on the glucan fraction, as it is not observable
in the HSQC spectra when present as crystalline cellu-
lose.

Liquid ammonia preserves most of the carbo-
hydrates, reduces the cellullose crystallinity and is
highly selective to lignin.”®3*3% Therefore, EA-
lignocellulose fractionation is a promising pretreat-
ment in view of conversion to bioethanol, especially
considering the much lower energy needed to recov-
er and recycle the ammonia compared to extraction
with aqueous ammonia.”” Our results show that the

present method is not suitable for the production of renewa-
ble aromatics as the monomer yields are too low. But, our re-
sults do show that adding Nag, enables the EA fractionation
of lignocellulosic biomass (at least for poplar wood) under

18). Furthermore, we analysed these fractions by | taple 7. Abundance of lignin inter-unit linkages, aromatics and carbohydrates in the
HSQC (Figure 6; the corresponding quantification is | precipitated fractions and in the bio-oil.
included in Table 7). Although the bio-oil has a rela- ) ) .
vely | lecul iaht. i il . Linkages/units Abundance [%]"®!
tlve._'y ow mol ecular Yvelg t, it still contains so!'ne (Naw/NHsy), L (Naw/NHy), bio-oil  control, L®
residual -O-4" ether linkages. Most of the acylation — — =
in the f f (p-hyd ben- lignin inter-unit linkages abundance'
groups are present in the free form (p-hydroxyben- | o°5 4 o1yl alkyl ePDither () 48 (10.9) 35 (39 48 (12.9)
zoic acid). The recovered L fractions contain more B-5' phenylcoumaran (B) 0(0.1) 0 (0.0) 1(0.2)
inter-unit linkages, and the abundances in the lignin B-’ resinol (C) 2(0.5) 1.1 4(1.0)
isolated with Na,/NH,, is slightly lower compared to | $ide-chain y-acylation 23 4 23
. . . Ilgn/n aromatic units

the control experiment. This contrasts with the SEC H 0 0 1
results, where the chromatogram of the Na/NH;, G 38 39 20
treatment is broader in the high-molecular-weight | S 62 61 79

; ; S/G ratio'” 1.6 1.6 3.9
(HMW) region. But, when looking closer to the SEC e 10‘ 44‘ 21'
c'hromatograms (for details s.ee Figure S9), th'e L frac- carbohydrates
tions show a narrow peak in the LMW region and internal xylan unit/lignin methoxyl 10 0 7
a broad peak in the HMW, unlike the bio-oil. Next to (IX,/MeO)
lignin correlation signals, the HSQC spectra of the L | reducing end xylan unit/intemal 2 0 m
fractions (Figure 6a and c) also show signals from xylan unit (RX,/X)

9 9 4-O-methyl-a-p-glucuronic acid/ 5 0 8
xylans and 4-O-methylglucuronoxylans, whereas the B-p-xylopyranoside (MGU,/IX,)
bio-oil SpeCtrur.n (Figure 6b) does not contain any [a] Treated with NH;, and without Na, instead an equimolar amount of NaOH, was
carbohydrate signals. From these results, we con- added to the fibre suspension for alkaline extraction. [b] Abundance per 100 lignin ar-
clude that hemicelluloses or lignin-carbohydrate- | omatic units. [c] The value between brackets compares the ratio of the inter-unit link-
complexes, as suggested by Yoo and et a|”[29] repre- age correlation integral to the sum of integrals of all aromatic signals. [d] Expressed as

R 0 ) I -

sent the main fraction eluting in the HMW region of ratio, instead of %. [e] Expressed as a fraction of lignin aromatic content (H+G+S).
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Figure 6. 'H-">C HSQC spectra (8./8y 10-150/0.5-8.5 ppm) of (a) precipitated L fraction, (b) bio-oil obtained from poplar wood fibre with 75 wt% Nay, after
3'h/20°C in 30 mL NHj, followed by alkaline extraction for 1 h/80°C (Na,/NH;, treatment), and (c) L fraction obtained with 0 wt% Na, 3 h/20°C in 30 mL
NH;, followed by alkaline extraction for 1 h/80°C, after adding an equimolar amount of NaOH, (NH;(,+NaOH, control).

moderate conditions (20°C/9 bar), thus avoiding the elevated
pressures of ammonia at high temperature.”>* Reductive de-
polymerisation of the lignin facilitates its extraction from the
lignocellulose thereby shortening the extraction time. At first
glance, the amount of Na needed for lignocellulose fractiona-

tion may seem unsustainable regarding its safety and cost
(23 wt% on dry lignocellulose). However, the solvated electron
method is actually applied at industrial scale to remove poly-
chlorinated biphenyl (PCB) contaminants from (wet) soils,
mainly in the USA.®” Moreover, in view of the application in

ChemSusChem 2017, 10, 1022 - 1032 www.chemsuschem.org 1029 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@’* ChemPubSoc
ey Europe

lignocellulose fractionation, the cost is reasonable compared
to the load applied when using ionic liquids (typically around
10 wt%).*® In practice, the major part of the Na,, cost is owed
to transport-safety requirements. As Na, is produced by elec-
trolysis of molten NaCl at high temperature, on-site production
could lower the cost substantially. Alternatively, one could gen-
erate the solvated electrons by electrolysis of NaCl in liquid
ammonia, as described elsewhere.?**"

Conclusions

Liquid anhydrous ammonia preserves carbohydrates very well
and dissolves lignins effectively while retaining their ether link-
ages. However, it is not an innocent solvent as after removing
the ammonia some nitrogen remains incorporated in the solid
residue. Adding Nag, to liquid ammonia at room temperature
avoids this (at least with kraft lignin) and cleaves the ether link-
ages, allowing depolymerisation of the lignin at ambient con-
ditions. The bio-oil can also be produced from technical lig-
nins, but it is enriched in oligomers and contains low amounts
of phenolic monomers. The use of native lignins en-

riched in ether linkages leads to significantly higher ()
bio-oil yields. Non-pyrolytic bio-oil can be isolated di-

rectly from biomass, as shown by the treatment of

Parent lignin

' CHEMS U SCHEM
= Full Papers

stems (EG MWL)"*® was provided by Dr. J.C. del Rio and Dr. A. Gu-
tiérrez (IRNAS, Seville, Spain).

Biomass samples: Poplar hardwood fibre was used as whole bio-
mass. The composition of the hardwood fibre is described else-
where.™ The fibre (5.0 g, <1 mm) was extracted twice with water
(0.5L) at 100°C, dried at 70°C and then extracted with acetone in
a Soxhlet extractor for 8 h to remove lipophilic extractives. The ex-
tracted fibre was dried until reaching a low humidity (1-2%).

Procedure for determining lignin content: The lignin content was
determined as the sum of acid-insoluble lignin (AIL) and acid-solu-
ble lignin (ASL). The AIL content was determined as the dry residue
from of extracted fibre after hydrolysis (0.300 g) with sulfuric acid
according to the TAPPI method T222 om-88.¢' The ASL was deter-
mined after the insoluble lignin was filtered off, by UV spectrosco-
py at 205 nm using 110 Lcm™'g ™' as the extinction coefficient.

Procedure for high-temperature lignin depolymerisation in
liquid ammonia: Scheme 1a summarizes the high-temperature ex-
periments. First, the lignin was charged in a specially built auto-
clave described in detail elsewhere® (see also diagram and photo
in the Supporting Information). For Indulin AT, 250 mg were used;
for EG MWL ~100 mg were used. Then, liquid ammonia (30 mL)

poplar wood fibre with Nay in liquid ammonia at
room temperature with short residence times. This
lignin-depolymerisation method opens opportunities
for lignocellulose fractionation.

Experimental Section

Materials and instrumentation: A detailed description
of the equipment used for GC-MS, DIP-MS analysis, SEC,
2D NMR and ICP-MS analysis, including calibration
graphs and analysis procedures, is included in the Sup-
porting Information.

Lignin samples: Indulin AT (kraft pine wood lignin) was
purchased from Sigma-Aldrich. Mixed wheat straw/
Sarkanda grass soda lignin (Protobind 1000) was pur-
chased from GreenValue S.A., Granit (Switzerland). In the
case of Protobind 1000, the HMW fraction was used for
the experiments. The fractionation was done by consec-

[ T !

120°c||20°c|

Control

3h 24h
l l'NH3(9>l 20°C/6h
| DCM extraction | § .
- NHyg)

Ethyl acetate (EAc) | extraction .
+6M HC| =8

Residual
lignin (RL)

extraction

EA solubles
(Bio-oil)

Aqueous solubles]
(AS)

Ethyl acetate (EAc)

EA solubles
(Bio-oil)

Aqueous solubles|
(AS)

Scheme 1. (a) High-temperature experiments with isolated lignins, (b) room-temperature
experiments with isolated lignins and Nay,, (c) room-temperature experiments with lignin
in situ and Nay.

utive extraction steps with CH,Cl, (details in the Support-

ing Information). Organosolv lignins were isolated from

poplar wood and wheat straw at the Energy Research

Centre of the Netherlands (ECN). The wheat straw fibre was cut to
<10 mm and pulped at 140°C for 120 min using 50% w/w aque-
ous acetone (L/S=10Lkg™' dry weight) and H,SO, (60 mm) in
a 20L batch autoclave reactor according to a patented proce-
dure."*? The poplar fibre was cut to <10 mm and pulped at 190°C
for 60 min using 50% w/w aqueous ethanol (L/S=10Lkg ' dw)
and H,S0O, (20 mm).** Both wheat straw and poplar lignins were
precipitated from the organosolv liquors by adding the liquor to
a three-fold excess of cold water following the work of de Wild
and et al.* The humidity of the different lignins was determined
and the dry lignin content was used for further calculations. For
the depolymerisation experiments with Na in liquid ammonia, lig-
nins were dried for 48 h with 40°C/ <100 mbar (humidity 1-2%).
Milled wood lignin isolated from the cortex of elephant grass
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was charged into the autoclave. The autoclave was heated to
120°C/ 88 bar (~20 min.) and stirred for 3 h at 750 rpm (additional
technical details on the working with liquid ammonia are included
in the Supporting Information). Before removing the ammonia the
autoclave was cooled to <30°C with ice. The remaining dry resi-
due was extracted with CH,Cl, (40 mL) for 3 h and filtered. The sol-
vent was evaporated at 40°C/400 mbar and the extract was further
dried under a nitrogen flow until reaching constant weight (in the
control experiment, the lignin was directly extracted with CH,Cl, at
the same solid-liquid ratio for 3 h). The dry extract was then re-
dissolved in CH,Cl, (acetone in the case of EG MWL) for GC-MS
analysis (anisole internal standard). The experiments at 20°C/9 bar
were done identically but for 24 h instead of 3 h.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Procedure for room-temperature depolymerisation of isolated
lignins by metallic sodium in liquid ammonia: Scheme 1b sum-
marizes the experiments with isolated lignins. Example: lignin
(250 mg) was added to dry THF (10 mL) in an autoclave together
with Nay, (186 mg, 8.1 mmol). No Na,, was added in the control ex-
periments. The use of THF assured the complete submersion of
the Naj, pieces, avoiding any contact with the atmosphere inside
the reactor. The autoclave was purged with air, followed by adding
liquid ammonia (20 mL). In the case of EG MWL THF (4 mL) and
liguid ammonia (12 mL) were used. The reaction mixture was
stirred at 500 rpm for 6 h at 20°C. The ammonia was removed as
a gas, isopropanol (0.5 mL) was added followed by adding water
(60 mL) to solubilise the dry residue. The lignin was precipitated by
adding HCl (6 m) at pH 2.0, stored at 4°C and separated by centri-
fuging (9500 rpm, 40 min, 4°C). The lignin was recovered and
dried at 70°C until reaching constant weight. After separating the
residual lignin solids, the remaining supernatant was extracted
with 3x30 mL ethyl acetate (EAc). The organic phase was dried
over MgSO, and the solvent was evaporated (EAc1). The residual
aqueous phase was evaporated to ~20 mL and extracted with 2x
15 mL ethyl acetate (EAc2), dried over MgSO, and evaporated. The
bio-oil yield was determined gravimetrically from the dry com-
bined extracts EAc1 + EAc2. The dry bio-oils were then re-dissolved
in EAc (4 mL), from which an aliquot (250 L) was taken for GC-MS
analysis (anisole internal standard). The residual aqueous phase
was dried at 70°C and the AS solids were weighed. Further experi-
mental details including photos of the various stages are included
in the Supporting Information (Figure S4).

Procedure for in situ lignin depolymerisation by metallic sodium
in liquid ammonia: Scheme 1c shows the experiments with in situ
lignins. Extracted poplar wood fibre (852 mg dry fibre) was
charged in an autoclave together with Nag (8.1 mmol). Then,
liquid ammonia (30 mL) was added. The mixture was stirred for 3 h
at 20 °C. After removing the ammonia as a gas, water (100 mL) was
added to recover all solubilised and suspended solid matter. The
mixture was transferred to a round bottom flask. The pH of the
aqueous fibre suspension was 12.5. This suspension was refluxed
at 80°C during 1 h under air atmosphere. Then, the suspension
was cooled to 40°C, filtered and washed with water (200 mL). The
residual fibre on the filter was dried at 70 °C and weighed. The fil-
trate was concentrated to 100 mL by evaporation at 50 °C/90 mbar
and then acidified with HCI (6 M) to pH 2.4. The precipitated L frac-
tion was separated and the supernatant was treated further to iso-
late the bio-oil and the AS identically as in the isolated lignin pro-
cedure described above. Control experiments were done identical-
ly, except that no Nay was added. Instead, ag. NaOH, (100 mL,
8.1 mmol) was added to the solid residue in the autoclave after re-
moving the ammonia. The pH of this aqueous phase was 12.5.

CAUTION! Working with liquid anhydrous ammonia requires
special attention. We ran all our reactions in a built-to-purpose
stainless steel autoclave installed in suitable premises. Metallic
sodium can be handled safely under atmospheric conditions pro-
vided that a thin oxide layer is already present on the surface of
the sodium pieces, but caution is required at all times.
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