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ABSTRACT

Keywords:

Industrial Kraft Lignin (KL) prepared by LignoBoost® technology was treated via hydrothermal base catalysed

Lignin depolymerisation (HBCD). KL was dried and divided into methanol soluble and insoluble fractions. The insoluble
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fraction was treated in 1 M NaOH (aq) at 300 °C. After precipitation with HCl (aq), the solids yield was ca. 60 wt
%. These solids demonstrated improved thermal stability and carbon content, increased solubility in MeOH and
reduction in polydispersity. With a view to the use of the product in the preparation of carbon-based materials
(e.g. carbon fibres (CF)), thermal analysis was undertaken, revealing a lack of a glass transition below the

decomposition temperature, excluding melt pinning. However, a high solubility in organic solvents renders the
product a suitable candidate for solvent spinning and for the production of renewable low-cost CFs. Additionally,
the process generated an oily liquid phase with yields of ca. 10 wt% containing valuable catechol and methylated

derivatives.

1. Introduction

Lignin represents a significant volume source of renewable aromatic
compounds and is one of the main constituents of woody biomass
comprising ca. 20 30 wt% of the dry mass (Gargulak et al., 2000).
While lignosulfonates are available at ca. 1 Mt/a since the 1970s, there
is no market for the majority of the technical lignin, which is Kraft
Lignin (KL). This lignin is burnt in pulp mill recovery boilers to cover
the energy demand of the mill and recover > 95% of the chemicals
used (Ragnar et al., 1999 2014; Tran and Vakkilainnen, 2007). There is
a potential capacity of bleached and unbleached pulp generated via the
Kraft process of ca. 100 Mt. in 2016 (FAO Food and Agriculture
Organization of the United Nations, 2015). Taking into account the
hard and softwood distribution and assuming that for an undisturbed
operation of the recovery boiler a maximum of 75% of the lignin can be
withdrawn from the black liquor, this amounts to ca. 30 Mt/a of KL
which could act as a chemical feed stock (op. Bjork et al., 2015;
Gellerstedt et al., 2013). With the appearance of lignin precipitation
processes using CO, for acidification (e.g. LignoBoost®, LignoForce™,
and SLRP®), further market potential and diversification of KL will arise
(Kouisni et al., 2012; Lake and Blackburn, 2014; Tomani, 2010). As a
consequence of processing, KL is typically a highly condensed
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macromolecule, with ca. 80 90% of B O 4 bonds having been cleaved,
accompanied by a three fold increase in phenolic OH group content and
C—C bonds (Alekhina et al., 2015a; Alekhina et al., 2015b; Gierer,
1980; Nagy et al., 2010; Rinaldi et al., 2016).

Regarding product development, there is a growing interest in KL as
a carbon fibre (CF) precursor. The first patent was filed in 1969 by
Nippon Kayaku and the fibre was briefly available as Kayacarbon brand
until 1973 (Otani et al., 1969). The relatively low tensile strength of 0.3
to 0.8 GPa could not compete with PAN based fibres and a low oil price
prevented lasting success. With a strong market pull for sustainable/
renewable materials, the production of CFs from biomass and biomass
waste streams is receiving renewed interest (Baker and Rials, 2013);
e.g. lignin derived CFs in the automotive industry; non wovens for heat
retardants and insulations (Paul et al., 2015). To find large scale
adoption, lignin derived CFs must present attractive tensile strength
(> 1.72GPa) and modulus (> 172 GPa) properties with a price be
tween 10 and 15 $/kg (Baker and Rials, 2013).

Regarding the suitability of KL in CF production, the heteroatom
content in the precursor impacts on the carbonisation processes, sup
posed to result in stabilisation of the fibre and an increased carbon yield
(Frank et al., 2014). Nevertheless, many problems occur, including a
tendency for lignin to react with itself during (melt) spinning, while
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heterogeneity (e.g. in terms of molecular weight profile) can hinder
stable spinning of the fibres (Baker and Rials, 2013; Kadla et al., 2002).

During the processing/stabilisation of lignin based fibres, low mo
lecular weight compounds are believed to undergo polymerisation re
actions, forming a stable structure for carbonisation (Frank et al.,
2014). If the polymerisation reactions do not consume the majority of
the low molecular weight compounds during carbonisation, evapora
tion can also occur, reducing yield and resulting in hole formation in
the fibre matrix (i.e. reducing tensile strength) (Mainka et al., 2015a).
While the aforementioned Kayacarbon CFs were dry spun with poly
(vinyl alcohol) as copolymer, current research indicates interest in the
use of melt spinning (Baker et al., 2012; Kadla et al., 2002; Sudo and
Shimizu, 1992). Therefore, any lignin used must have a glass transition
temperature well below its decomposition temperature and not change
its physical properties while being held in the glassy state. The high
phenolic OH group content of KL makes this a problematic task. With
regard to reducing heterogeneity and establishing a usable glass tran
sition temperature, Baker et al. have performed extractions and devel
oped a proprietary process using organic solvents in order to purify a
hardwood KL and increase its melt spinnability (Baker et al., 2012).
This decreased the glass transition temperature from 202 to 128 °C fa
cilitating melt spinning, although a complete stabilisation of the fibre
was not possible and fibre fusing as well as evaporation during carbo
nisation was observed (Baker et al., 2012).

Processing of lignin leading to an increase in thermal stability and
“degree” of molecular/structural condensation, while at the same time
yielding a more homogeneous molecular weight distribution, would be
of significant interest. Hydrothermal base catalysed processes (HBCD)
that use 1M NaOH (aq) as solvent at temperatures of ca. 300 °C and
retention times of ca. 15 min are promising for altering technical lignin
in the desired way (Beauchet et al., 2012; Erdocia et al., 2014; Katahira
et al., 2016; Mahmood et al., 2013; Miller et al., 2002; Roberts et al.,
2011; Schmiedl et al., 2012; Toledano et al., 2014). HBCD could be
integrated into existing Kraft mills, since it employs existing technology
and the chemicals required can be recovered in the mill's own recovery
cycle. In this paper, an HBCD process is investigated with the aim to
optimise KL conversion for CF production. This is based on softwood KL
originating from the Domtar, Plymouth, NC, USA pulp mill. This soft
wood KL is initially treated in a polar, organic solvent, namely me
thanol (MeOH), to extract the volatile low molecular weight fraction.
The insoluble fraction from this extraction is treated under HBCD
conditions to increase the degree of molecular/structural chemical
condensation and homogeneity.

2. Material and methods
2.1. Chemicals

Lignin was supplied via UPM Biofore (www.upmbiofore.com),
Finland, originating from the Domtar pulp mill in Plymouth, NC, USA,
as precipitated via the LignoBoost® technology (ca. 30 wt% H>O con
tent). Before use, it was dried at 80 °C under vacuum for 24 h. The trees
used for production at the pulp mill are northern pine, i.e. softwood.
MeOH (Emsure, +99.9%), acetone (Technic France, 99%), ethyl
acetate (Carl Roth, 99.9%), guaiacol (Acros, +99%), catechol (Alfa
Aesar, 99%), phenol (Alfa Aesar, 99%), syringol (Sigma Aldrich, 99%),
3 methoxyxatechol (Sigma Aldrich, 99%), 4 methylcatechol (Alfa
Aesar, 96%), 3 methylcatechol (Sigma Aldrich, 99%), 4 ethylcatechol
(Sigma Aldrich, 99%), 4 ethylguaiacol (Sigma Aldrich, 99%), vanillin
(Sigma Aldrich, 99%), acetovanillone (Sigma Aldrich, 98%), homo
vanillic acid (Sigma Aldrich, 99%), NaOH (Carl Roth, 99%), Na,SO,
(Carl Roth, 99%), HCI (Carl Roth, 32%), and DMSO dg (Carl Roth, 99.8
atom%D) were used as procured.

2.2. Methanol extraction from lignin

The extraction procedure was performed in a 45 mL centrifuge vial
at room temperature and ambient pressure under vigorous shaking.
After shaking, the mixture was left to mature for a further 2 h. This was
followed by centrifugation at 9000 rpm (RCF = 7510) for 5min and
subsequent decantation. The procedure was performed once.
Extractions were conducted at different lignin concentrations (10 wt%,
20wt%, 30wt%) to see if concentration increases linearly.
Additionally, a sequential dissolution of KL in MeOH was conducted to
estimate the maximum number of aromatic compounds dissolvable in
MeOH. The feed solution for the HBCD step was prepared at a con
centration of 250 mgmL ™', The two fractions obtained from each se
paration step were dried under vacuum at 60 °C for 24 h and analysed
via GPC, EA, TGA, GC MS FID, 2D HSQC NMR, *C CP MAS NMR, and
ATR FT IR.

2.3. Continuous hydrothermal reactions

The continuous reaction rig is shown in Fig. S1. As feed containers,
1L HPLC bottles were used. These were pressurised with N, to 0.1 bar
to prevent the pump from running on gas and a 10 um stainless steel
filter prevents particles from clogging the pump. A Knauer Smartline
1000 HPLC pump with piston heads for a max flow rate of 10 mL/min
was used. A tube in tube heat exchanger was installed before the feed
enters the reactor. To improve heating rate, the final 25 cm of the heat
exchanger was heated via an electrical heating chord set at 50 K below
the desired reaction temperature. The reactor was U shaped in geo
metry to maximise reaction volume in the limited space of the oven.
Fig. S2(a) shows an exemplary temperature profile as a function of
volume. The first and the last point of measurement are outside the
reactor giving the temperatures at the end of the pre heating track and
the entrance of the cooling track, respectively. Oven temperature was
adjusted, so that thermocouple No. 4 (at ca. 40 mL) was set at 300 °C.
With increasing flow rates, this led to a flattened curve profile. This is
explained by the laminar flow inside the tubes and the resulting non
optimal heat transfer. The total reactor volume is 50 mL and retention
times for the kinetic runs were calculated based on this volume. Reactor
pressure was controlled via an overflow valve (OFV 1) set at 180 bar.
Gas and liquid phases were separated on the low pressure side (1 2 bar)
and both phases were sampled for analysis. An optical sensor (LIC 1)
was used to control the liquid level in the phase separator and enable
liquid sample withdrawal via the magnetic valves (MV 1 3). Over
pressure at the low pressure side was controlled with a pressure reg
ulation valve (PRV) and loss of pressure was compensated via a dif
ferential pressure valve (OFV 2) adding N, if needed. Reactor and
periphery were made of X6CrNiMoTil7 12 2 steel (AISI 316Ti or DIN
1.4571).

The test rig was filled with 1 M NaOH (aq) prior to each reaction run
which is displaced by the feed solution. Retention time characterisation
was performed to determine the time after which the first sample could
be taken. Therefore a 1wt% guaiacol solution in H,O was used to
generate a Heaviside step response. The concentration at the outlet was
measured via GC FID as a function of retention time and compared to
the signal of the feed solution. Fig. S2(b) shows the value of c(t)/cq
versus O, where c(t) is the concentration of guaiacol at the outlet at
time t and cq is the concentration of the feed solution. © is the di
mensionless retention time and given by ® = V At V-1, V is the volume
of the total test rig including reactor and periphery and was measured
to be 190 mL. For the reaction runs, the value for © was set to 1.50, i.e.
sampling for runs with V = 3.125 mL/min started after 91.2 min. All
reactions were performed at 300 °C and 180 bar.

2.4. Feed preparation and product treatment

An overview of the process and associated analytics is provided in
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Scheme 1. Product work-up procedure for the reactions under basic hydrothermal conditions.

Scheme 1. The feed solution was prepared using 1 M NaOH (aq) and
dissolution of the solid lignin derived compounds at a ratio of
Myignin:Mnaon = 3:1. Density and pH of the feed were recorded. For
product analysis 200 mL was taken from each run and the density and
pH measured. The pH was lowered to 10 by adding 5M HCI (aq) in
portions of 0.5 to 1.0 mL under measurement with a pH probe. The
sample was stirred during the procedure and, after reaching the desired
pH, filtered by vacuum filtration through a Biichner funnel. The solid
residue was thoroughly washed with deionised (DI) H,O and dried. The
pH of the filtrate was then further lowered to pH7 and pH 2, respec
tively. The filterability of the pH 10 dispersion was poor, resulting in
the need to centrifuge the sample. The solid remains were then re
dispersed in DI H,O and the pH lowered to 2 with 5M HCI (aq). Solid
samples were dried after washing under reduced pressure at 80 °C for
24 h. Their masses were recorded and analysed via GPC, EA, TGA, 3¢
NMR, and ATR FT IR. The pH 2 aqueous phase was extracted with ethyl
acetate (EtOAc, 1:1, v:v) and the EtOAc phase dried with Na,SO4.
EtOAc was then evaporated under reduced pressure at 40 °C and the
mass of the resulting oil recorded. This oil was dissolved in 10 mL
acetone and an aliquot of 1.5mL analysed via GC MS FID. From the
remaining solution, acetone was again evaporated and the resulting oil
further analysed by GPC, NMR, and ATR FT IR. The aqueous phase after
extraction was dried under ambient conditions and acetone used to
extract remaining organic compounds in the NaCl. Acetone was used as
NaCl has a very low solubility.

2.5. Analytics

All data files were typically exported as .ascii or .txt files to allow
processing and preparation of image files with OriginPro® v9 software.

2.5.1. Gel permeation chromatography (GPC)

The pump (515), auto sampler (717 plus), column oven, refractive
index (RI) detector (2414), and dual A absorbance detector (2487) were
all manufactured by Waters, Milford, MA, USA. The GPC columns were
of a poly hydroxy methacrylate copolymer (Polymer Standards Services
GmbH, Mainz, Germany). Columns used were Suprema 20 pm pre
column; Suprema 1000 20 pm, 8 mm L.D. X 300 mm, 100 1,000,000;
Suprema 100 20um, 8 mm I.D. X 300 mm, 100 100.000. Prior to
analysis, samples were dissolved at a concentration of 2mgmL ™! in
DMSO with 0.1 M LiBr. Solutions were held at 80 °C for 60 min and
matured for 24 h under continuous shaking at room temperature. GPC
Detection was performed using a UV detector at A = 280 nm and an RI
detector. The GPC was calibrated based on pullulan standards over the

range of 180 1,540,000 g/mol.

2.5.2. Elemental analysis (EA)

EA was performed at the chemical laboratory of the University of
Freiburg, Germany using a Vario EL Element Analyser. 1.5mg of
sample was analysed in CHNS mode.

2.5.3. Thermogravimetric analysis (TGA/DTG)

TGA was performed using a Pyris 1 TGA (Perkin Elmer) equipped
with a standard furnace under a N, flow rate of 20 mL/min. TGA was
also performed using a TA Instruments Q50, under a flow rate of
60 mL/min N,. In both cases samples were equilibrated at 50 °C and

ramped to 800 °C at 10 Kmin .

2.5.4. Differential scanning calorimetry (DSC)

DSC was performed using a Perkin Elmer DSC 7 device. Samples
were heated to 100 °C and then heated to the specified temperature,
cooled to 100°C to minimize moisture absorption, and the second
heating was recorded. A temperature ramp of 5°Cmin~! was used.
Samples were analysed in sealed aluminium analysis pans, with a pin
hole made in the top of the pan. Pans were re weighed after analysis
and mass values modified accordingly. To determine the glass transition
temperature, the TA Universal Analysis software was used.

2.5.5. Gas chromatography (GC)

GC was qualitatively performed on a GC MS (Agilent Technologies
5975C, one column: HP 5ms: 30 m X 250 um X 0.25pum) and quanti
tatively via a GC FID (Agilent Technologies 7890A, one column: DB
5ms: 30m X 250 ym X 0.5 um). The carrier gas used in both devices
was helium, with a total flow rate of 27.6 mL/min. The temperature
ramping program of the GCs started with an isothermal time of 6 min at
35 °C followed by a temperature increase to 270 °C at 5°Cmin ' and a
final isothermal time of 5 min. For a first qualification, the NIST data
base was used; the results were then verified based on known standards.
Quantification was performed with 1 mgmL ™" syringol in acetone in
sandwich injection mode. Front inlet temperature was set at 280 °C with
an applied splitting ratio of 5:1. The injection volume was 1 pL for both
samples and standards.

2.5.6. Fourier transform infrared spectroscopy (FT IR)

Spectra were acquired using on a Bruker Vertex70 equipped with an
attenuated total reflectance (ATR) cell fitted with a germanium crystal.
Spectra were acquired using 128 scans over the wavenumber range of

4000 to 650 cm ™2, at a resolution of 4cm™ 1.



2.5.7. 13C cross polarisation magic angle spinning (CP MAS) NMR

Solid state '3C CP MAS NMR spectra were obtained using a Bruker
AV 400 WB device. Prior to analysis, samples were freeze dried. 120 mg
of sample were weighed and 12 mg of sodium trimethylsilyl propionate
(TMSP) was added as an internal standard. The spectra were recorded
at 100.56 MHz with an acquisition time of 40.6 ms and 3600 scans were
recorded.

2.5.8. 2D heteronuclear single quantum correlation (HSQC) NMR in
DMSO dg

2D HSQC NMR spectra were acquired using a Bruker Avance III 400.
Samples (150 mg mL~ ') were prepared for analysis by dissolution in
DMSO dg. The spectra were recorded at 400 MHz with an acquisition
time of 183.0 ms and 100 MHz and 15.9 ms for *H and '3C respectively.
Total number of scans was 32. The samples were dissolved over 24 h at
a concentration of 150 mgmL~*. No visible solid residue could be de
tected. The collected data was Fourier transformed with the software
ACD/NMR and the resulting matrix exported to an ASCII file. Using
MatLab®, normalisation and integrations were performed. The size of
the matrix (defined by the resolution of the 2D NMR) was set at
1024 x 1024 and the scanned area ranged from &3¢ = 0.2 to
159.81 ppm and is for most 8,y from —2 to 10 ppm. This results in a
resolution of A813¢c = 0.156 ppm and A8,y = 0.012 ppm. Normalisation
is performed by searching the defined DMSO area for its highest value
and then dividing the whole matrix by this number. For integration, the
noise of the results' matrices is removed by setting all values below the
defined noise level to O, i.e. only values above a certain value are
considered for integration.

2.5.9. 'H NMR in DMSO d,

The NMR measurements were performed on the same machine as
the 2D HSQC. 'H NMR spectra were acquired at 400 MHz, 32 tran
sients, and an acquisition time of 4.09s.

3. Results & discussion
3.1. Methanol extraction

The extraction lead to a MeOH soluble low molecular weight frac
tion (denoted as LMW) and an insoluble high molecular weight fraction
(denoted as HMW). Dissolution of 10, 20, and 30 wt% lignin in MeOH
lead to percentages of LMW of 40, 23, and 34, respectively. This in
dicates that the amount of lignin dissolved reduces with increasing
concentration and increases again with a change in nature of the sol
vent, i.e. at higher lignin concentrations. The aim of the extraction
process was to remove volatile compounds from the lignin in order to
reduce damage to the matrix during stabilisation/carbonisation
(Mainka et al., 2015a). For the preparation of HBCD feed, 250 mg mL ~*
(KL in MeOH) was chosen, since the amount of LMW reached a
minimum of ca. 20 wt%.

3.1.1. GPC, EA, and TGA/DSC
The observed changes in molecular weight distributions as

Table 1
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Fig. 1. DSC traces of the fractions KL, HMW, LMW. Glass transition tempera-
tures were determined using TA Instruments Universal software within the in-
dicated limits.

determined via GPC (Table 1) indicate an increase in My by 40% for
the HMW fraction while the LMW fraction exhibits a decrease by 56%.

Elemental analysis indicates an increase of carbon and decrease in
sulphur content in the MeOH soluble fraction (Table 1). It seems that
more of the sulphur is bound in larger aromatic structures not being
dissolvable in MeOH at the given concentration. Jiang et al., 2017 and
Morck et al., 1986 experienced the same increase in carbon content in
the lower molecular weight fractions, while no differences in sulphur
content between the fractions could be seen in the work of Jiang et al.,
where Morck et al. saw an increase in the lower molecular weight
fractions.

Results of the thermal analysis (TGA) of the three fractions (KL,
HMW, LMW; Table 1 and Fig. S3) show that after heating to 600 °C the
LMW has a residue of 45.4 wt%, while HMW and Lignin have 52.3 and
50.1 wt%, respectively. The numbers indicate a higher thermal stability
of the HMW fraction, while the LMW fraction exhibits a larger loss in
mass. The DSC of the three fractions provides information on the glass
transition temperatures (T,) of the samples (Fig. 1). While KL and LMW
exhibit a clear glass transition at 147 and 121 °C, respectively, the
HMW fraction only shows a small endothermic event at 159 °C. Baker
et al. used an organic solvent in a proprietary process for purifying a
hardwood lignin, thereby decreasing the T from 130 to 88 °C (Baker
et al., 2012), i.e. they also experienced a decrease in T for the organics
soluble fraction.

3.1.2. GC MS/GC FID

GC only gives information on monomers and some dimers dissolved
in MeOH. Since the HMW fraction is not dissolvable in MeOH by de
finition, compounds detectable via GC are below 1 wt%. GC detectable
compounds for KL and LMW are 10 and 25 wt%, respectively. Table 2
shows the main compounds in KL and LMW detectable by GC, in
dicating an accumulation within the LMW.

Gel permeation chromatography, elemental analysis and thermogravimetric data of the KL and high (HMW) and low (LMW) molecular weight extracts.

Sample/fraction  Gel permeation chromatography data Elemental analysis data Thermogravimetric analysis data
My [g/mol] My [g/mol] PDI[ ] C[%] HI[%] O0*[%] NI[%] S[%] T¢['C] Maximum in DTG ['C] Residual mass at 600 °C [%]
KL 5330 940 5.7 62.13 574 30.39 n.d.” 1.74 299.7 359.7 50.1
HMW 7460 1170 6.4 64.55  5.79 28.22 n.d. 1.44 297.3 363.0 52.3
LMW 2320 700 3.3 61.59 5.67 30.88 n.d. 1.86 272.7 352.7 45.4

@ Calculated by difference.
b Not detected.
¢ Temperature at 10% weight loss.



Table 2
Main compounds in KL and LMW detected via GC-MS-FID.

Compound Structural formula Amount [wt%]
KL LMW
E.g. 4-Methoxy-4’,5-methylenemethoxybiphenyl-2-carboxylic acid . 3.3% 7.8
00, ,
E.g. (a) 3-Hydroxy-o-methyltyrosine @ 7 @ 1.5% 3.8
(b) 4-Propylguaiacol h . ) T i
(c) Methyl 4-hydroxy-3-methoxyphenylacetate A "’")‘ AN
“~ p
A L
Vinyl guaiacol o 0.6 0.7
OCH,
/
Homovanillic acid T 0.3 0.4

OCH;

on

2 Proposed molecular structures as derived from GC-MS analysis and based on probabilities issued from the associated NIST compound database.

3.1.3. ATR FT IR

ATR FT IR was used to further analyse the products (Table S1), with
band assignments based on previously reported work (e.g. Faix, 1992;
Lupoi et al., 2015). The most pronounced bands shown in Fig. S4(A) are
6, 7, 10, 11, 12, and 14, associated with ring modes of guaiacyl units
(G units). Bands 3, 4, and 5 belong to C=O stretches and —COOH
groups. Band 8 is a combination of the CH deformation in —OCH3
groups and —CH in plane modes of aromatics. Band 9 represents ali
phatic C—H stretches in —CHj3 (excluding —OCHj3) additional to phe
nolic OH stretches. 13 is assigned to secondary alcohols and esters in
aliphatics. Band 15 is the out of plane deformation of ethylene like
groups and 16 is a general aromatic —CH out of plane mode. Bands 17
and 18 are CH out of plane modes special for G units at C,, Cs, and Ce.
In the HMW fraction bands 3 and 4, corresponding to the C=O0 stretch,
are less defined. Here, the KL has three defined FTIR spectral bands,
reflecting the larger area of the 13C CP MAS at 8;3¢ > 190 ppm. Band
12 is less pronounced in the LMW fraction, which leads to a clearer
appearance of a band at 1123 cm ™, which can be seen as a small
shoulder in the KL and HMW spectra. Band 12 corresponds to the C—H
stretch in guaiacyl rings but cannot be taken as a sole indicator for a
lesser number of G units. The band at 1123 cm ™" is also an aromatic
ring absorbance. Bands at 5, 6, 7, 10, 11, 12, 14, 17, and 18 are all
directly related to G units. Band 8 is also less pronounced in the LMW
fraction which corresponds to —OCHj3 groups in aromatics.

3.1.4. 13C cross polarisation magic angle spinning (CP MAS) NMR

13C CP MAS NMR analyses of the KL, LMW, and HMW are presented
with resonance/chemical shift assignment provided (Fig. S4(B) and
Table 3).

The lignin contains significant amounts of carboxylic acids and al
dehydes, which could already be assumed from the GC analysis. The *3C
NMR shows that these end groups not only appear in the mono and
dimeric fraction, since there is no difference between the LMW and
HMW fraction. The use of the derivatisation agent (TMSP; 9 wt%) in
creases the complexity of the spectrum (i.e. additional —Si(CHj3)3), with
associated resonances found in the aliphatic side chains region (—CH,—
at 30 ppm) and one in the carboxylic acid region (—COO Na™ at ca.
170 ppm). The region of 8,3c > 160ppm of the original KL is

Table 3
Chemical shift assignments for the '*C NMR analysis of lignin.

Chemical shift Assignment (with the data from Kringstad and Morck,

[ppm] 1983) (Kringstad and Morck, 1983)
190+ G CHO, G CH=CH CHO

175-185 COOH

148.4 C; in guaiacyl

131.1 C; in guaiacyl

124.6 Cs in guaiacyl, substituted (Cs’ p, o’-stilbenes)
116.5 CsG CH=CH ,G CH, G CH,

84.2 Cp in B-aryl ethers

72.8-75.7 C, 4 xylan

56.1 OCH3

35.8 Mainly CH, in guaiacyl side chains
12.7 CH;

0 TMSP

integrated ca. four times larger compared to LMW or HMW for reasons
unknown to the author. The remaining spectrograms are comparable in
shape and size, while it has to be hinted at some differences. The re
sonance at 8;3c = 131.1 ppm representing the C; in guaiacyl is less
pronounced in KL while at 84.2 ppm a resonance with increased in
tensity is clearly visible in that fraction, which corresponds to the Cg in
B aryl ethers. In the range of 8;3¢ = 72.8 75.7 ppm lie the C, 4 carbon
atoms of xylan, meaning that some hemicellulosic sugars are still pre
sent. The 8;3¢c = 56.1 ppm resonance represents the guaiacylic methoxy
groups (syringylic units are not present) and the aliphatic side chains
can be found on lower chemical shifts. The resonance at ca.
813c = 35 ppm is corresponding to the two —CH,— groups of the TMSP.
12mg of TMSP were added to 120mg of lignin. Mrysp is
127.3mgmmol ~ ! and the resonance at 8;3¢ = 0 ppm is corresponding
to the —Si—(CHj3); groups. L.e., the signal corresponds to 0.282 mmol of
carbon atoms. Resonances at 8;3¢c = 148.4 and 56.1 ppm represent the
carbon atoms in the guaiacyl ring where the methoxy group is bound to
and the carbon atom of the methoxy group, respectively. Taking these
values as a measure for the total number of guaiacyl subunits, it gives
ca. 0.64mmol in 120mg of sample. With a molar mass of
124.1 mg mmol ! this represents 77 mg or ca. 65 wt% of the KL. This
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Fig. 2. 2D HSQC NMR spectra of KL. (a) Overview with the three distinct areas and their respective integrated values in relation to the DMSO value, (b) aliphatics

region, (c) oxygenated side chains, and (d) aromatics.

value is comparable in all three fractions, but the resolution of re

sonances in the *C CP MAS spectra does not allow further differ

entiation in more detail. When 65% is the mass of guaiacyl units in KL,
the remaining 35% make up for the remainder, i.e. mostly side chains.
With a mass of 124 g/mol per guaiacol this leads to an average mass of
190 g/mol of one guaiacylic ring with attached side chains.

3.1.5. 2D heteronuclear single quantum correlation (HSQC) NMR in
DMSO ds

Assignment for the 2D HSQC signals was done with data from
various sources (Table S2 and Fig. S5 associated structures) (Constant
et al., 2016; Feng et al., 2016; Fernandez Costas et al., 2014; Mainka
et al., 2015b; Mattsson et al., 2016; Rencoret et al., 2009; Samuel et al.,
2011). From these data, values for the integration of specific areas have
been derived (Table S3). Figs. 2, 3, and 4 provide an overview of the 2D
HSQC spectra of the KL, HMW, and LMW, respectively. Specific areas
have been integrated and set into relation with the DMSO dg resonance.
In general, the resonances are more distinct and the areas larger in the
order LMW > KL > HMW. This can be attributed to more C—H cor
relations per mass being present in the smaller molecules. The larger
molecules are more condensed, thus containing more fused rings and
C—C bonds.

'H NMR analysis supports these findings further, although the dif
ferences are less pronounced. The usage of the DMSO dg as an internal
standard is only semi quantitative, since the amount of deuteration is
given as > 99.8%. GC FID analysis of the oil fraction after reaction
demonstrated the predominance of vanillin and acetovanillone. The
concentration of both compounds was determined with usage of an
internal standard. With this information and the analyses of the oil
fraction by 2D HSQC a deuteration of 99.93% was calculated. Assuming
a concentration of C—H correlations of 9.9 ymol mL ™! in the DMSO dg
(density 1.19mgmL ™', M = 84.17 g/mol) and that all correlations in
the measured spectra have comparable absorption, quantification can
be performed. It has to be kept in mind, that the size of error is

probably > 10%.

The HSQC in Figs. 2(d), 3(d), and 4(d) shows distinct areas for Gy,
Gs, and Ge and that the three areas are overlapping for the 'H shift.
Quantification via HSQC is difficult and requires high signal to noise
ratios and the correct settings for the NMR (Constant et al., 2016), but
with the aforementioned method, an estimation can be done. The Gs
position has the largest area followed by G and Ge. This is also true for
the HMW and LMW fractions, meaning that condensation and/or at
tachment of side chains as e.g. —CH3; and —CH,—CHj3 mainly occurs at
the 2 and 6 positions during pulping. Figs. 2(c), 3(c), and 4(c) show the
methoxy groups (MeO) of the guaiacyl units and other oxygenated side
chains. The amount of MeO is again higher in the LMW fraction, sug
gesting that the larger molecules contain less MeO groups. With the
information from the EA and the HSQC a Co formula, MeO and 3 O 4
content can be determined (Table S4). Using a Cy formula is common
for lignin and performed in various sources for different kinds of lignin
(Alekhina et al., 2015a; Hu et al., 2016). While it is useful for native
lignin comprising of phenyl propanoid units, the condensed structure of
technical lignin may lead to a repetitive unit with less carbon atoms.
The value between two and four for § O 4 linkages lies within the range
for KLs in the literature, while the amount of methoxy groups is ca. half
the value reported (Gellerstedt, 2015; Hu et al., 2016).

Figs. 2(b), 3(b), and 4(b) give information on non oxygenated side
chains. The majority of signals appear in a region where CH, in the 3
position of the ring can be found, thus indicating alkylation with at least
two carbon atoms. This is underlined by the majority of alkyl chains in
a position being CH, groups.

3.2. Hydrothermal base catalysed treatment

Five runs were performed with their conditions given in Table 4.
The first three runs #B1 3 were done under the same conditions in
order to estimate an error of the complete procedure. These runs used
the HMW fraction as feed, while run #B4 used LMW as feed and #B5
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Table 4
PH, density, and yields of the different fractions of the runs #B1-5.

Run Feed Flow rate [mL/min] tretention [Min] pH p [g/mL] Mass fraction [%]

Before After Before After pH10 pH7 pH2 0il Total
#B1 HMW 3.125 16 13.57 12.34 1.047 1.045 58.70 2.94 18.87 10.51 91.02
#B2 HMW 3.125 16 13.43 12.89 1.054 1.056 63.47 3.52 17.32 9.29 93.60
#B3 HMW 3.125 16 13.68 12.58 1.049 1.049 62.66 2.48 13.79 8.54 87.47
#B4 LMW 3.125 16 13.99 13.68 1.049 1.048 61.69 2.48 13.52 12.80 90.49
#B5 KL 3.125 16 14.09 14.02 1.046 1.046 68.45 1.28 7.45 9.97 87.16

KL. Table 4 gives pH and density before and after reactions, as well as
the yields of the different fractions. The majority with ca. 60 wt% are
solids precipitated at pH 10. Solids precipitated between pH 10 and 7
are only 2 3wt% and have been excluded from further analyses. The
second largest fraction is the solids precipitated between pH7 and 2.
This fraction appears to be comparably small for the #B5 run with KL as
feed. Oil fractions after extraction with ethyl acetate are on average
10 wt% with a maximum of 12.8 wt% for the run with LMW fraction as
feed. All fractions have their mass balance closed up to ca. 90 wt%, i.e.
some systematic mass loss occurs. These compounds are assumed to
stay dissolved in the pH 2 aqueous phase without being extracted by the
ethyl acetate. A reaction in an autoclave at the same conditions with
30 min retention time did not yield any gaseous products and con
ducting the recovery process without prior reaction lead to a closed
mass balance.

3.2.1. GPC, EA, and TGA/DSC

A strong decrease in average Myy for all fractions for the runs with
HMW and KL as feed, while the change for run #B4 with LMW as feed is
small (Table 5). The solids precipitated between pH7 and 2 have a
higher M,, average compared to the solids precipitated at pH 10. Lit
erature mainly shows a decrease in M,, during base catalysed processes
with lignin (Beauchet et al., 2012; Erdocia et al., 2014; Katahira et al.,
2016; Lavoie et al., 2011; Mahmood et al., 2013; Miller et al., 2002;
Olarte, 2011; Roberts et al., 2011; Schmiedl et al., 2012; Toledano
et al., 2014). Definite numbers vary and literature indicates an increase
for hardwood organosolv lignin cooked at T = 300°C for 40 min
(Toledano et al., 2014). Schmied! et al., 2012 describe the change of
My and My graphically indicating a slight decrease over temperature
and retention time between 300 and 340 °C and 5 to 15 min.

Elemental analysis demonstrated an increase in carbon content,
most pronounced for pH 2 solids (Table 5). The amount of sulphur and
oxygen decreased by two thirds and ca. 10% respectively. Beauchet
et al., 2012 and Mahmood et al., 2013 observe the same trends for KL
treated under hydrothermal conditions. Calculation of the Co formulae
indicates a decrease by ca. 10 g/mol, the result of a reduction in oxygen
content. Using the EA of the feeds and the pH 10 fractions of runs #B3,
#B4, and #B5 gives an approximated molecular formula of
CH5.500.550.1 for the 10 wt% missing in the mass balance.

TGA shows that residue at 600 °C increased from 52 wt% for the
HMW to 60 wt% for the pH 10 solids and > 65 wt% for the pH 2 solids,

Table 5

indicating that all reactions lead to an increase in thermal stability. The
DTG of the KL and the two fractions gave a mono modal distribution
with its peak at around 360 °C (Fig. S3). The precipitated solids show a
bimodal distribution with one peak at ca. 270 °C and the second at
410°C.

3.2.2. GC MS/GC FID

Table 6 gives the yields of monomeric compounds in the oil phases.
Reaction #B1 shows lower amount of the compounds compared to all
other. The other reactions with HMW as feed show catechol with a yield
of ca. 25 wt% as main product in the oil phase. The compounds being
detectable via GC have been estimated with the catechol/syringol re
sponse factor to 55 60 wt%. This number is only 35 wt% for the reac
tions with KL and LMW as feed, hinting at larger molecules in these
fractions.

3.2.3. ATR FT IR

ATR FT IR of the solids from the reaction of run #B shows some
significant differences when compared to the feed (i.e. pH 10 and pH 2
solids of run #B3 compared to their respective feeds; Fig. S6(A)). Band
3 at 1705cm ™! representing C=0 bonds is more pronounced in the
pH 10 solids, hinting at an increase in aldehyde groups in this fraction.
The pH 2 solids do not have this increase in absorbance, which is one of
the few differences in the FTIR spectrum between the pH 10 and pH 2
solids. Absorbance at 1600 cm ™", (Band #5) representing the sym
metric aryl ring stretch, is slightly stronger, while the absorbance of the
asymmetric aryl ring stretch (#6) and the asymmetric C—H deforma
tion (#7) at 1510 cm ™' and 1458 cm ™, respectively, are strongly re
duced. In the pH 10 and pH 2 solids no clearly resolved spectral feature
at 1426 cm ™~ ! (#8) corresponding to the asymmetric C—H deformation
in —OCHj3 is visible. The latter shifts the minima in absorbance between
#8 and #9 to slightly higher wavenumbers. #9 at 1367 cm ™! is again
more pronounced, which is the aliphatic CH stretch excluding —OCH3,
but including some aromatic skeletal vibrations. #10 is a general aryl
ring breathing mode at 1270 cm ™! and is in all samples the strongest
absorption. At 1220 cm ™! C=O0 stretches can be found and this mode
absorbs stronger in the pH 10 and pH 2 samples, which is in line with
the stronger absorption for #3. #12 and #14 are strongly reduced, both
representing guaiacyl ring modes. #13 represents CO in secondary al
cohols and aliphatic esters, which could refer to C—OH bonds in side
chains of 3 O 4 moieties or other inter unit connections; these are also

Molecular weight distribution and elemental analysis data for the feed and #B reactions run — associated comparison between feed types and solids precipitated at

different pHs.

Run Feed pH 10 solids PH 2 solids
Mw [/ My [8/ PDI[ ] My [g/ My [8/ PDI[ 1 C[%] HI[%] O"[%] SI[%] My I[g/ My [8/ PDI[ 1 C[%] HI[%] O[%] S I[%]
mol] mol] mol] mol] mol] mol]
#B1 2710 600 4.5 63.95 493 30.58 0.54 3430 740 4.6 67.24 526 27.03 047
#B2 7460 1170 6.4 1920 450 4.2 63.11 5.05 31.40 0.44 2770 670 4.1 67.48 5.20 26.82 0.50
#B3 2040 490 4.1 62.94 5.03 31.57 0.46 4320 900 4.8 64.87 5.09 29.65 0.39
#B4 2320 700 3.3 1650 440 3.8 65.56 521 28.68 0.55 2150 590 3.6 67.95 535 26.14 0.56
#B5 5330 940 5.7 1960 520 3.8 65.08 526 29.20 0.46 2370 650 3.7 66.11 521 2821 0.47




Table 6

Monomer yields of the #B runs determined via GC-FID.

Reaction Oil yield® [%] GC detectables®/GC calibrated [%] Compounds yield® [%]
Catechol Guaiacol Vanillin 4-Methylcatechol Acetovanillone
#B1 10.51 21.21/16.94 6.29 3.16 2.63 0.82 3.95
#B2 9.29 59.32/50.34 24.71 6.58 5.26 6.09 6.51
#B3 8.54 56.47/46.18 23.59 6.10 4.35 5.43 5.56
#B4 12.80 32.41/26.13 12.37 4.26 2.83 3.05 3.05
#B5 9.91 35.82/28.00 12.15 0.92 4.43 4.35 5.55

@ Percentage of total.

> Total mass estimated by total GC-FID area and catechol/syringol response factor.

¢ Percentage of total oil.

reduced to a small shoulder. #15 and #16 are vinyl and aromatic CH
out of plane vibrations, respectively. The vinyl stretch is removed,
while the aromatic one is constant. #17 and #18 are supposed to be CH
out of plane vibrations specifically of guaiacyl units. In summary, a
strong reduction in absorption between 1270 and 1000 cm ™! can be
observed. These bands mainly correspond to guaiacyl moieties.

3.2.4. 13C cross polarisation magic angle spinning (CP MAS) NMR

13C CP MAS NMR spectrum of reaction #B1 pH 10 solids presents
resonances at 8;3c > 170 ppm, attributed mainly to the TMSP —COO
group (Fig. S6(B)). The aromatic region between &;3c = 160 and
100 ppm and methoxy groups at 8,3¢c = 56 ppm show a significant de
crease in intensity. The signals in the side chain region for oxygenated
aliphatics between 8;3¢c = 100 and 56 ppm are removed, while those in
the region below 8;3c = 56 ppm are decrease, also the other two TMSP
associated resonances are to be found. The maxima for the HMW
fraction at 8;3c = 148.4 and 124.5 ppm are slightly shifted and less
resolved and the methoxy resonance at 8;3c = 56 ppm is reduced to
13%, hinting at demethoxylation and condensation. The comparison
between the runs #B1 to #B3 with HMW as feed reveal that run #B3
exhibits a significantly lower signal to noise ratio for as yet unknown
reasons (Fig. S7(a)). The peaks are qualitatively comparable to the
peaks of runs #B1 and #B2. Fig. S7(d) compares the three different feed
types, showing a decrease in total intensity in the order
HMW > LMW > KL in the aromatics region. This difference can also
be observed for the methoxy groups, while the area between 8;3¢c = 50
to 0 ppm shows fewer differences in intensity.

4. Conclusions

The use of HBCD of KL leads to a decrease in sulphur (by ca. 65%),
an increase in carbon content (ca. 10%), with a mass balance of ca.
90 wt%, with ca. 10 wt% remaining in the pH = 2 aqueous phase (after
ethyl acetate extraction), with the latter containing 25 wt% catechol.
The HMW fraction feed yields higher GC detectable products compared
to KL and LMW. NMR analysis highlighted a reduction in aromatics
(813c = 160 100 ppm region), side chain removal
(813¢c = 100 60ppm) and reduction in methoxy resonances
(813c = 56 ppm). The thermal stability of all solids was found to in
crease after HBCD compared to their feeds and a lack of a clear glass
transition was observed (similar to that previously reported) (Brodin
et al., 2010). Based on this extensive characterisation, the resulting
products of the investigated process may be suitable for the synthesis of
CF precursors via solvent spinning. To further understand the chemistry
of the process, future work will focus on the kinetics of the process and
likewise regarding potential industrial engagement, the techno eco
nomic feasibility.
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