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Original Article

Anders Ahlbom, Marco Maschietti, Rudi Nielsen, Merima Hasani* and Hans Theliander

On the hydrothermal depolymerisation of kraft
lignin using glycerol as a capping agent
https://doi.org/10.1515/hf-2022-0146
Received September 16, 2022; accepted January 10, 2023;
published online January 26, 2023

Abstract: Depolymerisation of kraft lignin under hydro-
thermal conditionswas investigated at short residence times
(1–12 min) with glycerol being used as a capping agent. The
weight average molecular weight (Mw) of the products
decreased within the first minute of residence time, with the
inter-unit ether linkages breaking accordingly. Further-
more, the Mw of the product fractions decreased at
increasing residence times, while the char yield increased.
Short residence times thus appear to be beneficial for miti-
gating the formation of char. Also, addition of NaOH reduced
the yield of char. Although the addition of glycerol caused a
decrease in theMw of the products, it seemed to increase the
yield of char and therefore might not be a suitable capping
agent for kraft lignin depolymerisation.

Keywords: depolymerisation; glycerol; HTL; hydrothermal
liquefaction; kraft lignin.

1 Introduction

Lignin, with its high content of aromatic rings, is perhaps the
most important future source of renewable aromatic com-
ponents for chemicals, materials and fuel additives. In order
to extract these aromatic sub-units, however, its structure
needs to be broken down in a controlledway: the ligninmust
be depolymerised (Dunn and Hobson 2016). Whilst several
methods for doing this have been investigated, including

pyrolysis, hydrotreatment, oxidation and catalytic methods,
interest in hydrothermal methods has also been shown, and
especially so due to the tunability of the yield of products at
different processing temperatures. Low temperatures of
around 200 °C result in carbonisation whereas intermediate
temperatures of 300–350 °C favour liquefaction, and higher
temperatures, especially around 600–700 °C, favour gasifi-
cation of the feedstock (Kruse and Dahmen 2015).

Hydrothermal processes employ water at high pressure
and temperature. At these conditions, a vast number of re-
actions will occur: various bonds in the lignin structure will
be broken, but there will also be a certain amount of repo-
lymerisation. One great benefit is that this process uses
water, so there is no need to pre-dry the raw material
(Castello et al. 2018). By working close to, but below, the
critical point ofwater (374 °C and 221 bar) the ionic product is
high, which leads to a higher concentration of OH− and H3O+

as the water molecules dissociate (Kruse and Dahmen 2015).
This favours ionic reactions, such as hydrolysis. Further-
more, near the critical point, the weaker hydrogen bonding
between water molecules and the lower dielectric constant
mean that water is better at dissolving non-polar molecules
(Carr et al. 2011; Lappalainen et al. 2020; Peterson et al. 2008).

A problem associated with the depolymerisation of lignin
is the production of reactive fragments: these may react with
each other and cause the products to repolymerise. Such
repolymerisation may lead to the production of char, which
lowers the yield of useful products andhampers theprocessing
because itmay deposit on equipment and blockflow (Belkheiri
et al. 2014; Rößiger et al. 2018). The formation of char can be
mitigated by the addition of capping agents, which are chem-
icals that reactwith the reactive fragments and thereby hinder
them from charring. Furthermore, reaction parameters such
as temperature and residence time influence the amount of
char produced in the process (Otromke et al. 2019).

Capping agents that have been investigated previously
in the hydrothermal processing of lignin include boric acid
(Roberts et al. 2011), phenol (Arturi et al. 2017; Belkheiri et al.
2018; Nguyen et al. 2014; Saisu et al. 2003) and aliphatic
alcohols such as methanol (Belkheiri et al. 2014; Cheng et al.
2016), ethanol (Cheng et al. 2012; Lee et al. 2016) and butanol
(Yoshikawa et al. 2013).
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In a previous study carried out by this group (Ahlbom
et al. 2022), based on the use of isopropanol as a capping agent
at short residence times, it was shown that the reactions
proceed rapidly to cleave inter-unit ether linkages in the
lignin within 1 min while the char yield increased at longer
residence times. Furthermore, adding isopropanol to the re-
action system caused a decrease not only in the char yield but
also in the weight average molecular weight (Mw) of the
products (Ahlbom et al. 2021). Investigating the use of other
types of alcohols as capping agents could thus be of interest.

Glycerol, a by-product in bio-diesel production, may be
available as a cheap capping agent in the hydrothermal
depolymerisation of kraft lignin. Previous work utilising
glycerol in the hydrothermal processing of biomass include
the liquefaction of aspenwood (Pedersen et al. 2016, 2015), rice
straw (Cao et al. 2016; Kashimalla et al. 2021), algae (Han et al.
2020) and kraft lignin (Umar et al. 2022). One of the results of
adding glycerol was found to be a higher yield of bio-oil,
defined as extracts soluble in ethyl acetate (Cao et al. 2016;
Kashimalla et al. 2021; Umar et al. 2022). Pedersen et al. (2015),
on the other hand, reported a lower biocrude yield, defined as
extract soluble in diethyl ether (DEE), with increasing glycerol
content when aspen wood was liquefied. In terms of char or
solid residue, the addition of glycerol seems to reduce their
content when liquefying both aspen wood (Pedersen et al.
2015) and rice straw (Kashimalla et al. 2021). However,without
Na2CO3, increasing levels of solid residue were reported with
increasing glycerol content in the reaction mixture when
liquefying rice straw (Cao et al. 2016). Overall, the experi-
mental observations suggest that the use of Na2CO3 together
with glycerol help reduce the char yield.

Other than the work of Umar et al. (2022), there is a
scarcity of information on the use of glycerol in the hydro-
thermal processing of kraft lignin. Yet, Umar et al. did not
report any data on solid residue or char being formed during
the 30–90 min of processing, which is a long residence time
for this type of process. Hence, the present work aims at
elucidating the effect of glycerol as a capping agent to reduce
the char yield and molecular weight of the products in the
depolymerisation of kraft lignin at short residence times.

2 Materials and methods

2.1 Materials

The lignin used was softwood kraft lignin (Pinus sylvestris and Picea
abies), isolated from black liquor by the LignoBoost process at the Bäck-
hammar Mill in Sweden, with a dry content of 76.6% ± 0.4% (measured
using a Sartorius MA30; Sartorius, Göttingen, Germany). Glycerol (99.9%,
VWR Chemicals, Leuven, Belgium), anhydrous sodium carbonate
(≥99.9%, VWR Chemicals, Leuven, Belgium), deionised water and sodium
hydroxide (99–100%, Merck, Darmstadt, Germany) were used as reaction

media for the depolymerisation. LiBr (>99%, Sigma-Aldrich, Steinheim,
Germany), dimethyl sulfoxide (DMSO, >99.7%, Sigma-Aldrich, Steinheim,
Germany), pullulan standards (PL2090-0100, Varian, Church Stretton,UK),
sodium standard (UltraScientific, North Kingstown, USA), diethyl ether
(DEE, >99.0% with 1 ppm BHT as inhibitor, Sigma-Aldrich, Steinheim,
Germany), nitric acid (65%, Merck Suprapur, Darmstadt, Germany),
syringol (99%, Sigma-Aldrich, Steinheim, Germany), DMSO-d6 (99.5 atom
% D, 0.03 (v/v) TMS, Sigma-Aldrich, Sigma-Aldrich, Steinheim, Germany),
cyclohexanol (99%, Sigma-Aldrich, Steinheim,Germany), guaiacol (Sigma-
Aldrich, Steinheim, Germany), 1,2-dimethoxybenzene (99%, Sigma-
Aldrich, Steinheim, Germany), 4-methylguaiacol (≥98%, Sigma-Aldrich,
Steinheim, Germany), 4-ethylguaiacol (≥98%, Sigma-Aldrich, Steinheim,
Germany), vanillin (99% Sigma-Aldrich, Steinheim, Germany), acetova-
nillone (≥98%, Sigma-Aldrich, Steinheim, Germany), homovanillic acid
(Sigma-Aldrich, Steinheim, Germany) and HCl (1 M, Honeywell Fluka,
Seelze, Germany) were all used as received.

2.2 Methods

Kraft lignin was depolymerised in a custom-made batch reactor
(SITEC-Sieber Engineering AG, Zürich, Switzerland) with a volume of
99ml designed for rapid heating of the reactionmixture. Further details
on the reactor are reported elsewhere (Arturi et al. 2017).

The reaction mixture was divided into a pre-charge comprised of
only water, NaOH and Na2CO3, and an injection charge comprised of
water, NaOH, Na2CO3, glycerol and lignin. NaOH was added not only as
an alkaline catalyst but also to raise the pH, so that the lignin would
dissolve better and the injection charge could be pumped. The injection
charge was mixed with an Ultra-Turrax (T25 Digital Ultra-Turrax, IKA®-
Werke GmbH & Co. KG, Staufen, Germany) for 15 min at 15 000 rpm
twice, in order to disperse the lignin thoroughly while avoiding exces-
sive foaming.

The pre-chargewas added to the reactor and, before itwas sealed, N2

was used to displace air. The reactor was then pre-heated to 310 °C,
causing it to reach a pressure essentially equal to the vapour pressure of
water at 310 °C, i.e. approx. 100 bar. Using a hand pump, the injection
charge was then injected for 51 s ± 18 s (on average, with standard de-
viation) into the vapour-liquid equilibrium prevailing in the reactor. The
subsequent temperature drop was mitigated by the heat released from
the condensation of the vapour; the temperature and pressure profiles of
all the reactions are shown in Supplementary Figures S1 and S2.

The residence time was defined as the time between the end of the
injection and the start of the discharge from the reactor. Thismeant that
the temperature and pressure still rose during the reaction, since the
injected material was heated. The temperature and pressure were log-
ged every tenth second; the average temperatures and pressures during
the reaction were calculated using

yavg = ∫
t2

t1

y(t)dt
t2 − t1( )

where y is either pressure or temperature. At the end of the residence
time, the reaction mixture was discharged and quenched into a cold
trap of 200 ml of water in a flask equipped with a condenser placed in
an ice-bath. The discharge took 41 s ± 12 s on average, with standard
deviation.

Although the pressure of the system rose during the reaction, it was
fine-tuned to the reaction pressure of 250 bar by the injection and
withdrawal of reaction mixture in portions <1 ml. As the high pressure
meant that the reaction was carried out in liquid phase, very small
injected andwithdrawn volumeswere sufficient to control the pressure.
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2.2.1 Test plan: The study is based on 8 experimental runs at average
temperatures of 270–291 °C and average pressures of 229–258 bar. Resi-
dence times ranged between 1 and 12 min, with replicate runs at 1 and
4 min. Furthermore, reference runs at 4 min without glycerol and with
NaOH, and without NaOH and with glycerol, respectively, were executed.
Reaction conditions, including the composition of the reactormixture and
the pH after quenching in the cold trap, are presented in Table 1.

2.2.2 Separation: The product was separated into three fractions:
char, precipitated solids (PS) and acid soluble organics (ASO), as shown
in Figure 1. First, the reactor product was filtered on a #5 glass filter
with a nominal cut-off of 1.0–1.6 µm. No change of the pH level of the
product diluted in the cold trapwaterwasmade prior tofiltering. Thus,
the solid materials in the product mixture could be quantified after
drying. The filter was dried for 4 days at 40 °C, after which the filter
cake was denoted char. In most cases, the filter cake could be removed
easily from the filter by scraping it off gently. However, at 1 and 2 min
of residence time, the amount of charwas so small that it did not form a
filter cake. In these cases, the char was dissolved in DMSO, which was
added to the filters, to reach a solution with a concentration 10 mg/ml
char. In subsequent nuclear magnetic resonance spectroscopy (NMR)
analyses, this DMSOwas evaporated and the char fractions redissolved
in DMSO-d6.

The filtrate of the product was acidified with 1 M HCl to pH 1.5
(TitroLine 7000, SI Analytics; Xylem Analytics Germany GmbH,Welheim,
Germany) causing precipitation and the evolution of gas as carbonates
from residual Na2CO3 formed CO2. The acidified mixture was filtered on
glassfilters #5,with a nominal cut-off of 1.0–1.6 µm. Thefiltratewas stored
for later extraction with DEE for gas chromatography mass spectrometry
(GC-MS) analysis. The filter cake was then washed with an equal amount
ofwater as the sample volume, afterwhich itwas dried at 40 °C for 5 days,
thus forming the precipitated solids (PS) fraction.

The acid filtrate was evaporated for 3 days at ambient temperature
and 1 day at 40 °C. This fraction, a viscous yellow-orange liquid, was
comprised of the acid soluble organics (ASO) in combination with both
the residual glycerol and the NaCl from the neutralisation of Na2CO3 and
NaOH during the acidification step. The amount of NaCl in the ASO
fraction was estimated by quantifying the amount of Na in the acid
filtrate by inductively-coupled plasma – optical emission spectrometry
(ICP-OES). The NaCl was then deducted from the ASO. The glycerol in the
ASOwas quantified by gas chromatographywith a thermal conductivity
detector (GC-TCD), using a linear external calibration curve of glycerol
standards (R2 = 0.9957) as well as an internal standard of cyclohexanol.

Table : Average reaction temperatures and pressures in the reactor, compositions of the reaction mixture and yields of char.

Residence
time (min)

Tavg
(°C)

Pavg
(bar)

Reaction
product pH

NaCO

(wt%)
NaOH
(wt%)

Water
(wt%)

Glycerol
(wt%)

Dry lignin
(wt%)

Char yield
(% dry basis)

   . . . . . . .
   . . . . . . .
   . . . . . . .
   . . . . . . .
   . . . . . . .


a
  . . . .–

.
.–
.

.-. .–.

   . . . . . . .

b

  . . . . . . .–.

aThe amount of injection charge in the experiment at min was uncertain; ranges of the glycerol, lignin and water injected are therefore given. bThe yield
of char in the sample without glycerol is somewhat uncertain and a range is therefore presented.

Figure 1: Flow chart of the fractionation of the reactor product.
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After quantifying the NaCl and glycerol in the yellow-orange liquid
that contained the ASO, it was found that the mass fraction of ASO was
small, on average 3%, whereas the NaCl amounted to 15% with the
remainder being glycerol. The glycerol measurement influenced the
estimation of the ASO yield significantly, since glycerol was the largest
fraction in the yellow-orange liquid.

2.2.3 Analytical procedures: The analytical procedures included gel
permeation chromatography (GPC), nuclear magnetic resonance spec-
troscopy (NMR), inductively-coupled plasma optical emission spectros-
copy (ICP-OES), gas chromatography with mass spectrometry as well as
with thermal conductivity detection (GC-MS and GC-TCD).

2.2.3.1 GPC: Molecular weights of the product fractions were
measured with gel permeation chromatography (GPC, PL-GPC 50 Plus
Integrated GPC system, Polymer Laboratories; Varian Inc., Church
Stretton, UK). Two columns (PolarGel-M, 300 × 7.5 mm) with a pre-
column (PolarGel-M, 50 × 7.5 mm) were used in a system with an
ultraviolet light (UV) detector operating at 280 nm. The eluent was
DMSO with 10 mM LiBr and, in the case of PS and char, the samples
were dissolved to a concentration of 0.24 mg/ml. The ASO samples
were dissolved to 1.5 mg/ml to ensure a sufficiently strong signal
because these samples also contained glycerol and NaCl. The samples
were filtered with 0.2 µm GHP syringe filters and then run, in dupli-
cate, at 50 °C with an eluent flow rate of 0.5 ml/min. The system was
calibrated using pullulan standards. Data analysis was performed
with Cirrus GPC Software 3.2.

2.2.3.2 NMR: Char and PS samples were investigated by recording het-
eronuclear single quantum coherence (HSQC) spectra on an 800 MHz
spectrometer, with a 5 mm TXO cold probe (Bruker Avance III HD;
Bruker BioSpin GmBH, Rheinstetten, Germany) at 25 °C. The samples
were dissolved to a concentration of 140 mg/ml in DMSO-d6 and then
centrifuged at a relative centrifugal force (RCF) of 12,045 × g for 5 min to
separate possible insoluble material. The supernatant was transferred
to 3 mm tubes. In the case of char samples from runs with residence
times of 2 and 4 min, as well as char samples from the runs without
glycerol and NaOH, a little material (approx. <5%) was undissolved and
was therefore not included in the analyses. The samples of PS and lignin
did not show any undissolved material.

The samples were run at 25 °C using the HSQC pulse programme
hsqcedetgpsisp2.3with acquisition times of 96ms for 1H and 6ms for 13C.
A total of 3072 and 512 points were acquired for 1H and 13C, respectively,
with 24 scans and 1 s relaxation delay. The spectra were recorded in an
edited mode.

Although samples at all residence times were investigated, only
one sample was used for each of the replicates at 1 and 4 min. In this
case, the samples with the highest average reaction temperature were
selected, see Table 1.

2.2.3.3 ICP-OES: The sodium content of the acidified filtrate was deter-
mined using ICP-OES (Thermo Scientific iCAP Pro, Thermo Fischer,
Cambridge, UK). After being diluted 1:50 with 0.5 M HNO3, triplicates
were measured on the emission wavelength of 589.59 nm, with an
average relative standard deviation (RSD) of 9%.

2.2.3.4 GC-TCD: The amount of glycerol present in the acid filtrate was
quantified using GC (Agilent 7890A; Agilent Technologies Co. Ltd.,

Shanghai, China) with a TCD (G3437A; Agilent Technologies Co. Ltd.,
Shanghai, China).

The acidfiltrate, shown in Figure 1, was diluted 1:10withwater, and
an internal standard solution of cyclohexanol was added to the samples
to reach a concentration of 2.05 g cyclohexanol/l. The samples were then
filtered in a 0.45 µm GHP filter. A calibration curve of glycerol in water
was constructed with the same concentration of internal standard as in
the samples.

The injection volume was 1 µl, with a 40:1 split ratio and an inlet
temperature of 300 °C. The column used was an HP-5MS UI (Agilent
Technologies Inc., Santa Clara, CA, USA) and the temperature programme
started at 90 °C. This was followed by heating at 15 °C/min up to 200 °C and
then 60 °C/min to 310 °C, where the temperature was held for 2 minwith a
helium carrier gas flow of 2.1 ml/min. The TCD detector was operated
at 320 °C, with a reference flow of 10 ml/min and a make-up flow of
4.5 ml/min. Samples were run in duplicate with an average RSD of 2.1%.

2.2.3.5 GC-MS: Identification of the monomeric aromatic components
produced during the reaction was carried out using GC-MS (Agilent
7890A; Agilent Technologies Co. Ltd., Shanghai, China and Agilent 5975C;
Agilent Technologies Inc., Wilmington, DE, USA). 0.5 ml of internal
standard solution, 0.001 g/ml syringol in water, was added to 5ml of acid
filtrate. The mixture was extracted with diethyl ether (DEE) in a sepa-
rating funnel at 1:1 w/w. The ether phase was then filtered through a
0.2 µm polytetrafluorethylene (PTFE) filter.

The injection volume was 1 µl, with a 19:1 split ratio and inlet
temperature of 300 °C. The flow rate of the carrier gas, helium, was
1 ml/min and the column was an HP-5MS UI (Agilent Technologies Inc.,
Santa Clara, CA, USA). After maintaining a constant temperature of
70 °C for 2min, it was increased by 20 °C/min to 275 °C, where it was held
for 10 min. The MS source was run at 230 °C and the MS Quad at 150 °C.
The compounds were identified by NIST MS Search Software (V. 2.2)
utilising the library NIST/EPA/NIH Mass Spectral Library (NIST 11). Also,
retention time analysis with pure compounds was performed to verify
the results obtained from the NIST MS search. A semi-quantification of
the products was used employing the relationship:

Wi = WISTAi/AIST ,

where A is the peak area in the chromatogram, W the mass fraction in
the sample, i the analyte in the samples and IST the internal standard
(Nguyen et al. 2014). The samples were run in duplicate, with an average
RSD of 5.7%.

3 Results and discussion

The product discharged from the reactor was a mixture of
solid particles in an aqueous phase, with a smoky odour. The
pH of the reaction mixture was decreased at longer resi-
dence times, indicating that the reactions formed products
consuming OH−, see Table 1. Miller et al. (2002) argued that
such neutralisation is caused not only by phenolic products
formed during depolymerisation, but also by the CO2 formed
during the process. Moreover, the formation of acids could
occur during lignin depolymerisation, which would reduce
the pH (Rößiger et al. 2018).

162 A. Ahlbom et al.: Hydrothermal depolymerisation of kraft lignin using glycerol as a capping agent



3.1 Molecular weight

The weight average molecular weight (Mw) of the LignoBoost
lignin feed and the product fractions, with and without NaOH
and glycerol as well as at different residence times are pre-
sentedwith their respective standarddeviations inTable 2 and
Table 3. The molecular weight distributions from which these
Mware calculated are shown inFigure 2 and inSupplementary
Figure S3. Samples 1 min and 4 min are the average values of
the experiments run at these residence times.

3.1.1 Effect of glycerol and NaOH on Mw

Table 2 shows that, in all cases, the addition of glycerol re-
duces theMw of the products. This could be interpreted as a
capping effect, whereby glycerol reacts with reactive frag-
ments and thus prevents repolymerisation.

Without NaOH, theMw of the PS is higher but that of the
char fraction is slightly lower, when compared to the case
with NaOH (sample 4 min). The higher pH of the reaction
mixture with NaOH (sample 4 min) thus seems to favour
reactions that depolymerise the compounds in the PS frac-
tion. The char fraction is, however, influenced to a lesser
degree by the pH.

3.1.2 Effect of residence time on Mw

When the residence time is increased, the Mw decreases for
both the char and PS fractions when both NaOH and glycerol

are present in the reaction system, as reported in Table 3: the
samples 1 min and 4 min are averages of the duplicate reactor
runs at these residence times, which explains the larger stan-
dard deviation. Thus, over the course of the residence times
investigated, there is a net depolymerisation of the lignin.

The molecular weight distributions obtained from the
GPCmeasurements are presented in Figure 2. It shows that a
narrowing of the molecular weight distribution occurs after
just 1 min of residence time, and that the larger molecular
weight fractions gradually disappear with increasing resi-
dence times, see A and B in Figure 2.

In the case of the PS fraction, the molecular weight
distributions are similar for the samples at 1, 2 and 4 min of
residence time. However, there is a shift in the reaction
products between 4 and 12 min, causing the distribution to
shift to lower molecular weights and, consequently, causing
the Mw to drop, see Table 3. It is possible that the longer
residence time allows reactions with a slower kinetics time
to progress, thereby giving a larger fraction of lowmolecular
weight components. Thus, swift initial reactions that narrow
the molecular weight distribution after just 1 min of resi-
dence time are followed by slower reactions.

TheMw of the ASO does not show any clear trend with
increasing residence time. It can nevertheless be noted
that the same peaks occur in the chromatograms of all
samples, see Figure 2C, but at varying intensity: this sug-
gests that products of similar molecular weight are formed
at all of the residence times investigated but at different
concentrations.

3.2 Changes in molecular structure

The char and PS fractions at all residence times were
investigated with NMR using an edited HSQC pulse
sequence. Neither the char nor the PS fractions showed
much change at longer residence times and therefore only
the results for the 1 min sample are discussed; the spectra of
the other residence times are shown in Supplementary
Figure S4. Figure 3 shows the inter-unit aliphatic region of
the HSQC spectra for unreacted lignin, char and PS after
1 min of residence time. The peaks from the main inter-unit
linkages in lignin, such as β-O-4′, β-5′, β-β′, appear due to their
connections with oxygen which give chemical shifts in the
regions highlighted with black rectangles.

The signals of the inter-unit ether linkages that are
evident in the lignin spectrum (Figure 3A) are not found in the
char and PS fractions. The structure of the original lignin thus
changes during the reaction, and it does so rapidly: within
1minof residence time. There is a trace ofβ-β′ signals in thePS
fraction at δC/δH 85.5/4.65 ppm. This peak corresponds to the

Table : The weight average molecular weight (Mw) of the product
fractions, with standard deviations, at  min of residence time with and
without NaOH and glycerol, respectively.

Char (kDa) PS (kDa) ASO (kDa)

LignoBoost . ± .
 min . ± . . ± . . ± .
 min w/o glycerol . ± . . ± . . ± .
 min w/o NaOH . ± . . ± . . ± .

The  min data are averages of the two experiments run with NaOH and
glycerol at  min residence time.

Table : Weight average molecular weight (Mw) of the product fractions,
with standard deviations at different residence times.

Char (kDa) PS (kDa) ASO (kDa)

LignoBoost . ± .
 min . ± . . ± . . ± .
 min . ± . . ± . . ± .
 min . ± . . ± . . ± .
 min . ± . . ± . . ± .
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CH signal at the α position in the ether part of the β-β′ bond. It
thus seems that the reaction that breaks the ether fraction of
the β-β′ bond has a slower kinetics compared to the other
inter-unit ether linkages, since this residual peak lingers on.
However, it disappears at longer residence times, as shown in
Supplementary Figure S4. Thus, over the course of the resi-
dence times investigated, there is a depolymerisation of the
lignin, which agrees with the net depolymerisation seen in
Table 3. While there could be a formation of new bonds, the
net result of thehydrothermal treatment at these conditions is
depolymerisation.

The spectra in Figure 3 show that glycerol remained in
both the char and PS fractions. The latter was somewhat
surprising since, unlike the char, the PS filter cake was
washed with water prior to drying. Yet, some glycerol
remained, showing peaks around δC/δH 63.1/(3.38 and 3.31)
ppm and 72.4/3.45 ppm (National Institute of Advanced In-
dustrial Science and Technology; AIST 1999). However, these
glycerol peaks do not overlap with the peaks of interest, i.e.
the lignin inter-unit ether linkages.

It is notable that there are some newpeaks around δC/δH
76/4.2–4.8 ppm that are present in both the char and PS,

Figure 2: Molecular weight distributions of the char (A), PS (B) and ASO (C) at different residence times.
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Figure 3B and C. These are not seen in the sample without
glycerol: it may be that glycerol has some sort of bond to
lignin-derived components, giving these peaks. Peaks
unique to the cases with added glycerol are also seen in the
aliphatic region of the HSQC spectra (not shown here), sug-
gesting that glycerol reacts with the components and pro-
duces new structures.

Comparing the signals of char after 1 and 12minwith the
starting lignin, the signals in the aromatic section of the
1 min char HSQC spectra are fairly weak, see Supplementary
Figure S5. This could indicate that only a fraction of the char
sample at 1 min was, in fact, examined by NMR: since very
little char was produced at this residence time, it is possible
that its concentration was somewhat too low. A rapid nar-
rowing of the molecular weight distribution was neverthe-
less seen in the Mw measurements, see Figure 2: this agrees
with our previous study at similar reaction conditions
(except that isopropanol was used instead of glycerol),
where significant structural changes were noted after just
1 min of residence time (Ahlbom et al. 2022). The result in the
inter-unit ether linkage region after 1 min of residence time
is therefore the same as in our previous work, although the
aromatic region differs; the reactions appear to be rapid in
this set-up, too.

3.3 Yields

The percentage yields of the dried products (i.e. char, PS and
ASO) were defined with respect to the dry lignin charged to
the reactor according to the following equation:

Yi = 100 ⋅
mi

mdry lignin

where mi and Yi are the mass and yield, respectively, of the
product fraction i and mdry lignin is the mass of dry lignin
loaded to the reactor.

While the char and PS contained glycerol, as seen in the
NMR spectra reported in Figure 3, therewas no practical way
of quantifying the amount of glycerol accurately. In the ASO
fraction, on the other hand, quantification was possible us-
ing GC-TCD. Thus, the yields of char and PS, presented in
Figures 4 and 5, are overestimated due to the content of
glycerol. The PS fraction was washed to remove most of the
residual glycerol so the overestimation due to glycerol is, in
fact, minor for this fraction. However, the content of glycerol
in the char fraction was estimated as being as high as 24%,

Figure 3: Inter-unit aliphatic region of the HSQC spectra of the
LignoBoost lignin (A), char after 1 min of residence time (B) and PS after
1 min of residence time (C). Labelling in (A) is according to Mattsson et al.
(2016) and Giummarella et al. (2020). The peaks at δC 63.1 and 72.4 ppm in
the char (B) and PS (C) spectra are artifact peaks from the added glycerol
(National Institute of Advanced Industrial Science and Technology; AIST
1999).
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thus leading to a large overestimation. This figure was based
on the moisture content of the filter cakes before drying,
combined with the glycerol content in the product phase.
Nonetheless, subtracting this amount of glycerol from the
char yields does not modify the trends observed.

3.3.1 Effects of NaOH and the addition of glycerol on
yields

The yields of char, PS and ASO at 4 min residence time with
glycerol and NaOH, and without glycerol and NaOH,
respectively, are presented in Figure 4. The yield of char in
the sample without glycerol is somewhat uncertain and a
range is therefore presented. The dominating product frac-
tion in all samples is the PS.

Without any NaOH in the reaction mixture but with
glycerol (4 min w/o NaOH), the yield of char is much higher
(32%, on a dry lignin basis) compared to the 13.4% ± 1.4% yield
with NaOH. At these conditions, NaOH thus seems to mitigate
the formation of char. It might also be that the higher pHwith
NaOH (10.4 vs. 9.3 without NaOH, see Table 1) causes less
material to precipitate as char. The yield of PS does not change
as much as the char when NaOH is added. Furthermore,
without glycerol in the reaction mixture, the amount of char
seems to be reduced and it seems, all in all, that glycerol is not
effective in preventing char from forming at this residence
time. Nevertheless, the results of the NMR measurements
show that there is glycerol present in the char, see Figure 3,
and this could not be quantified reliably, only estimated. If the

estimated 24% glycerol in the char is deducted, the sample
without glycerol still has a lower char yield than the sample
with glycerol added. Previous studies on aspen wood and rice
straw indicate that adding glycerol could indeed reduce the
amount of char formed (Kashimalla et al. 2021; Pedersen et al.
2015). Although the results obtained in this work on lignin (i.e.
without the carbohydrates of aspen and rice straw) do not
support a char reducing effect, they still indicate that glycerol
has a capping effect that leads to the products lower having a
Mw. The samples without glycerol and NaOH in Figure 4 stand
out with a high overall yield, exceeding 100% of the added dry
lignin suggesting an overestimation of the yield of some of the
components in these samples. However, the closure of the
mass balanceswas typicallywithin±10%, atmost±32%, in line
with typical values reported in the literature for batch reactor
studies on lignin and biomass (Lee et al. 2016; Ye et al. 2012).

3.3.2 Effect of residence time on yields

The yields of the product fractions at varying residence
times are given in Figure 5 with standard deviations for the
replicates at 1 and 4 min of residence time. At 12 min, the
amount of injected lignin was somewhat uncertain, and the
error bars show the span of values covering this uncertainty.

The yield of the dominating PS fraction decreases with
residence time while the char yield increases. Although the
yield of char is small at the beginning of the reaction, more is
produced when the residence time is increased to 4min, and
even more at 12 min even though the Mw is reduced, see
Table 3. The ASO yield also seems to increase at longer

Figure 4: Yields of the fractions obtained on a dry lignin basis at 4 min
residence timewith andwithout glycerol or NaOH, respectively. The 4min
samples are the average yields from the two reactor runs at 4 min with
NaOH and glycerol added, including standard deviations as the error
bars. The yield of char in the sample without glycerol is somewhat
uncertain and a range is therefore presented.

Figure 5: Yields of product fractions on a dry lignin basis versus
residence time. Error bars give the standard deviation of the two reactor
runs at 1 and 4 min, and the uncertainty in the 12 min case where the
amount of lignin injected was not determined precisely.
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residence times. With the char yield increasing with
increasing residence time, and the PS decreasing, it thus
appears that some parts of the reaction mixture that form
the PS fraction at shorter residence times, react further to
form char and ASO at longer residence times.

For the shortest residence time (1 min), the amount of
ASO produced was too small to be quantified with accuracy.
It is, however, worth mentioning that it was possible to
isolate some ASO from the 1 min run, which was used to
determine the molecular weight distribution, see Figure 2C,
and was found to be similar to the samples run at longer
residence times. This proves that some ASO is produced even
at 1 min. The yields of ASO for the remainder of the samples
concur with previous work (Ahlbom et al. 2022).

3.4 Monoaromatic compounds

All of the compounds identified byGC-MS in the ether extract
of the acid filtrate were aromatic. The quantification is semi-

quantitative, with the main component in the product being
identified as guaiacol (2-methoxyphenol). This is a common
product when softwood kraft lignin is depolymerised
because softwood lignin monomers contain the guaiacyl
group. The quantities of the monoaromatic products can be
seen in Figures 6 and 7, with their respective standard de-
viations as error bars.

3.4.1 Effects of glycerol and NaOH on the yield of
monoaromatic products

Figure 6 shows the yields of monoaromatic compounds in
the cases without glycerol and NaOH and, as can be seen, no
remarkable effect of glycerol is observed on the yields of the
monoaromatic compounds. The effect of an NaOH addition,
on the other hand, is evident: the yield of all types of com-
pounds is higher when there is NaOH in the system. The
reference sample, 4 min in Figure 6, is the average yields of
the two reactor runs at 4 min that had product pH values
10.4. However, the sample without NaOH had a pH of 9.3, see

Figure 6: Compounds identified by GC-MS in
the samples run at 4 min of residence time
with glycerol and NaOH as well as without
glycerol and NaOH, respectively, and their
respective yields, with standard deviations
versus dry lignin from the semi-quantitative
analysis.

Figure 7: Compounds identified by GC-MS in
samples run with NaOH and glycerol at
different residence times, and their respective
yields versus dry lignin from the semi-
quantitative analysis with standard deviations.
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Table 1. It seems that this pH difference influences the re-
actions so that the higher pH samples attain a higher yield of
monoaromatic components.

3.4.2 Effect of residence time on the yield of
monoaromatic products

As with the molecular weight distributions of the ASO fraction,
see Figure 2C,where the samepeakswere seen for all residence
times, the samemonoaromatic compounds are identified for all
residence times. The yield of guaiacol increases with residence
time, along with 1,2-dimethoxybenzene, 4-methylguaiacol and
4-ethylguaiacol, see Figure 7. Compared to our study in which
isopropanol was used as a capping agent instead of glycerol
(Ahlbom et al. 2022), the yields of all components are higher.
This could possibly be an effect of thehigher pH in the reactions
of this study due to the addition of NaOH.

4 Conclusions

The dominating product fraction of the three fractions ob-
tained when depolymerising softwood kraft lignin in water
with glycerol is the precipitated solids (PS). The yield of this
fraction decreases with residence time whereas the yield of
the char fraction increases. The formation of char can
therefore beminimised by keeping the residence time short.

Althoughadding glycerol tomitigate repolymerisationwas
effective in the sense that theMw of all of the product fractions
were reduced, it nevertheless did not reduce the yield of char.

The addition of NaOH to the reactionmixture appears to
be beneficial because the char yield was reduced. Also, more
monoaromatic components were produced.

As early as within the first minute of reaction, the Mw

distributions show a clear reduction in large molecular
weight compounds, which is also supported by NMR spectra
showing that the inter-unit ether linkages break. Increasing
the residence time further causes a net depolymerisation of
the product fractions. In line with this, the yield of mono-
aromatic components also increases with residence time.
Kraft lignin thus can be depolymerised in a rapid manner
within the residence times investigated (1–12 min).
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