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Abstract
As a part of developing a hydrothermal liquefaction (HTL) process to valorise lignin, it is important to consider integration
possibilities with existing infrastructures in order to obtain an overall positive economic impact. One obvious example is to
integrate the HTL process with the kraft pulp mill: transport and storage costs is reduced, the temperature levels on process
streams can be matched (energy integration) and the recovery/use of alkali can be made efficient. In this study, softwood kraft
lignin was depolymerised using sub-critical water (623 K; 25 MPa) in a continuous, small pilot unit with a flow rate of 2 kg/h.
ZrO2, K2CO3/KOH andNa2CO3/NaOHwere used as catalytic system, and phenol as the capping agent. The influence of the ratio
between sodium and potassium in the feed on the yield and composition of the product stream was investigated. The results
showed that bio-oil, water-soluble organics (WSO) and char yields were not remarkably influenced by shifting the catalytic
system from potassium to sodium. Moreover, the yields of most phenolic compounds did not change significantly when the
sodium fraction was varied in the feed. The amounts of suspended solids in the bio-oil produced showed, however, a diminishing
trend, (decrease from 10.8 to 3.8%) when the sodium fraction was increased in the feed, whilst the opposite trend was observed
for the heavy oil, which increased from 24.6 to 37.6%.
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Abbreviations
% Percent by weight
BCD Base catalysed depolymerisation
G C -
MS

Gas chromatography coupled with mass
spectrometry

GPC Gel permeation chromatography
HHV High heating value
HTL Hydrothermal liquefaction
IC Inorganic carbon

IFB Integrated forest biorefinery
SS Suspended solids
TC Total carbon
THF Tetrahydrofuran
TOC Total organic carbon
WSO Water-soluble organics

1 Introduction

Efforts have been made to reduce the worldwide consumption
of petroleum in response to increased awareness of the long-
term environmental impacts caused by its utilization [1].
These efforts are reflected in government mandates and incen-
tives and also in research by the development of technologies
for the production of liquid transportation fuels, chemicals and
materials from biomass. This trend will lead either to the im-
plementation of new technologies or the integration of emerg-
ing technologies with existing infrastructures. One infrastruc-
ture of particular interest in this context is pulp mills. Despite
facing many challenges, such as shifting demand of different
pulping products and the energy market situation, pulp mills
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have a great potential for diversifying their product portfolios
and increasing their revenues through new biorefinery con-
cepts [1–6], where by-products/residues such as black liquor
[4, 7] can be valorised.

Various measures and integration investments have been
carried out in recent years in pulp mills [2] to ensure an
energy-efficient process which makes it possible to integrate
new biorefinery concept with the present pulp mills and there-
by allowing hemicellulose, extractives and/or lignin to be
valorised further to form high-value products. The kraft pro-
cess is the most common pulping process currently employed,
accounting for more than 85% of the global lignin production:
it amounts to approximately 63 × 104 tons annually [8], mak-
ing this type of process of great interest as an obvious part in
an integrated forest biorefinery (IFB). In this process, lignin is
available in the black liquor, but is usually used as fuel to meet
the steam and power needs of the pulping processes.
Furthermore, the capacity of a mill’s production is often lim-
ited by the thermal flue gas capacity of the recovery furnace.
Extracting a portion of lignin from black liquor presents an
opportunity for a cost-effective approach for increasing the
production capacity of the mill as well as the potential for
using the lignin internally or externally, depending on the
overall energy balance. The recovery of lignin from kraft
pulping is also being pursued actively as a resource from a
biopower, biofuels and bio-based chemicals/materials per-
spective [9]. Indeed, a relatively new method for separating
part of the lignin from black liquor is the LignoBoost process,
which has recently been commercialized. For instance,
Domtar has implemented LignoBoost successfully in their
kraft pulp mill in Plymouth, NC, USA [10, 11] and Stora
Enso has installed a 50,000 t.p.a. LignoBoost plant at their
Sunila mill in Finland [11, 12]. Lignin can be valorised via
different routes: pyrolysis, gasification or hydrothermal lique-
faction (HTL). Having a high-quality lignin in the pulp mills
produced in the LignoBoost process represent a great potential
of integrating these emerging technologies of lignin
valorisation such as hydrothermal liquefaction (i.e. base
catalysed depolymerisation in this case). This integration
should consider technical constraints of a pulp mill, i.e. the

chemical balance (especially the alkali ratio that should not be
disturbed) and the energy balance.

Base-catalysed depolymerisation (BCD) has been investi-
gated extensively as a technique for the conversion of biomass
in general and lignin in particular. The BCD process involves
the utilization of bases such as K2CO3, KOH, Na2CO3 and
NaOH to promote lignin degradation. Many studies have
shown how crucial the choice of base is in lignin degradation
[13–15]. Table 1 shows a summary of various parameters used
in several studies on lignin depolymerisation using bases (ho-
mogenous catalysts).

Strong bases, such as KOH and NaOH, have been used as
homogenous catalysts in several previous studies. Roberts
et al. [14], who investigated the degradation of organosolv
lignin in a base-catalysed process at 300 °C and 25-MPa pres-
sure and NaOH as base, showed that the product yields are
influenced by operating conditions such as temperature, pres-
sure, residence time and concentration of the base: when
NaOH increased (from 2 to 4%) in the feed, the oil, oligomers
and monomers yield increased. Toledano et al. [15] tested
different bases for organosolv lignin processed from olive tree
waste and obtained catechol as the main product (0.1–2.4%);
they found that the oil yield depended strongly on the base
concentration: using NaOH gave higher oil yield than when
using KOH (19.7% for NaOH vs 13% for KOH).
Furthermore, Wang et al. found that base-catalysed treatment
of various types of lignin led to many phenolic products with
different yield distributions [13]. Some studies have conclud-
ed more generally that using a base is important for promoting
lignin degradation [13, 20].

Attention in these investigations was paid mainly to study
the influence of various bases on product yields, which is an
important part of developing a process that is both efficient
and effective. The key question is the economic viability of
this type of process: stand-alone technology may be too costly
due to the logistics and high investment constraints involved,
so a better alternative is to adapt emerging technologies to
existing infrastructure. Most of the studies in Table 1 were
based on organosolv lignin despite the fact that it hardly can
be regarded as an industrial lignin. Thus, the knowledge is still

Table 1 Summary of some base depolymerisation studies

Base and/or catalyst Reaction conditions Raw materials Products Yield

NaOH [14] 300 °C, 250 bar, boric acid Organosolv lignin Monomers, oligomers Oil 11.5%

NaOH, KOH and K2CO3 [15] 300 °C, 90 bar Organosolv lignin Monomers, coke, residual lignin Oil 5–20%

KOH [16] 350 °C, 250 bar, phenol Kraft lignin Monomers, char, oligomers 24–40% water-soluble
organics

KOH, NaOH, CaO [17, 18] 290 °C, methanol, ethanol or water Organosolv lignin Monomers, dimers 93% ether-soluble product

NaOH [19] 170–250 °C, 12-13 MPa,
lignin/NaOH= 1

Kraft lignin Monomers, solids Not stated
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limited regarding kraft lignin which is the major industrial
lignin available, not only today but also in the future.

The present investigation is a part of the development of a
process for depolymerisation of kraft LignoBoost lignin with
near critical water to transportation fuels and/or chemicals. In
our previous studies [16, 21–24], the dependences of potassi-
um carbonate concentration, temperature, pH, recirculation
ratio and phenol as capping agent and if methanol could re-
place phenol have been investigated as well as the storage
stability of the produced bio-oil [25].

All the investigations have been performed systematically
using the same reference conditions (350 °C, 25 MPa,
5.5 wt% lignin, 4 wt% phenol, and 1.6 wt% potassium car-
bonate). The influence of temperature was investigated in five
steps from 290 to 370 °C [19] and showed that the yield of
bio-oil decreased slightly when the temperature was in-
creased. The yield of water-soluble organics (WSO) as well
as the char on catalyst increased slightly.

The influence of homogeneous catalyst concentration and
pH was studied by varying the amount of potassium carbonate
[17] and, to be able to reach higher pHs, by adding different
amounts of potassium hydroxide [20]. The investigated pH
interval was from 7.1 to 9.7 in the product and 0.8 to 1.5 unit
higher in the feed. There was a minimum in the formation of
char around pH 8.1 (in the product) and the amount of water-
soluble organics increased with the pH, but the most significant
result was that the formation of suspended solids (SS) was low
until pH 8.1 and then increased considerably by increasing pH.

The storage stability of the produced hydrothermal lique-
faction (HTL) lignin bio-oil was investigated for temperatures
from ambient up to 80 °C [25]. The stability was shown to be
good for the produced lignin bio-oil and if water and
suspended solids were separated, the remaining oil showed
almost no aging at all.

A natural question is if the addition of 4% phenol in the
feed as capping agent can result in an economically viable
process. In a recent report [26], a number of emerging tech-
nologies, including HTL, for the production of transportation
fuels from lignin of forest residues are compared and it was
found that the use of 4% phenol in the feed is not likely to give
a viable process. However, we investigated if another and
lower phenol concentration could be used [24]. The tests
showed that it was possible to lower the concentration of phe-
nol to 2% and still get almost the same amount of bio-oil as
with 4% but at the expense of obtaining a more viscous oil.
The yields of individual compounds were dependent on the
phenol concentration but the total yield of bio-oil was not. The
fraction of the phenol converted to other products was also
lower for the 2% case. Calculations for the 2% case, using the
same assumptions as in the report [26], showed that at this
phenol concentration, the process was likely to be viable.

In these studies, potassium salts (in the form of K2CO3 or
K2CO3/KOH) were used in order to promote lignin

degradation: as explained earlier, the focus was on the potas-
sium ion rather than the sodium because of its high catalytic
activity [27]. On the other hand, it is known that the alkaline
process streams in a kraft paper pulp mill contain a mixture of
K and Na. The reason for this is that the make-up chemical is
sodium-based, but wood contains potassium which is dis-
solved during the cooking operation. The alkali concentration,
especially the ratio of sodium to potassium, in the pulp mill is
an important parameter to control, and disturbancesmay affect
several operations (e.g. cooking, evaporation and recovery
boiler). It means that the alkali concentrations and the Na/K
ratio should be kept to a certain level to ensure the steady
operation of the pulp mill. In order to make integration of
the HTL process with existing pulping process possible, it is
important to study the effects of a Na/K mixture on the yields
of products in the HTL process. The aim of this investigation
is twofold: to study the effects of the Na/K ratios by using
different concentrations and to investigate the possibility of
using a concentration ratio of Na/K similar to the existing
chemical streams in the pulp mill.

2 Experimental

Experiments were conducted in a small continuous pilot unit
(Fig. 1), comprised of a fixed-bed reactor having a volume of
500 cm3 (Parr 4575), a recirculation, electrical heating, and
feed and exit systems. The feed flow rate was 2 kg/h, resulting
in an average residence of about 6 min.

The electrical heating system was mounted around the pip-
ing, the feed tank and the reactor. The feed was first heated to
50 °C in the feed tank and then to 80 °C in the pre-heating
section. The pressure of the feed was increased by using a
high-pressure diaphragm pump. As we believe a high heating
rate of lignin to be important in order to have high yields, we
have chosen a reactor construction with recirculation. The
recirculation flow was also powered by a high-pressure dia-
phragm pump. After being preheated to about 80 °C, the feed
was mixed with the recirculation flow and was, thus, heated
rapidly. If the mixing is good, this heating will be more or less
instantaneous, but even in a worst case scenario (almost no
mixing), heating through conduction from 80 to about 300 °C
will not take more than about 4 s. This is much more rapid
than what is possible (without special measures) to obtain for
example in batch reactors. Jiang et al. [28] had, for instance, a
heating rate of 10 °C/min in their study of lignin
depolymerisation using HTL. In all of the experiments, the
reaction temperature was 350 °C the pressure 25 MPa and
the ratio of recirculation-to-feed flow was between 4 and 5.
Earlier tests had shown that lower ratios gave difficulties
obtaining proper heating and higher ratios resulted in in-
creased solids formation.
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The runs were carried out in the following steps: First, a
lignin slurry was prepared by mixing LignoBoost kraft lignin
(5.5%), deionised water and K2CO3/KOH and Na2CO3/NaOH
bases that were used according to the ratios shown in Table 2.
This mixture of lignin, water and bases was then dispersed
using an Ultra Turrax disperser for approximately 10 min at
room temperature. Phenol (4%) was added afterwards, when
the slurry was heated to 50 °C in the feed tank. The deionised
water was pumped through the system until it reached the op-
erating conditions (350 °C, 25 MPa). Thereafter, a mixture of
the slurry containing no lignin, i.e. just phenol, K2CO3/KOH,
Na2CO3/NaOH and deionised water, was used as a feed for 1 h.
Then, the lignin slurry in the feed tank was pumped in contin-
uously, and steady-state was established after about 80 min.
The period of the steady-state phase was 80 min, followed by
a run-down period of 40 min. The liquid products were collect-
ed in a sampling bottle that was replaced every 20 min.

The lignin used as the feed material in this investigation was
a softwood kraft lignin produced by the LignoBoost process at

the Bäckhammar pulp mill in Sweden. Its content of moisture
was 32.6%, high heating value (HHV)was 27.7MJ/kg, sodium
was 0.09 mol/kg of lignin and potassium 0.03 mol/kg of lignin;
its average molar mass was 17,000 g/mol [29]. The heteroge-
neous catalyst zirconia (ZrO2) used in the reactor was supplied
by Saint-Gobain NorPro, France length = 3 mm, diameter =
3 mm and BET surface area = 20 m2/g. Potassium carbonate
(K2CO3, ≥ 99.5%); potassium hydroxide (KOH, ≥ 85%); sodi-
um carbonate (Na2CO3, ≥ 99%) and sodium hydroxide (NaOH
≥ 85%) were used as the homogeneous co-catalysts and phenol
(crystallized, ≥ 99.5%) was used as both the co-solvent and the
capping agent. These components were all sourced from
Scharlau Chemicals, Austria, and were used as received.

2.1 Analytical approach

The bio-oil and aqueous phases were separated by centrifuga-
tion; each phasewas subjected to different analyses, according to
the sequences shown in Fig. 2. A detailed description of

Fig. 1 Schematic diagram of the pilot plant

Table 2 Reaction parameters and feed concentrations (%) of runs A–E

Run A B C D E

Temperature (K) 623 623 623 623 623

Pressure (MPa) 25 25 25 25 25

Lignin (%) 5.5 5.5 5.5 5.5 5.5

Phenol (%) 4 4 4 4 4

Nominal mole fractions in added alkali 0% NaOH/Na2CO3

100%
KOH/K2CO3

50%
NaOH/Na2CO3

50% KOH/K2CO3

80%
NaOH/Na2CO3

20% KOH/K2CO3

90%
NaOH/Na2CO3

10% KOH/K2CO3

100%
NaOH/Na2CO3

0% KOH/K2CO3

Actual Na/(Na + K) in feeda (mol/mol) 0.02 0.51 0.77 0.90 1.00

KOH (%) 0.30 0.15 0.06 0.03 –

K2CO3 (%) 1.60 0.80 0.32 0.16 –

NaOH (%) – 0.11 0.17 0.19 0.21

Na2CO3 (%) – 0.61 0.98 1.10 1.23

a Including the lignin contribution of Na and K
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characterization methods and analytical methodology have been
reported previously and can be found elsewhere [16, 21, 24].

The bio-oil was fractionated into three parts, namely light
oil (diethyl ether (DEE)-soluble fraction), heavy oil (DEE-
insoluble but tetrahydrofuran (THF)-soluble) and suspended
solids (THF-insoluble). Fractionation was performed via sol-
vent extraction, filtration and vacuum evaporation.
Identification and quantification of the major phenolic com-
pounds present in the light fraction were performed by gas
chromatography coupled with a mass spectrometry/flame
ionisation detector (GC-MS/FID).

The total amount of bio-oil also had its water content deter-
mined by Karl Fischer titration. Elemental analysis of the bio-
oil was performed at the Mikroanalytisches Laboratorium
Kolbe, Germany. Analyses were carried out to determine the
contents of carbon, hydrogen, potassium and sulphur: CHNOS
was used for carbon and hydrogen, atomic absorption spectros-
copy for potassium and ion chromatography for sulphur.

In the case of the aqueous phase, a sample was withdrawn
and acidified to pH 1.5–2.0 before being extracted using DEE.
It was then characterised using GC coupled with MS.
Complementary total carbon (TC) and total organic carbon
(TOC) analyses were performed using a Shimadzo TOC
5000A (680 °C combustion catalytic oxidation method) to
characterize the water-soluble organic fractions.

The char that was formed on the catalyst during the oper-
ation was determined as follows: After the reactor system
cooled down, the catalyst particles were recovered, and a por-
tion of the catalyst was sampled. This sample was dried in an
oven at 105 °C for about 24 h. Thereafter, the sample was
weighed. Then, it was regenerated at 500 °C for 12 h to re-
move char/organic substances. Afterwards, the sample was
cooled then weighed again. Thus, the yield of char on a dry
lignin basis could be calculated for each experiment, by know-
ing the total mass of dry catalyst before the experiment in the
reactor.

2.2 Experimental conditions

This study deals with the influence of changing proportions of
Na and K in the alkali added as co-catalyst for the lignin
depolymerisation. Except for the feed concentrations of
K2CO3, KOH, Na2CO3 and NaOH, the reaction conditions
were thus kept fixed. In order to also keep the inlet pH fixed,
to cover the whole range from only K to only Na, and to
emphasise Na to K ratios similar to those commonly found
in pulp mill streams, the added amounts of the individual
alkali salts were varied as follows: run A is the reference test
with 100% potassium ion (0.3%KOH and 1.6%K2CO3), then
the replacing of K ions by Na ions was done in a way that
there was an equivalent number of mole of Na for each mole

Fig. 2 Analysis and separation
sequences of the product mixture.
GC-MS = gas chromatography
mass spectrometry, GPC = gel
permeation chromatography,
TOC = total organic carbon, TC =
total carbon, K/Na = potassium
and sodium, resp.

Table 3 Measurements of
potassium and sodium made in
the aqueous phase and the pH of
the product for runs A–E

Run A B C D E

Na/(Na + K) ratios in the feed 0.0 0.5 0.8 0.9 1.0

K (g/l) in the aqueous phase 10.1 4.6 2.0 1.1 0.4

Na (g/l) in the aqueous phase 0.3 3.2 5.6 5.9 6.3

Na/(Na + K) in the product (bio-oil + aqueous phase) 0.05 0.54 0.83 0.89 0.96

Na/(Na + K) (mol/mol) in the aqueous phase 0.04 0.54 0.83 0.90 0.96

pH of the product 7.4 7.5 7.6 7.4 7.4

Water content of the bio-oil (%) 17.7 14.6 22.4 23.6 17.4
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of K replaced. Thus, potassium ions from the weak base
K2CO3 was replaced by the weak base Na2CO3; the strong
base KOH was replaced by the strong base NaOH. The cal-
culation in percentage gave the values shown in Table 2.

In the following sections, and for reasons of simplicity, the
different inlet concentrations chosen are designated by their
ratio of moles of Na to the sum of moles of Na and K, i.e. by
Na/(Na + K).

3 Results and discussion

This investigation aimed at investigating how different ratios
of sodium and potassium influence the depolymerisation of
softwood kraft lignin. The results obtained for the measured

amounts of sodium and potassium in the aqueous phase and
the pH of the product are reported in Table 3. The mass bal-
ance of potassium and sodium between the feed and product
was fairly consistent, with differences that can be attributed to
experimental uncertainties. By comparing the measured
amounts of sodium and potassium in the aqueous phase
(Table 3) and in the bio-oil phase (Table 4), it was found that
most of alkali ended up in the aqueous phase, with an average
of 94% for potassium and 91% for sodium. Moreover, the Na/
(Na + K) ratios in both the feed and the aqueous phase were
almost identical. This comparison between the feed and the
aqueous phase indicates that the latter could be the main

Table 4 Elemental analysis and HHV of the LignoBoost kraft lignin
and the bio-oil fraction

Run A B C D E Lignin

S (wt%) 0.3 0.3 0.4 0.3 0.3 1.8

C (wt%) 74.3 72.4 73.5 73.1 74.1 65.6

H (wt%) 6.5 6.3 6.2 6.0 6.6 5.7

Oa (wt%) 18.3 20.3 18.6 19.7 18.4 26

K (wt%) 0.5 0.5 0.3 0.2 0.03 0.07

Na (wt%) 0.1 0.2 1.0 0.7 0.6 0.23

HHV (MJ/kg) 31.1 30.0 30.4 30.0 31.2 27.7

The sample for elemental composition was analysed as received and
corrected afterwards for the water content. The corrected values of ele-
mental analysis were used for HHV determination according to
Channiwala and Parikh’s correlation (see Appendix for more details)
a Determined by difference
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source for recycling potassium and sodium, while the fraction
of sodium and potassium remaining in the bio-oil might pose
difficulties in its further processing. In the case of there being a
mutual exchange of sodium and potassium between an HTL
process and the chemical stream in a pulp mill, it might be
possible that the streams in the pulp mill can be used as a way
of adding alkali to the HTL process.

The pH was measured in the feed and the product; no
significant difference was found in the pH of the feed (9.4 ±
0.2) with different sodium fractions in the feed. The same
observation was made for the pH in the product (7.5 ± 0.1).

3.1 Overall yields

For definitions and assumptions regarding yield calculations,
see the Appendix section.

Figure 3 shows the yield distribution of water-soluble or-
ganics (WSO), bio-oil and char on the catalyst, with the first
two being determined on a phenol and water-free basis. The
sum of these two product yields, WSO and bio-oil, are be-
tween 85 and 88%, which means that the lignin conversion
into valuable products was not affected strongly by varying
the sodium fraction. This suggests that using the ratio of
sodium/potassium that already exists in the chemical stream
in a pulp mill (for a sodium fraction between 0.5 and 0.9) for
an HTL process will not affect the overall yield of lignin
depolymerisation products. The sum of the yields (bio-oil,
WSO and char) for different Na/(Na + K) ratios was consistent
and varied between 99.8 and 102%.

Regarding the formation of char on the catalyst, no signif-
icant effect was observed: the char yield on the solid catalyst
was (14.6 ± 0.7)% in the entire Na/(Na + K) range. Shifting to
sodium as a co-catalyst in the feed would therefore not lead to
increased repolymerisation and condensation reactions. To
verify a possible char formation from added phenol in the

feed, a blank test has been carried out in a previous investiga-
tion [23] using similar condition as in this study but without
lignin. The results showed that no products similar to those
from lignin degradation were obtained.

It should be noted that the yields of bio-oil given in Fig. 3
include the suspended solid fraction, i.e. the THF insoluble
fraction. Suspended solids might be considered as being a
non-desirable/low value product, e.g. due to its solid form
and its low H/C ratio, which limits its possibilities for further
valorisation. The suspended solids and water-free bio-oil yield
was found to be (59.1 ± 3.1%).

Figure 4 shows the fractions of suspended solids (SS) and
heavy oil found in the bio-oil for feeds with different Na/(Na +
K) ratios. As can be seen, for Na/(Na + K) ratios higher than
0.8, the SS yield decreases as the concentration of sodium in
the feed increases. Thus, changing the catalyst from potassium
to sodium might have the positive effect of decreasing the
formation of suspended solids, which is in line with the find-
ings reported in Toledano et al. [15].

For water-soluble organics, comparing the yield ofWSO in
runs A (100% potassium) and E (100% sodium) shows that
both experiments gave relatively similar results (11.4% for run
A vs, 12.1% for run E). The same observations can be made
for char (14.6% for run A vs. 14.5% for run E) and bio-oil
(73.5% for run Avs. 73.8% for run E) yields. This is in agree-
ment with the findings of Miller et al. [18], who studied the
conversion of organosolv lignin using various different bases.

The fact that Na and K give about the same yields in this
investigation does not necessarily mean that they have similar
activities with regard to the depolymerisation of lignin. It
could very well be that the residence time used for all exper-
iments in this study (about 6 min) was sufficiently long for
complete degradation of the lignin to be reached for both types
of alkali. That we have a complete degradation is supported by
an NMR investigation of the bio-oil in run A reported by
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Lyckeskog et al. [25], where it was shown that this bio-oil did
not contain aliphatic inter-unit linkages typical for lignin,

thereby indicating that the lignin had been effectively
depolymerized [29].

Table 5 Fractions (%) of the main compounds present in the aqueous and bio-oil phases as identified by GC-MS/FID

Group of compounds Identification Compound in the bio-oil phase (%) Compound in the aqueous phase (%)

A B C D E A B C D E

Na/(Na + K) ratio 0.0 0.5 0.8 0.9 1.0 0.0 0.5 0.8 0.9 1.0

Catechols Catechol 0.04 0.34 0.51 0.42 < 0.01 0.16 0.24 0.23 0.20 0.14

4-Ethylcatechol 0.00 0.20 0.25 0.35 < 0.01 0.01 0.02 0.02 0.02 0.01

3-Methylcatechol ND ND ND 0.13 < 0.01 0.01 0.02 0.02 0.02 0.01

4-Methylcatechol < 0.01 < 0.01 < 0.01 0.39 < 0.01 0.05 0.08 0.07 0.04 0.04

3-Methoxycatechol ND ND ND ND ND < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Total fraction (%) 0.04 0.54 0.76 1.29 0.00 0.23 0.37 0.34 0.27 0.21

Phenol Phenol 24.19 17.38 19.28 22.33 21.61 2.50 2.31 2.28 2.46 2.71

Anisoles Anisole 4.63 5.53 5.62 5.02 4.69 0.04 0.03 0.03 0.03 0.03

4-Methylanisole 0.32 0.28 0.29 0.35 0.27 ND ND ND ND ND

2-Methylanisole 0.13 0.12 0.13 0.15 0.12 ND ND ND ND ND

4-Ethylanisole 0.17 0.12 0.13 0.19 0.14 ND ND ND ND ND

Total fraction (%) 5.25 6.05 6.17 5.71 5.21 0.04 0.03 0.03 0.03 0.03

Alkyl phenols p-Cresol 1.18 1.38 1.56 1.61 1.01 0.07 0.06 0.06 0.07 0.06

o-Cresol 0.76 0.86 0.98 1.00 0.68 0.05 0.05 0.04 0.05 0.04

4-Ethylphenol 0.77 0.76 0.85 0.98 0.67 0.01 0.01 0.01 0.01 0.01

2-Ethylphenol 0.32 0.34 0.39 0.39 0.29 0.01 0.01 0.01 0.01 0.01

4-Propylphenol 0.18 0.11 0.12 0.21 0.16 ND ND ND ND ND

2-Propylphenol < 0.01 0.06 0.07 0.06 < 0.01 ND ND ND ND ND

Total fraction (%) 3.21 3.51 3.97 4.26 2.80 0.14 0.13 0.12 0.14 0.13

Guaiacols Guaiacol 2.03 2.15 2.26 2.00 1.95 0.09 0.09 0.07 0.07 0.10

Creosol 0.63 0.56 0.60 0.68 0.57 0.01 0.01 0.01 0.01 0.01

4-Ethyl-guaiacol 0.22 0.21 0.22 0.25 0.17 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

4-Acetyl-guaiacol < 0.01 < 0.01 < 0.01 0.15 0.08 ND ND ND ND ND

4-Propyl-guaiacol < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 ND ND ND ND ND

Total fraction (%) 2.88 2.93 3.08 3.15 2.77 0.10 0.09 0.08 0.08 0.10

Phenolic dimers 2,2′-Methylenediphenol 0.86 0.55 0.60 0.67 0.80 0.01 < 0.01 < 0.01 < 0.01 0.01

2,4′-Methylenediphenol 0.53 0.47 0.52 0.42 0.55 0.01 0.01 < 0.01 < 0.01 0.01

4,4′-Ethylenediphenol < 0.01 0.05 0.07 0.04 0.00 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

4,4′-Methylenediphenol 0.26 0.19 0.23 0.17 0.28 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

2,2′-Ethylenediphenol 0.20 0.23 0.25 0.30 0.17 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Total fraction (%) 1.85 1.49 1.68 1.60 1.80 0.01 0.01 0.01 0.00 0.01

Other compounds o-Acetylphenol 0.13 < 0.01 < 0.01 0.14 0.12 ND ND ND ND ND

1,2-Dimethoxybenzene 0.17 0.38 0.41 0.40 0.16 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

9H-xanthene 0.27 0.32 0.36 0.29 0.26 ND ND ND ND ND

2-Benzyl-4-methoxyphenol 0.18 0.17 0.20 0.16 0.16 ND ND ND ND ND

Retene 0.19 0.26 0.28 0.16 0.16 ND ND ND ND ND

Salicylic acid ND ND ND ND ND 0.02 < 0.01 < 0.01 0.01 < 0.01

Ethanedioic acid, diethyl ester < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 0.00 0.00 0.00 < 0.01

ND not detected
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In order to obtain some insight into the role of the solid cat-
alyst (zirconia), two runs have been performed: one with zirconia
catalyst and one with only spherical glass beads as reactor filling,
with otherwise equal operating conditions and feed composition
(4.1% phenol, 5.5% lignin, 1.6% K2CO3; at 350 °C and
25 MPa).. The results showed almost similar overall yields.
However, the light oil fraction in the total bio-oil was different,
8.4% for the run without zirconia vs. 15.9% for the run with
zirconia. This is in line with the findings from GPC analysis of
the bio-oil fractions where it was shown that bio-oil from the run
without zirconia had higher average molecular weight (30 kDa)
then the bio-oil from the run with zirconia (18 kDa). This indi-
cates that during lignin HTL, the zirconia catalyst has probably a
catalytic activity giving lowermolecular weight compounds than
in the glass beads case. However, a further, more detailed, study
about the zirconia role is needed to obtain a conclusive
comparison.

3.2 Effects of using sodium and potassium
as the co-catalyst on the quality of the bio-oil

Table 4 shows the results obtained from the elementary analyses
of the bio-oil and lignin used, together with their calculated
higher heating values. It shows that the contents of S, C, H and
O in the bio-oil were about the same for all feeds, regardless of
their Na/(Na + K) fraction. The amounts of Na and K in the bio-
oil fluctuated a little compared to their respective trends in the
feed, and is probably due to the low contents of K and Na in the
bio-oil. When the calculated higher heating value of the bio-oils
in runs A to E are compared, no significant difference was seen
when the potassium ions were replaced by sodium ions in this
HTL process.

As reported in Section 2.1, the bio-oil was fractionated into
three fractions, namely light oil (diethyl ether (DEE)-soluble
fraction), heavy oil (DEE insoluble but tetrahydrofuran (THF)-
soluble) and suspended solids (THF-insoluble). From Fig. 4, it
can be seen that the former was fairly constant up to an Na/(Na +
K) ratio of 0.8 and then increased from 22.4 to 37.7% (i.e. show-
ing a decreasing trend as more potassium is present in the feed).
Comparing SS in the same way, it can be seen that more sodium
in the feed leads, for Na/(Na + K) ratios higher than 0.8, to a bio-
oil with a smaller fraction of SS. This suggests that using a feed
containing greater amounts of sodium contributes further to low-
er amount of suspended solids being formed but increases the
levels of the heavy oil fraction.

3.3 The effect of the sodium fraction in the alkali
on groups and individual compounds, as determined
by GC-MS/FID

The different Na/(Na + K) ratios in the feed did not influence the
total yields of anisoles, alkyl phenols and phenolic dimers nota-
bly: they were found to be (6.5 ± 0.5%), (5.8 ± 0.6%) and (1.9 ±

0.3%), respectively. The results for guaiacol (see Fig. 5) also
showed a stable yield in this study when the Na/(Na + K) ratio
was altered which, along with the fact that other studies [30, 31]
consider guaiacol to be an intermediate product of lignin degra-
dation, suggests that changing the process catalyst from potassi-
um to sodium does not strongly affect the further conversion of
guaiacols into a product of lignin depolymerisation. This is in
line with the results obtained by Toledano et al. [15]; they found
that when no base is used in the BCD, the amount of guaiacol is
higher than when it is used, thus providing a clear indication of
the role of the base in the process of lignin degradation. The same
observation can be made for the formation of phenolic dimers,
which was stable when the concentration of sodium in the feed
was increased: feed containing greater amounts of sodium do not
lead to the extensive formation of compounds of higher molec-
ular weight, i.e. phenolic dimers.

The most dominant phenolic compounds present in the bio-
oil phase were found to be anisoles, guaiacols and alkyl phenols;
their yields were relatively stable (6.0 ± 0.5%, 3.0 ± 0.3%, 3.5 ±
0.6%, respectively) when the Na/(Na + K) concentration ratio
was increased. The same observation was made for these com-
pounds in the aqueous phase (anisoles (0.6%), guaiacols (1.6 ±
0.3%) and alkyl phenols (2.3 ± 0.2%)) with the exception of
catechols, which showed a higher yield (6.1 ± 0.4%) at 0.5 and
0.8Na/(Na +K) ratios. Table 5 shows the fractions of the various
individual compounds, and their respective groups of com-
pounds, found in the bio-oil and aqueous phases.

One major, individual, compound of the alkyl phenol group
identified by GC-MS/FID was o-/p-cresol. This type of com-
pound is dependent on the concentration of phenol in the feed,
as was found in an earlier investigation [24]. In the current study,
the amount of phenol was kept fixed and only the concentrations
of sodium and potassium were varied. It is clear from Fig. 6,
which shows the amount of o-/p-cresol at the reactor outlet vs.
the Na/(Na + K) ratio in the feed, that changing the Na/(Na + K)
ratio has only a minor effect on the formation of this type of
compound. This suggests that for the condition investigated in
this study, sodium and potassium catalysts exert the same effect
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on formation of alkyl phenols (for other alkyl phenols
compounds, see Fig. S1 in the supplementary material), and
likewise for methoxyphenols (for guaiacol, cresol and 4-ethyl-
2-methoxyphenol, see supplementary information, Fig. S2).

4 Conclusions

For the conditions investigated, it was found that it is possible
to use Na/K ratios similar to those in a kraft pulp mill and to
shift the catalytic system from potassium to sodium, keeping
the overall yields of the products fairly constant. Moreover,
using a greater amount of sodium than potassium in the feed
resulted in less suspended solids being formed in the bio-oil.
This study opens up for integration with the pulp mill in dif-
ferent ways.
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