7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Pyrolysis of LignoBoost lignin in ZnCI2-KCI-NaCI molten salt media

Genuino, Homer C.; Contucci, Ludovico; Velasco, Jessi Osorio; Sridharan, Balaji; Wilbers,
Erwin; Akin, Okan; Winkelman, Josef G. M.; Venderbosch, Robertus H.; Heeres, Hero J.

Published in:
Journal of Analytical and Applied Pyrolysis

DOI:
10.1016/j.jaap.2023.106005

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Genuino, H. C., Contucci, L., Velasco, J. O., Sridharan, B., Wilbers, E., Akin, O., Winkelman, J. G. M.,
Venderbosch, R. H., & Heeres, H. J. (2023). Pyrolysis of LignoBoost lignin in ZnCl_-KCI-NaCl molten salt
media: Insights into process-pyrolysis oil yield and composition relations. Journal 3fAna/ytical and Applied
Pyrolysis, 172, Article 106005. https://doi.org/10.1016/j.jaap.2023.106005

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 31-10-2023


https://doi.org/10.1016/j.jaap.2023.106005
https://research.rug.nl/en/publications/9d0cda62-2037-4e43-91bf-bbc5ac095f29
https://doi.org/10.1016/j.jaap.2023.106005

Journal of Analytical and Applied Pyrolysis 172 (2023) 106005

ELSEVIER

Journal of Analytical and Applied Pyrolysis

JOURNAL ot
ANALYTICAL an

Contents lists available at ScienceDirect
APPLIED PYROLYSIS

journal homepage: www.elsevier.com/locate/jaap

Pyrolysis of LignoBoost lignin in ZnCl,-KCl-NaCl molten salt media: Insights

Check for
updates

into process-pyrolysis oil yield and composition relations

Homer C. Genuino “, Ludovico Contucci®, Jessi Osorio Velasco °, Balaji Sridharan ?,
Erwin Wilbers?, Okan Akin?, Josef G.M. Winkelman ?, Robertus H. Venderbosch ®,

Hero J. Heeres™

@ Department of Chemical Engineering, Engineering and Technology Institute Groningen (ENTEG), University of Groningen, Nijenborgh 4, 9747 AG Groningen, the

Netherlands

Y BTG Biomass Technology Group B.V., Josink Esweg 34, 7545 PN Enschede, the Netherlands

ARTICLE INFO

Keywords:
Biomass

Lignin

Pyrolysis

Molten salts
Depolymerization
Demethoxylation

ABSTRACT

Depolymerization of lignin by pyrolysis has been identified as a viable route to produce renewable fuels and
biobased platform chemicals. Herein we report the pyrolysis of LignoBoost lignin in a molten salt consisting of
ZnCly-KCl-NaCl (60:20:20 mol ratio) in a g-scale reactor set-up with a focus on the liquid phase yields and
composition. The effects of relevant process parameters such as temperature (250-450 °C), reaction time (10-50
min), and N flow rate (10-30 mL min’l) on the product yields were elucidated using design of experiments. The
highest bio-oil yield was 47.1 wt% (450 °C, 10 min) and the yield of organics in the bio-oil at this condition was
24 wt% (on lignin intake), the remainder being water. The latter is considerably higher than found for an
experiment at similar conditions without salt (16 wt%). Temperature and reaction time were shown to have the
largest effects on bio-oil yield. Prolonged reaction times resulted in higher amounts of gas phase components (Ha,
CO») and water, and a reduced amount of solid products. Statistical analyses and validation experiments showed
that the experimental product yields are in good agreement with the predicted values from the model. The
properties and molecular composition of the liquid products were determined using various analytical techniques
and reveal that the presence of a molten salt during pyrolysis has a positive influence on the composition of the
liquid phase like a higher level of depolymerization and higher selectivity to aromatic and phenolic monomers
compared to thermal pyrolysis.

1. Introduction

(thermo)chemical conversion approaches such as pyrolysis, gasification,
hydrogenolysis, liquefaction, and oxidation, have been reported for

Lignin is a promising feed to produce biofuels and biobased chemical
commodities [1]. The pulp and paper industry [2] produces large
amounts of lignin containing residues with production levels exceeding
40-50 million tons per year [3]. These are currently mainly used to
fulfill the energy requirements in the process [4]. However, these resi-
dues have high potential for higher-value applications like the use as a
feed for green chemical building blocks. From a chemical perspective,
the major hurdle associated with lignins from the paper and pulp in-
dustry is their highly condensed structure, which is recalcitrant toward
catalytic depolymerization.

Valorization routes for lignin are considerably less developed than
for the (hemi)cellulose fraction of lignocellulosic biomass. Nevertheless,
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lignin depolymerization [5,6]. Among these strategies, pyrolysis has
been widely applied to produce a liquid product known as pyrolysis
liquid or bio-oil, which is potentially a more valuable product than the
starting lignin [7]. During pyrolysis of lignin, the structure is depoly-
merized into smaller molecules such as aromatic and phenolic mono-
mers as well as oligomers. The bio-oils can be further upgraded in
subsequent processing steps to extend their application range [7].
Several pyrolysis technologies (i.e., grinding, microwave, and stepwise
pyrolysis) have been developed [8,9]. However, the liquid yields for
lignin pyrolysis in lab scale set-ups (typically < 25 wt%) are generally
much lower than for lignocellulosic biomass pyrolysis (up to 70 wt%)
and are depending on the type of lignin [10]. Fast pyrolysis is favored
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Table 1
List of reported eutectic compositions of halide-based molten salts for the
thermal processing of biomass.

Molten salts Molar ratio Melting point (°C) Reference
AlCl3-KCl 67:33 128 [22]
AlCl3-NaCl 55:45 133 [22]
CuCI-KCl 65:35 150 [16,22]
ZnCl,-KCI-LiCl 40:20:40 240 [22]
KCI-LiCl-NaCl 36:55:9 346 [22]
ZnCly-KCl 70:30 262 [13-16,22]
ZnCly-NaCl 70:30 255 [22]
ZnCl,-KCl-CuCl 48.1:41.1:10.8 190 [16,22]
LiF-NaF-KF 46.5:11.5:42 454 [18,19,21]
ZnCl, - 283 [16,22]
ZnCl,-KCl-NaCl 60:20:20 203 -

(this work)

- not applicable

over slow pyrolysis when aiming for maximizing the conversion of lignin
into liquids [5].

A promising upcoming pyrolysis technology involves the use of
molten salts in the pyrolysis section. Various molten salt combinations
are available and may be used [11-22]. The molten salts can i) act as a
solvent or a dispersing agent to transfer the biomass to the pyrolysis
reactor, which particularly facilitates lignin feeding and ii) may also act
as a catalyst and change the liquid product composition. So far, halide
based molten salts have gained the highest attention [13-16, 22] and
examples of such halide mixtures and their melting points are listed in
Table 1. From this group, particularly the chlorides show interesting
properties a.o. low melting points, which may be tailored depending on
their composition.

Pyrolysis of lignocellulosic biomass in the presence of molten salts
has been reported and relevant details about these studies (selected) are
summarized in Table 2 [15-26]. Typically, the product selectivity
changes considerably when salts are present during pyrolysis, and
particularly in the case of lignocellulosic biomass. Here acetic acid and
furfural are being formed in high amounts. The liquid yields are also
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affected, though the actual effect is not yet clear, and both reductions
and higher yields have been reported when compared to pyrolysis in the
absence of salts. For example, Jiang et al. [16] investigated the effects of
pyrolysis parameters and composition of ZnClp-based molten salts on
product yields and the composition of the bio-oils derived from cellulose
and rice husk. For cellulose, the liquid yield was 61.8 wt%, though the
organic content was very low (11.6 wt%) yields. Adding CuCl (a
reducing additive) to the ZnCl,-KCl couple gave a significant improve-
ment and the water content decreased from 46 % to 21 %, whereas the
total liquid yield was about the same. The optimal temperature for
cellulose pyrolysis was found to be about 530 °C, giving a bio-oil yield of
almost 35 wt%, though almost half of it was water [16].

In another study, Dutta et al. [22] reported the slow pyrolysis of
sawdust in chloride-based molten salts at relatively mild pyrolysis
conditions (about 400 °C, 1 atm). The highest bio-oil yield was 66 wt%
using ZnClp-KCI-LiCl, which is significantly higher than the yield
without the molten salts (32 wt%). We recently reported research to
convert woody biomass to a liquid hydrocarbon product using molten
salt slow pyrolysis (ZnClp-NaCl-KCl at 60:20:20 mol ratio), followed by a
subsequent catalytic hydrotreatment of the pyrolysis liquids to hydro-
carbons [25]. The pyrolysis process resulted in a liquid yield of 46 wt%
and analyses showed that the liquid was highly enriched in furfural and
acetic acid. Recently, molten salt pyrolysis (ZnCl,-NaCl-KCl) of biomass
using a micro-pyrolyzer coupled with GC-MS was reported [26]. It was
observed that the salts have a major catalytic effect on the pyrolysis
volatiles when compared to those from pyrolysis without salts. Molten
salt pyrolysis of Lignoboost Kraft lignin selectively produced guaiacol
and syringol, whereas cellulose, pinewood, and wheat straw produced
mostly furfural and acetic acid. The yields of volatiles from all ligno-
cellulosic feedstock was less in the presence of chloride molten salts,
though this finding needs further validation using calibration curves.
Nevertheless, these recent studies on molten salt pyrolysis of lignocel-
lulosic biomass (Table 2) show that Zn based chloride salts may act as a
catalyst during pyrolysis.

Despite the potential of molten salts for biomass pyrolysis, research
on the pyrolysis particularly of lignin in molten salt media has received

Table 2
Literature overview of research on the pyrolysis of lignocellulosic biomass and lignins in chloride-based molten salt.
Biomass Molten Molar ratio Temperature  Yield (wt%) Major compounds identified in bio-oil Ref.
salts (mol/mol) ¢o Bio-oil Water Total
(mol%) .
liquid®
Cellulose ZnCl»-KCl 53.8:46.2 450 11.6 50.0 61.8 Mainly 2-methoxy furan. Others: 3-methyl furan, acetylfuran, [16]
aldonolactone derivative, D-xylopyranose derivative
KCl-CuCl 66:34 450 11.8 21.0 32.8 Not reported
ZnCl, Not 450 35.0 46.0 81.0 Not reported
applicable
Sawdust CuCl-KCl 65:35 350 Not Not 41 Mainly acetic acid and furfural [22]
reported reported
CuCl-KCl 65:35 450 Not Not 63
reported reported
ZnCl,- 40:20:40 350 Not Not 50
KCI-LiCl reported reported
ZnCl,- 40:20:40 450 Not Not 58
KCI-LiCl reported reported
ZnCly- 60:20:20 400 47
KCI-NaCl
None 350 Not 19 Mainly acetic acid and furfural. Others: hydroxyacetone, methyl
reported ester acetic acid, propanic acid, 1-hydroxy-2-butanone, 4-methyl
guaiacol, acetyl furan
Pine- ZnCl,- 44.3: 41.9: 350 Not Not Not Acetic acid and furfural [26]
wood KCI-NaCl 13.9 reported reported reported
60:20:20 450 Not Not 46 Acetic acid and furfural [25]
reported reported
Kraft ZnCl,-KCl 53.8:46.2 550 29P 14 43P Mainly guaiacol, o-/m-/p-cresol, and methanol. Others: o-/m-/p [15]
lignin ethylphenol, phenol, 4-ethyl guaiacol, catechol, 4-methylcatechol,

syringol

aSum of bio-oil and water yields.
"Determined by difference from the yields of char, water, and gases.
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a—N;gastank

b— mass flow controller
c—preheaterline
d-fluidized sand bath
e-—lignin+ saltvessel
f-catchpot

E- ng bath
h-condenser 1

-—-»

——»

i—condenser 2

j—gasbag

Fig. 1. Schematic diagram of the gram scale reactor setup for the pyrolysis of LignoBoost lignin in molten salts (ZnCl,-KCl-NaCl at 60:20:20 mol ratio).

Table 3

Two-level three-factor fractional factorial design matrix used to study the effects
of process parameters for the pyrolysis of LignoBoost lignin in molten salts
(ZnCl,-KCI-NaCl at 60:20:20 mol ratio) on bio-oil, organics in bio-oil, solid, and
gas yields (average).

Temperature Reaction N, flow Bio- Organics Solid Gas
(°C) time rate oil yield (wt  yield yield

(min) (mL yield %) (Wt%) (wt

min!)  (Wit%) %)
450 50 30 42.7 n.d. 41.0 16.2
450 50 30 40.8 11.7 41.7 17.5
250 50 30 28.8 9.9 69.5 1.7
250 10 10 6.3 0 92.0 1.8
250 10 10 7.0 0 91.3 1.7
350 30 20 25.7 n.d. 64.0 10.3
250 50 30 28.0 6.9 70.1 1.9
350 30 20 40.0 13.6 56.4 3.6
450 10 30 33.6 111 40.9 25.5
250 50 30 24.3 n.d 74.8 1.0
250 10 30 5.3 0 87.7 7.0
450 50 10 35.5 15.5 44.9 19.6
350 30 20 33.3 7.3 48.0 18.6
450 50 10 36.8 15.6 35.8 27.4
450 10 30 24.6 7.7 42.1 33.3
350 30 20 30.2 n.d. 53.8 16.0
450 50 10 33.3 n.d. 42.9 23.8
250 10 30 5.2 0 81.7 13.0
250 10 10 5.3 0 92.9 1.8
250 50 10 22.4 8.4 61.7 15.9
450 10 10 41.6 22.9 56.4 2.0
450 10 30 28.6 10.7 43.8 27.7
250 50 30 20.0 0.8 68.2 11.8
450 10 30 47.1 8.9 42.2 10.8
250 50 10 20.0 0 77.6 1.7
250 10 10 10.5 1.8 88.6 1.0
450 50 10 46.7 14.7 44.8 8.6
450 10 10 41.8 25.1 45.1 13.1

little attention so far. Previous studies merely focused on the use of
ZnCly-KCl and the effects of the salt-to-lignin ratio on product yields and
specifically the amounts of phenolic compounds in the liquid product.
For example, Kudsy and Kumazawa [15] found that guaiacol was the
most abundant phenolic compound produced, which decreased in con-
centration by increasing the salt-to-lignin ratio (Table 2). With a higher
salt-to-lignin ratio, the yields of methanol and phenol also increased,
which imply that the salts promote demethoxylation reactions. More-
over, it was found that the formation of phenolic compounds from Kraft
lignin pyrolysis in chloride salts had a strong dependence on the amount

of salts and that the highest yields of phenolic compounds (except for
phenol) were obtained with the lowest concentration of salt used.
However, details on the (carbon) yields, product selectivity, and
in-depth characterization of the liquid products in molten salt pyrolysis
of lignins are still limited. Moreover, detailed studies comparing thermal
and molten salt pyrolysis of lignins at similar conditions in the same
experimental set-up have not been reported to date.

In this present work, we investigated the pyrolysis of LignoBoost
lignin in the presence of a molten salt, that is ZnCl,-KCl-NaCl (mole ratio
of 60:20:20) using a gram-scale reactor. This eutectic salt mixture was
selected based on its low vapor pressure at high temperature, relatively
low melting point (about 200 °C), and good hydrolytic stability [23-29].
The focus of this research was on the liquid pyrolysis product, among
others, to optimize the yield and composition. We compared the py-
rolysis experiments with and without molten salts to assess the effects of
salts on liquid product yield and composition. The physicochemical
properties and composition of the products were determined in detail
using various analytical techniques. Finally, the recovery and recycla-
bility of the spent salts was assessed using various washing procedures.
To the best of our knowledge, such studies including liquid yield opti-
mization and subsequent detailed analysis of the liquids, as well as a
proper comparison with thermal pyrolysis have not been reported so far
for lignins, and is an absolute novelty of the research described in this

paper.
2. Materials and methods
2.1. Chemicals

LignoBoost lignin samples were produced by Innventia, and kindly
provided by the Biomass Technology Group (BTG), B.V. (Enschede, The
Netherlands). LignoBoost lignin is a purified form of Kraft lignin and
contains less ash than Kraft lignin. ZnCl,, NaCl, and KCl salts (analytical
purity > 99 %) were purchased from VWR Chemicals (Belgium). Before
use, the salts were pre-dried individually by heating them in an oven at
350 °C overnight, following pre-drying protocols recently reported for
these salts [23,26]. After cooling, the salts were crushed into fine par-
ticles, weighed, and mixed at the required ratio, and stored in a vacuum
desiccator. Nitrogen gas was obtained from Linde (> 99.99 % purity).
Tetrahydrofuran (THF, anhydrous, > 99.9 %, with 250 ppm BHT as
inhibitor), di-n-butyl ether (DBE), and deuterated dimethyl sulfoxide
(DMSO-dg) were purchased from Sigma-Aldrich.
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Table 4

Description of the washing procedures used to recover the char and salts from
the solid product from the pyrolysis of LignoBoost lignin in molten salts (ZnCl,-
KCl-NaCl at 60:20:20 mol ratio).

Washing Description

procedure

Water Water at 40 °C for 48 h with continuous stirring

Acid 1 1.0 M HCl at 60 °C for 10 min, water at 60 °C, overnight stirring
Acid 2 2.0 M HCl at 60 °C 10 min, water at 60 °C overnight stirring

Acid 1 + Base 1 2.0 M NaOH at 80 °C for 30 min, 1.0 M HCl at 60 °C for 10 min,
water at 40 °C, overnight stirring
2.0 M NaOH at 80 °C for 30 min, 2.0 M HCI at 60 °C for 10 min,

water at 40 °C, overnight stirring

Acid 2 + Base 1

2.2. Pyrolysis experiments

LignoBoost lignin was pyrolyzed in a gram scale reactor (continuous
with respect to N gas and batch with respect to feed), consisting of a gas
inlet, pre-heating tube, vessel for lignin and salt, catch pot, and con-
densers, which were interconnected with metal tubing (Fig. 1) [30,31].
Typically, 1.0 g of lignin sample was mixed with 10.0 g of
ZnCly-KCl-NaCl (eutectic mixture at 60:20:20 mol ratio) inside a quartz
tube. The tube was added to the reactor part of the set-up. Subsequently,
the reactor was placed in a hot fluidized sand bath to start the pyrolysis
process. Temperature profiling experiments (Fig. S1) indicated that it
takes about 13-15 min to attain the actual pyrolysis temperature (i.e.,
450 °C). A constant flow of Ny gas was used to transfer pyrolysis vapors
from the reactor to the condensers maintained at — 40 °C using a liquid
nitrogen-ethanol mixture cooling bath. The mass of the condensable
(bio-o0il) was determined from the difference in the weight of the tube
linings and condensers before and after pyrolysis. The bio-oil was taken
from the tube linings and condensers by thoroughly washing with
anhydrous THF. The non-condensable gases were collected in a gasbag
(SKC Tedlar 3 L sample bag, 9.5” x 10” with polypropylene septum
fitting) and weighed by water displacement. The mass of the solid
product (i.e., char, ash, residues, etc.) excluding the salt was determined
from the difference of the weight of the glass tube contents before and
after pyrolysis. All product yields are reported as wt% in terms of lignin
intake on dry basis.

2.3. Optimization and validation experiments

The effects of process parameters for molten salt pyrolysis such as
temperature, reaction time, and N, flow rate (independent variables) on
responses such as bio-oil, solid, and gas yields were determined. For this
purpose, a fractional factorial design with multiple replications was
used. A total number of 28 experimental runs were performed and de-
tails are given in Table 3. All pyrolysis experiments were performed at
least in duplicate and the average product yields are reported.

The data were analyzed using the Design Expert software package. A
second order regression model (Eq. 1) was used to optimize responses
such as bio-oil yield and conversion. A parameter was considered sta-
tistically relevant when the P-value was less than 0.0500. Backward
elimination and elimination of outliers was carried out based on di-
agnostics to improve the model. The optimum reaction conditions based
on the mathematical model and surface regression graphs were provided
by the software. The resulting mathematical model was validated by
performing a pyrolysis experiment in duplicate at the proposed optimum
values by the model.

Yi =Py + Bixit + Boxia + -+ + Bixic + B Xny + By + - A Bk + ProXaXin
+Biaxuxin + oo Py pXig—1 X + €
(€]
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2.4. Bio-oil and non-condensable gas analysis

The water content of the bio-oils was measured by Karl-Fischer
titration using a Metrohm MRD 296 with 702 SM Titrino and 703 Ti
stand, following the ASTM E203 standard procedure. About 0.010 g of
sample was injected in an isolated glass chamber containing Hydranal
Karl-Fischer solvent, and titrations were carried out using the Karl-
Fischer titrant Composit 5 K. Triplicate measurements for each sample
were conducted and the average value is reported.

Elemental analysis (C, H, N, and S) of the bio-oils was performed
using an EuroVector EA3400 Series CHNS-O analyzer with acetanilide as
the reference. The oxygen content was determined indirectly by differ-
ence. Before elemental analysis of the bio-oils, the THF solvent (used for
rinsing the tubes and linings of the reactor) was evaporated until a very
viscous to almost dry oil is obtained. All elemental analyses were con-
ducted in duplicate and the average value is reported.

Gas chromatography-mass spectroscopy (GC-MS) analyses were
performed on a Hewlett- Packard (HP 6890 series GC system) gas
chromatograph equipped with an RTX-1701 capillary column
(30 m x 0.25 mm i.d. and 0.25 um film thickness) and a Quadrupole
Hewlett-Packard 6890 mass selective detector. Helium was used as a
carrier gas at a flow rate of 2 mL min~'. The injector was set at 280 °C.
The oven temperature was kept at 40 °C for 5 min and then increased to
280 °C at a rate of 3 °C min ™! and held at 280 °C for 15 min

GCxGC-FID analysis was performed on a trace GCxGC system from
Interscience equipped with a cryogenic trap and two capillary columns,
i.e., an RTX-1701 capillary column (30 m x 0.25 mm i.d. and 0.25 ym
film thickness) connected by a Meltfit to a Rxi-5Sil MS column
(120 cm x 0.15 mm i.d. and 0.15 um film thickness). Quantification of
GCxGC main groups of compounds was performed by using an average
relative response factor per component group relative to an internal
standard (di-n-butylether or DBE). Detailed information on quantifica-
tion of the amounts of monomers is given in previous papers from our
research group [32,33].

The average molecular weights (M, and M,,) and polydispersity of
the bio-oils were determined by gel permeation chromatography (GPC)
using an HP1100 equipped with three mixed-e columns (300 x 7.5 mm
PL gel, 3 um) in series using a GBC LC 1240 RI detector. Before GPC
analysis, the bio-oil sample was dissolved in anhydrous THF and filtered
through a 0.45 pm syringe filter. THF was used as the mobile phase at
1.0 mL min~!, whereas toluene was used as a flow marker. Molecular
weights were calibrated against polystyrene standards with known
average molecular weights.

3C-nuclear magnetic resonance (NMR) spectra were recorded on a
Varian Unity Plus spectrometer (400 MHz) using a 90° pulse and an
inverse-gated decoupling sequence with a relaxation delay of 10s,
sweep width of 225 ppm, and 1024 scans. Samples were prepared by
dissolving about 100 mg of bio-o0il in DMSO-ds. Heteronuclear single
quantum correlation (HSQC) spectra were acquired on a Bruker NMR
spectrometer (600 MHz) with the following parameters: 11 ppm sweep
width in the F2 domain (*H), 220 ppm sweep width in the F1 domain
(*3C), 8 scans, 512 increments, and a total acquisition time of approxi-
mately 1 h. Sample preparation involved the dissolution of a bio-oil
sample in DMSO-de.

Gas-phase products were analyzed on a gas chromatograph equipped
with a thermal conductivity detector (GC-TCD; Hewlett-Packard 5890
Series II GC equipped with a Poraplot Q Al;03/NaSO4 column and a
molecular sieve (5 A) column). The injector temperature was set at
150 °C and the detector temperature at 90 °C. The oven temperature
was kept at 40 °C for 2 min, then heated up to 90 °C at 20 °C min~!, and
kept at this temperature for 2 min. A reference gas containing Hs (55.19
%), CH4 (19.70 %), CO2 (18.01 %), CO (3.00 %), propane (1.50 %),
ethane (1.49 %), ethylene (0.51 %), and propylene (0.51 %) was used for
quantitative analysis.
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Table 5

Relevant properties and composition of the LignoBoost lignin feedstock sample.
Property Value Property Value
Moisture 3

content (Wt%)
Molecular weights (g mol™1) Organic content (g kg™1)

(carbohydrates as anhydrous sugars)

M, 3080 Arabinose 2
My 4800 Galactose 2
M, 1260 Glucose 1
Elemental composition (dry basis, wt%) Xylose 2
C 64.08 Mannose <1
H 5.91 Acid insoluble residue 953
N 0.03 Acid soluble residue 62
S 1.54 Total lignin 1014
(0] 29.77 Total carbohydrates 7
Ash content 6gkg! Total amount 1022
HHV 28.02 MJ kg !
(a)
- ——— : :
09 1
08 1
ZnCl,-KCI-NaCl
@071 (60:20:20 mole ratio)
o
? 06 ]
©
S
E 05r 10 wt.% lignin |
T 04l in molten salt |
E
S
Z03r 1
02 / ; 1
0.1} . I 1
LignoBoost lignin
0
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%1073
5F ; ; ; ; =
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4 LignoBoost lignin — T 1
35} | 1
| ZnCl,-KCl-NaCl
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025t | ‘ -
< \
2r ]
151 \ \/ ]
1F i
05 b
ol —
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Fig. 2. (@) TGA and (b) DTG curves for a mixture of ZnCl,-KCl-NaCl
(60:20:20 mol ratio) and Lignoboost lignin (10 wt%), and the individual com-
ponents (lignin and salt).

2.5. Analysis of LignoBoost lignin, recovered char, and salts

The moisture content of lignin was determined using a Kern moisture
analyzer model DBS 60-3. TGA analyses on lignin, salt and mixtures
salt-lignin were performed using a TGA 7 Perkin Elmer instrument. The
samples were heated under an N, atmosphere at a flow rate of
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Table 6

Comparison of the product yields and elemental composition of the bio-oil ob-
tained from LignoBoost lignin pyrolysis with and without molten salts (ZnCl,-
KCI-NaCl at 60:20:20 mol ratio) at 450 °C, 20 mL min ' N, flow rate, and
50 min reaction time.

Lignin-only pyrolysis (no Lignin pyrolysis in molten
salt) salts

Product yields (wt% based on dry lignin intake) + standard deviation

Bio-oil 37+1.6 38+1.1
Organics in the bio-oil 20 + 0.7 21+1.1
% Organics in the bio-oil 54 55
Solid 39+21 27 +£2.7
Non-condensable gas 17 £ 0.9 294+ 0.9
Mass balance closure (wt 93 94

%)
Elemental composition of the bio-oils (wt%, dry basis)
C 65.34 67.83
H 8.93 10.94
N n.d. n.d.
S 0.51 0.12
(o} 25.22 21.11
H/C 1.64 1.94
o/C 0.29 0.23

(a
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Fig. 3. Response surface plots showing the effects of temperature and reaction
time on bio-oil yield for the pyrolysis of LignoBoost lignin in molten salt (ZnCly-
KCI-NaCl at 60:20:20 mol ratio) at a fixed N, flow rate of (a) 10 mL min~* and
(b) 20 mL min~*.

18 mL min ! and a heating rate of 60 °C min~!, and a temperature ramp
of 30-990 °C. Elemental analysis, GPC, and 2D HSQC NMR techniques
were also used to analyze the lignin feed (the same instruments were
used as described above, see Section 2.4).

The solids recovered after reaction (ZnCl,-KCl-NaCl and char) were
analyzed by X-ray diffraction (XRD). XRD patterns were collected for a
20 scan range of 5-80° on a D8 Advanced powder diffractometer
(Bruker, Germany) with CuKa radiation (A =1.5418 1°\) operated at
40 kV and 40 mA. Char and salts were separated from the solid product
mixture by adopting various (chemical) treatments involving washing
with only water and dilute acid or base and combinations thereof
(Table 4). Briefly, water washing consisted of stirring the solid product
mixture at 40 °C for 48 h, followed by vacuum filtration, and oven
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Table 7

Comparison of product yields, elemental composition and monomer yields of the
bio-oil obtained from pyrolysis of LignoBoost lignin with and without molten
salts (ZnClp-KCl-NaCl at 60:20:20 mol ratio) at optimized conditions (450 °C,
10 mL min~! Ny, 10 min).

Lignin pyrolysis (no Lignin molten salt

salt) pyrolysis
Product yields (wt% based on dry lignin intake) + standard deviation
Bio-oil 44 +£1.2 42+0.9
Organics in the bio-oil 16 £1.1 24+ 0.9
% Organics in the bio-oil 36 57
Solid 50+ 1.8 51+ 2.0
Non-condensable gas 7 +£0.7 8+1.4
Mass balance closure (wt 101 101

%)

Elemental composition of the bio-oils (wt%)

63.76 69.24
H 7.75 8.93
N n.d. n.d.
S 0.39 0.16
(0] 28.1 21.67
H/C 1.46 1.55
0o/C 0.33 0.23
Monomer yields of the bio-oils (wt% based on dry lignin intake)
Total monomer 39.5 45.1
Alkylphenolics 27.4 31.3
Aromatics 5.7 9.0

drying (80 °C). A 2.0 M NaOH solution was used for a base washing at
80 °C, whereas a 1.0 or 2.0 M HCI solution was used for washings
involving acid at 60 °C. The conditions used for each washing protocol
were based on previous research investigating the efficient removal of
mineral matter from coal [34]. The recovered chars (i.e., residues) were
subsequently analyzed by elemental analysis (CHNS) and XRD.

3. Results and discussion
3.1. Lignoboost lignin characterization

Relevant properties and composition of the Lignoboost lignin used in
this study are summarized in Table 5. The moisture content was found to
be 3 wt%, the ash content was 0.6 wt%. Syringyl groups were not
detected by 1°C NMR, consistent with the softwood origin of this lignin.

3.2. TGA analyses of the Lignoboost lignin in the absence and presence of
molten salts

TGA analyses were performed under inert conditions (Np atmo-
sphere, heating rate of 60 °C min~) to estimate the most suitable py-
rolysis temperature for lignin in the presence and absence of molten salts
(Fig. 2). For the lignin sample, an initial weight loss of 3 % up to about
200 °C was observed which is likely mainly due to water evaporation,
whereas the steep weight loss (about 60 %) in the 300 °C to 500 °C range
is attributed to the decomposition of lignin (the highest devolatilization
rate is between about 400 °C and 500 °C). A further progressive but
rather limited weight loss is observed at higher temperatures
(600-900 °C), which is most likely due to enhanced condensation re-
actions and/or gasification of the formed carbonaceous material.

For the pure ZnCl,-KCl-NaCl (60:20:20 mol ratio) sample, an initial
weight loss of 4 % was observed up to about 400 °C, which is likely due
to the release of physisorbed and chemisorbed water upon melting of the
eutectic salt. Although all salt samples used were dried prior to use,
some external moisture is likely absorbed to the highly hygroscopic
salts, for example, during sample preparation for TGA analysis. Pro-
gressive weight loss was observed at temperatures > 500 °C, which is
most likely due to evaporation of the salt at elevated temperatures.

The TGA/DTG curve for the combination of lignin and ZnCl,-KCl-
NacCl differs somewhat from that of lignin in the absence of salt. A small
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broad peak is present at about 300 °C (DTG, Fig. 4b), which is absent in
the lignin only sample, an indication that the maximum rate of pyrolysis
vapor formation in the molten salt occurs at a lower temperature than
for lignin only. However, due to the relatively low intake of lignin (10
%) in the molten salt, it is difficult to draw a definite conclusion.
Nevertheless, the temperature for pyrolysis in molten salt media was
selected to be 450 °C (at most) to ensure that salt remains in the liquid
phase and is not transferred to the vapor phase by evaporation [23,26],
which is a major issue when considering scale up of the technology. In
addition HCI formation due to hydrolysis reactions, is also known to be
enhanced substantially at higher temperatures [23,26].

3.3. Results for a benchmark pyrolysis experiment using Lignoboost lignin

In the first stage of the experimental work in the gram scale unit
(Fig. 1), pyrolysis of the LignoBoost lignin sample without ZnCly:KCl:
NaCl was performed. This benchmark pyrolysis experiment was carried
out at a temperature of 450 °C, a N, flow rate of 20 mL min~, a reaction
time up to 50 min, and performed in triplicate (average product yields
are given in Table 6). After pyrolysis, 37 wt% yield (on dry lignin intake)
of a condensed product (bio-oil) was obtained (two phases in the
condenser, a dark brown heavy oil phase, and a separate water phase).
The amount of organics in the bio-oil was 20 wt% yield based on dry
lignin intake. Elemental analysis (dry basis) show the presence of 65 wt
% C, 9 wt% H, low levels of S (< 1 wt% total), and 25 wt% O (by dif-
ference). The N content of the bio-oils was below the instrument’s
detection limit. A non-condensable gas phase (17 wt% yield on dry
lignin intake) and solid products (i.e., ash, char, residues, etc., 39 wt%
yield on dry lignin intake) were also obtained. Based on these data a
good mass balance closure of 93 wt% was obtained. The gas-phase was
analyzed by GC-TCD and showed the presence of CO5 (9 wt%), CO (4 wt
%), CHy4 (3 wt%), and minor amounts of ethylene, propylene, and pro-
pane (1 wt% C2-C3 total).

For comparison, a lignin sample was also pyrolyzed in the presence
of ZnCly-KCl-NaCl (10 wt% lignin in salt) using the same reaction con-
ditions as for the experiment without salts (450 °C, 20 mL min~},
50 min). After the reaction, a comparable yield of bio-oil was obtained
(38 wt% based on dry lignin intake), of which 21 wt% are organics
(Table 6). However, the yields of solid (27 wt%) and non-condensable
gases (29 wt%) differ considerably from that of the pyrolysis experi-
ment without molten salt and substantially more gas phase components
are formed (mass balance closure of 94 wt%). These results suggest that
the presence of molten salts under the prevailing pyrolysis conditions
promotes formation of gas phase products leading to a reduction in char
yields. Remarkably, analysis of the gas products reveals the presence of
Ha (2 wt%) together with CO5 (15 wt%), CO (6 wt%), and CH4 and C2-
C3 hydrocarbons (both at 3 wt%). Comparison with literature data is not
possible as lignin pyrolysis of molten salts is hardly reported (Table 2).

Table 6 summarizes the elemental composition of the bio-oils ob-
tained from lignin pyrolysis with and without molten salts. The bio-oil
from molten salt pyrolysis has a lower O content (partially deoxygen-
ated) and a higher C content than that of the lignin feed and the bio-oil
from lignin pyrolysis without salt, indicating that the presence of salts
leads to higher deoxygenation levels. Furthermore, the S contents of the
bio-oils are significantly lower than the original lignin feed as S may also
be distributed in other product fractions, i.e., char or gas phase. In
earlier work on the micro-pyrolysis of LignoBoost Kraft lignin in ZnCly-
KCI-NaCl, organosulfur compounds were identified (dimethyl sulfide
and dimethyl disulfide) in the vapor phase during pyrolysis in the
presence of molten salts [26].

3.4. Optimization studies for pyrolysis of LignoBoost lignin in molten salts
The effect of process conditions on the product yields for the pyrol-

ysis of lignin in molten salt was subsequently optimized, and then in a
later stage of experimentation, compared with pyrolysis of lignin alone.
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Table 8
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GC detectable chemical composition of bio-oils obtained from pyrolysis of LignoBoost lignin in the absence and presence of ZnCl,-KCI-NaCl (60:20:20 mol ratio)

molten salts at various conditions (semi-quantitative analysis by GC-MS in THF).

Compound Relative % peak area of components
Bio-oil from lignin-only pyrolysis (no Bio-oil from lignin pyrolysis in molten Bio-oil from lignin pyrolysis in molten
salt) salt salt
(450 °C, 10 mL min*, 10 min) (450 °C, 10 mL min ™' N5, 10 min) (450 °C, 10 mL min ! Ny, 50 min)
Furfural 0.42 -
2-Cyclopenten-1-one, 2-methyl 0.12 -
Butyrolactone 0.48 -
Ethane,1,1-bis(methylthio) 0.12 -
2, 4-Dimethylanisole 0.12 -
Benzene, 1, 2-dimethoxy 0.29 -
P henol, 4-ethyl 0.76 -
Phenol, 2-methoxy-3-(2-propenyl) 1.6 -
Vanillin 1.78 -
Ethanone, 1 -(4 - hydroxy-3 - methoxyphenyl)  2.16 - -
Benzene - - 0.28
Toluene - - 1.43
p-Xylene - 0.58 0.54
Benzene, 1, 3 —dimethyl - 0.61 0.99
Benzene, 1, 2,4 —trimethyl - 0.86 -
Benzene, 1, 3,5 —trimethyl - 0.74
P henol, 2 —ethyl - 0.68 0.51
P henol, 3 —ethyl 0.23 0.74 0.55
P henol, 3, 5 —dimethyl - 1.26 1.07
Naphthalene - 0.57 0.98
P henol, 2-methoxy— 3 —methyl 2.2 - -
P henol, 2 — methoxy — 4 — methyl— 28.48 1.19 291
P henol, 3, 4 — dimethyl— - 1.03 0.56
Phenol, 2, 4, 6 — trimethyl— 0.95 1.23
P henol, 3, 4, 5 —trimethyl 1.34
P henol, 2, 3, 5 —trimethyl 1.2
P henol, 2, 3, 5, 6 —tetramethyl - 0.82 -
P henol, 2 —methyl 1.75 4.82 3.79
P henol, 2, 6 —dimethyl 0.27 1.71 0.94
P henol, 2, 4 —dimethyl 0.37 2.04 1.54
P henol, 2, 3 —dimethyl 1.58 2.23 1.22
P henol, 2, 5 —dimethyl - 1.75 1.11
1, 2-Benzenediol, 3 —methyl - 6.65 7.1
P henol, 4 —ethyl— 2methoxy 18.22 3.31 3.59
1, 2 —Benzenediol, 4 —methyl 2.07 5.85 6.22
P henol, 2 —methoxy— 4 —propyl 3.47 2.13 2.19
P henol 2.16 10.5 9.51
P henol, 4 — methyl— 3.21 8.35 6.62
P henol, 2 — methoxy— 23.37 30.29 34.52
1, 2 —Benzenediol 4.95 8.7 9.96
Total peak area (%) 100 100 100

Specifically, the effects of temperature (250-450 °C), N5 flow rate
(10-30 mL min’l), and reaction time (10-50 min) (Table 3) on bio-oil,
gas, and solids yields were determined. Experiments were performed at
least in duplicate and the average yields are also given in Table 3.
According to the model, the bio-oil yield is strongly affected by
temperature and reaction time, whereas the nitrogen flow rate has a
lesser effect. The best model for the bio-oil yield is given in Eq. 2.

Bio—oil yield= —34.33+40.175T —0.686time —0.366flow rate—0.00185T
x time+0.01flow rate X time
(2)

Relevant statistical data in the form of analysis of variance (ANOVA)
for bio-oil are summarized in Table S1. The F-value of the model was
high (94.63), suggesting that the model is significant and adequately
represents the correlations between the response and the variables.
Moreover, the P-value of the model is low (1.0 x 10’4), indicating that
the model is statistically significant. Fig. S2 presents a parity plot of the
actual or experimental bio-oil yields versus the model predictions,
showing that the model bio-oil yields are in good agreement with the
experimental ones.

The highest yield of bio-oil obtained is 47.1 wt% based on dry lignin,
obtained at 450 °C for 10 min and a N, flow rate of 30 mL min~!

(Table 3). Fig. 3 shows the effects of temperature and reaction time on
bio-oil yield at low and high N, flow rates ((a) 10 mL min~! and (b)
20 mL min~Y). It is evident from these plots that the yield is strongly
affected by the reaction temperature and increasing the temperature to
the limit of the design (450 °C) leads to higher bio-oil yields. Fig. S3
shows that at lower temperatures (i.e., about 250-300 °C), solid prod-
ucts dominate. At higher temperatures (i.e., about 400-450 °C), signif-
icant amounts of bio-oil are obtained, with a concomitant decrease in
solid yields. This trend seems to independent of the N5 flow rate. The gas
yields also increase with temperature (Fig. S4).

Aside from the pyrolysis temperature, the product distribution is also
affected, though less pronounced, by the reaction time (Fig. 3). Higher
bio-oil yields are obtained when the molten salt pyrolysis experiments
are run at prolonged reaction times, though the effects are most pro-
nounced at low temperatures. Finally, it appears that the nitrogen flow
rate does not have a major effect on the bio-oil yield, as illustrated by
comparing Fig. 3a (10 mL min~ ") and b) (20 mL min™Y).

Besides the bio-oil yield, the amounts of organics in the oil is highly
relevant. The experimental data (Table 3) show that the organic yield
varies between 0 and 25.1 wt% (on dry lignin intake). Particularly at the
low temperature ion the range (250 °C), the organic yield is very low
and the main product is actually water. Data on the effects of process
conditions on the yields of organics in the bio-oil (dry basis) are given in
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(a) Bio-oil from lignin-only pyrolysis (no salt)
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Fig. 4. GCxGC-FID chromatograms of bio-oil from pyrolysis of LignoBoost
lignin in the (a) absence and (b) presence of molten salts (ZnCl,-KCl-NaCl at
60:20:20 mol ratio) at optimized conditions (450 °C, 10 min, 10 mL min~' Ny),
with indication of various component groups: 1 = cyclic alkanes, 2 = linear/
branched alkanes, 3 = aromatics, 4 = ketones/alcohols, 5 = naphthalenes,
6 = volatile fatty acids, 7 = guaiacols, 8 = alkylphenolics, 9 = catechols (DBE
or n-dibutylether as internal standard and BHT is a stabilizer in THF).
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Fig. 5. GPC chromatograms of LignoBoost lignin and the bio-oils obtained from
pyrolysis in the absence and presence of molten salts (ZnCl,-KCl-NaCl at
60:20:20 mol ratio) at optimized conditions (450 °C, 10 min, 10 mL min~! Ny).

Table 9

Average molecular weights of LignoBoost lignin and its bio-oils in the absence
and presence of molten salts (ZnCl,-KCI-NaCl at 60:20:20 mol ratio) at opti-
mized conditions (450 °C, 10 min, 10 mL min~"' Ny).

Sample M, (g M, (g Polydispersity
mol 1) mol 1) index
LignoBoost lignin 1260 4800 3.8
Bio-oil from lignin-only pyrolysis 200 260 1.3
(no salt)
Bio-oil from pyrolysis of ligninin 180 210 1.2

molten salts
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Table S2 and visualized in Fig. S5. With this model available, the opti-
mum reaction conditions for the maximum yield of organics in the bio-
oil were determined. The highest yield of organics in the bio-oil ac-
cording to the model is 24 wt% at a temperature of 450 °C, a reaction
time of 10 min, and an N, flow rate of 10 mL min~! (Fig. S5). Two
validation experiments were carried out at these conditions to verify the
accuracy of the model. An average yield of 23 wt% organics in the bio-
oil was obtained. Thus, the experimental yield is in good agreement with
the predicted value from the model.

For comparison, the distribution of products from lignin pyrolysis at
the same optimized conditions but in the absence of molten salt was also
experimentally determined. As presented in Table 7, the average yields
of bio-oil, gas, and solid products are comparable with good mass bal-
ance closures (close to 100 %). However, the proportion of organics in
the bio-oil obtained from molten salt pyrolysis is significantly higher as
compared to the thermal pyrolysis (57 % vs. 36 %). This result further
highlights the beneficial effect of using molten salt in obtaining higher
amounts of organics in the product bio-oils.

3.5. Characterization of reaction products

3.5.1. Bio-oils

The bio-oils obtained from the pyrolysis experiments performed at
optimum conditions (450 °C reaction temperature, 10 mL min~! Ny
flow rate, 10 min reaction time) were characterized in detail (elemental
analysis, GC, GPC, and NMR). Table 7 summarizes the elemental anal-
ysis data for the bio-oils. The C content of the bio-oil from molten salt
pyrolysis is higher than the original lignin sample as well as the bio-oil
from lignin pyrolysis without salt. Moreover, the O content is also
reduced for the bio-oil in the presence of molten salts, suggesting the
occurrence of some deoxygenation reactions during pyrolysis in molten
salts.

Information on the chemical composition of the volatile part of the
organic fraction of the bio-oils was obtained by GC-MS. Table 8 sum-
marizes the identified components, together with their contents based
on relative peak areas. In the absence of molten salts, pyrolysis of lignin
at optimum conditions for organics (i.e., 450 °C, 10 mL min~! Ny flow
rate, 10 min reaction time) produced a bio-oil containing significant
amounts of phenolic compounds, namely 2-methoxyphenol (23.4 area
%), 2-methoxy-4-methylphenol (28.5 area%), and 4-ethylguaiacol (18.2
area%). The presence of these compounds and other phenolics in bio-oil
is attributed to the thermal decomposition of lignin structure, which is
well-documented in the literature [10,35,36].

In the presence of molten salts (pyrolysis performed under the same
reaction conditions at 450 °C, 10 min reaction time, and 10 mL min~!
Nj flow rate), the relative proportion of 2-methoxy-4-methylphenol and
4-ethylguaiacol in bio-oil is considerably reduced (4.5 area%), though
more guaiacol is formed (30.3 versus 23.4 area%). When compared to
experiments in the absence of salts, more phenol (from 2.2 to 10.5 area
%), 4-methylphenol (from 2.2 to 10.5 area%), and catechol (from 5.0 to
8.7 area%) are formed. These findings suggest that 2-methoxy-4-methyl-
phenol and 4-ethylguaiacol are converted to other, less methoxylated
species in the presence of molten salts, indicative of catalytic effects of
the salts, and particularly on demethoxylation reactions. These findings
are in line with the results of previous studies on pyrolysis of Kraft lignin
in molten salts (Table 2) [15,26]. An increase in pyrolysis reaction time
from 10 min to 50 min (450 °C and 10 mL min Nj) resulted in addi-
tional deoxygenation towards monoaromatics benzene, toluene, and
xylene, and naphthalenes.

To quantify the amounts of the main organic compound classes, the
bio-oils obtained from lignin pyrolysis at optimized conditions (450 °C,
10 mL min~! Ny, 10 min) were analyzed using GCxGC-FID. The results
are summarized in Table 7 and representative chromatograms are
shown in Fig. 4. The total monomer yields in the bio-oil from pyrolysis of
lignin with and without molten salts are 45 wt% and 40 wt% (on dry
lignin intake), respectively. This result suggests that a significant
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Fig. 6. 1°C NMR spectra of bio-oils obtained from pyrolysis of LignoBoost lignin in the absence (top) and presence (bottom) of molten salts (ZnCl,-KCI-NaCl at

60:20:20 mol ratio) at optimized conditions (450 °C, 10 min, 10 mL min~! Ny).

Table 10

13C NMR integrations for specific chemical shift regions for bio-oils obtained
from pyrolysis of lignin in the absence and presence of molten salts (ZnCl,-KCl-
NaCl at 60:20:20 mol ratio) at optimized conditions (450 °C, 10 min,
10 mL min~! Ny).

Type of Chemical shift Relative'*C NMR area (%)
carbon region (ppm) Bio-oil from lignin- Bio-oil from lignin
only pyrolysis (no pyrolysis in molten
salt) salts
AliphaticC-  0-55 15.9 325
C
Methoxy 55-57 5.3 1.7
Aliphatic C-  57-95 -2 -
o
AromaticC-  95-122 9.9 8.1
H
AromaticC-  122-139 36.8 28.6
C
Aromatic C- 139-165 32.2 27.5
(¢]
Carbonyl 165-210 - 1.6

2 means not detected.

proportion of the bio-oils is of low molecular weight. Moreover, signif-
icantly higher amounts of aromatics, alkylphenolics, and linear/
branched alkanes are observed in the bio-o0il from lignin pyrolysis in
molten salt than in lignin-only pyrolysis as a result of demethoxylation
reaction in the presence of salts, as shown above and as shown previ-
ously [26].

The GPC chromatograms for lignin and the bio-oils obtained from
pyrolysis experiments at optimized conditions (450 °C, 10 min, and
10 mL min~! Ny) are presented in Fig. 5 and the molecular weights are
summarized in Table 9. Upon pyrolysis, both in the presence and
absence of salts, a substantial reduction of the average molecular weight
and polydispersity index of the lignin feed was observed, suggesting
depolymerization, with the concomitant formation of low molecular
weight components, in line with the GC results. Higher molecular weight
compounds (i.e., dimers and oligomers from depolymerization of the
individual biopolymers) between about 400-600 g mol ! are also pre-
sent, as well as higher molecular weight fragments.

Of interest is the observation that the molecular weight reduction in
the presence of salts is higher than in the absence of salts. This is

particularly evident when considering the higher molecular weight tail,
which is significantly reduced when using salts. As such, the salts not
only change the composition of the lower molecular weight fraction by
demethoxylation, as shown by GC, but also are active as depolymer-
ization catalysts.

Fig. 6 shows the 13C NMR spectra of the bio-oils obtained from lignin
pyrolysis in the presence and absence of salts at optimized conditions.
Table 10 summarizes the '3C NMR chemical shift ranges and their as-
signments for various types of carbon present in the bio-oils [37-39].
The amount of carbons in methoxy groups is significantly lower (5.3 %C
versus 1.7 %C) in the bio-oil obtained in molten salts, in agreement with
GC findings and indicating that salts indeed catalyze the cleavage of
methoxy groups. As shown above, demethoxylation reaction on lignin
gives alkylated phenols and catechols. The bio-oil from lignin-only py-
rolysis contains a significant amount of aromatic carbons (79 %C) and
some aliphatic carbons (16 %C). The functionalities that belong to these
regions include phenolic structures with methoxy groups and a propyl
side chain. On the other hand, the bio-oil from lignin pyrolysis in molten
salts shows increased amounts of aliphatic carbons (33 %C). New peaks
(as indicated by an asterisk) were found in the region associated with
aliphatic and aromatic in C-C and C-O units in bio-oils from molten salt
pyrolysis.

The LignoBoost feed and the bio-oil obtained after pyrolysis in
molten salts were further characterized by 2D HSQC NMR (Fig. 7, as-
signments of peaks was taken from references [40-43]). The HSQC
spectrum referring to the aromatic units of lignin (Fig. 7(a), red spec-
trum) at 5¢/6y 110-135/6.3-7.7 ppm clearly shows that this particular
lignin consists only of guaiacyl units (G), as was expected due to the
nature of this lignin (derived from softwood). A ferulate unit (FA) is
present to some extent since the C2-H2 and C6-H6 correlation peaks of
the ferulate end-groups appear in the spectrum at 6c/éy 112/7.6 ppm
(FA3) and 5¢/6y 122/7.3 ppm (FAg), respectively. There is also a peak at
S6c/6u 128/7.0 ppm that corresponds to the f atom of an aldehyde
end-group (Jp structure). Lastly, the H structure, which pertains to the
Co6-Ho similar as in p-hydroxyphenyl units is also present with its
correlation at §¢/8y 130/7.0 ppm. Upon lignin pyrolysis in molten salts
(green spectrum), a significant reduction in the amount of G units is
observed, indicative for demethoxylation by the catalytic action of salts.
The FA and J structures disappeared but the H structure remained. This
observation suggests that demethoxylation, C-C bond cleavage, and
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Fig. 7. 2D HSQC NMR spectra of LignoBoost lignin feedstock (red spectrum) and the bio-oil obtained from lignin pyrolysis in ZnCl,-KCl-NaCl (60:20:20 mol ratio)
molten salts (green spectrum) showing the (a) aromatic and (b) methoxy regions of the spectra.

OCco mcH, ®@H, B C2-C3 co,

Yield (wt.% on lignin intake)

Lignin pyrolysis in
molten salts (10 min)

Lignin pyrolysis in
molten salts (50 min)

Lignin-only pyrolysis
(no salt) (50 min)

Lignin-only pyrolysis
(no salt) (10 min)

Fig. 8. Yields and composition of non-condensable gases from the pyrolysis of
LignoBoost lignin in ZnCl,-KCI-NaCl (60:20:20 mol ratio) molten salts at opti-
mum reaction conditions (450 °C, 10 mL min’l, 10 min) and one at longer
reaction time (450 °C, 10 mL min’l, 50 min).

decarbonylation phenomena occurred during lignin pyrolysis in molten
salts, leading to monomeric products, i.e., (alkylated) phenols, ben-
zenes, catechols, and potentially gas-phase products.

The part of the HSQC spectrum of the lignin feedstock showing
interunit linkages (55-90/2.8-5.0 ppm) (Fig. 7(b), red spectrum) is
dominated by strong signals of both the phenylcoumaran structures
(B-5', type C linkages, 6c/5y 56/3.8 ppm) and f -aryl ethers ( -O-4', type
A linkages at 5¢/5y 62/3.5 ppm), whereas the pinoresinols or $-p’, type B
linkages (6c/8y 72/4.2 ppm) do exist to some extent. Small amounts of
xylan were also observed at 5¢/5y 72/3.8 ppm (X structure), indicating
the presence of some carbohydrate impurities in the starting lignin
material. Upon pyrolysis in molten salt (green spectrum), it is clear that
these structures (A, B, C, and X) are effectively disrupted, indicating that
oligomers are reduced to lower molecular weight and monomeric
aromatics.

Table 11

Comparison of the elemental composition of char products recovered from the
solid product mixtures during pyrolysis of LignoBoost lignin with and without
ZnCl,:KCL:NaCl (60:20:20 mol ratio) molten salts using various adopted washing
treatments.

Washing Elemental composition (wt%)* H/C 0/C

procedure

OorO
+ salts®

C H N S

Lignin pyrolysis at 450 °C, 10 min, 10 mL min~' without salt and in molten salts

Without salt 80.03 3.87 0.61 090 14.59 0.59 0.14
In molten salts

Water® 6495 345 0.23 0.83 30.54 0.64 0.36
Acid 1¢ 76.71 3.72 0.28 0.89 18.40 0.59 0.18
Acid 2¢ 76.65 3.36 0.30 0.68 19.01 0.53 0.19
Acid1 +Base1’ 7554 330 031 059 20.26 0.53 0.21
Acid 2 + Base 76.13 3.42 0.31 0.58 19.56 0.54 0.2

18
Lignin pyrolysis at 450 °C, 50 min, 10 mL min~' without salt and in molten salts

Without salt 80.21 3.95 0.69 1.03 14.12 0.6 0.14
In molten salts

Water® 6487 3.20 0.29 0.85 30.80 0.6 0.36
Acid 19 77.00 3.81 0.32 094 17.94 0.6 0.18
Acid 2°¢ 77.15 3.44 0.31 0.73 18.38 0.54 0.18
Acid1 +Base1f 76.87 3.49 038 0.64 18.63 0.55 0.19
Acid 2 + Base 77.72 351 0.34 0.61 17.84 0.55 0.18

18

 Dry basis. b Obtained by difference (100 - CHNS). ¢ Water at 40 °C for 48 h.
41.0 M HCl at 60 °C for 10 min, water at 60 °C, overnight stirring. ¢ 2.0 M HCl at
60 °C 10 min, water at 60 °C overnight stirring. { 2.0 M NaOH at 80 °C for
30 min, 1.0 M HCI at 60 °C for 10 min, water at 40 °C, overnight stirring. 8
2.0 M NaOH at 80 °C for 30 min, 2.0 M HCl at 60 °C for 10 min, water at 40 °C,
overnight stirring.

3.5.2. Composition of the gas phase

Fig. 8 shows the yields and composition of non-condensable gases
generated from pyrolysis of LignoBoost lignin at optimum reaction
conditions. In the absence of molten salts, pyrolysis for 10 min produced
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Fig. 9. XRD patterns of the recovered char from the solid products from the
pyrolysis of LignoBoost lignin with ZnCl,-KCl-NaCl (60:20:20 mol ratio) using
water only (blue) and acid, base, and water (red) washing treatments. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

mainly CO and CO», suggesting the occurrence of decarbonylation and
decarboxylation reactions. Some CH,4 was also detected, which is likely a
result of demethoxylation and/or methanation reactions. Propyl side
chains contain ether and hydroxyl functionalities that can dehydrate
forming alkane, alkene, and carbonyl functionalities. For experiments in
the presence of molten salts, also at 10 min, the overall yield of gas-
phase products slightly increased. The product selectivity, though, was
remarkably different with more Hy and less CHy4 than found for lignin-
only pyrolysis.

At prolonged reaction time (for example, for 50 min) for both ther-
mal pyrolysis and pyrolysis in molten salts, gas formation is promoted
and higher amounts of Hy and CO», and to a lesser extent, CO is formed.
In comparison to thermal pyrolysis, the gas yield, and particularly the
amount of CO; in the gas phase is considerably higher for lignin py-
rolysis in molten salts.

3.5.3. Solid product characterization

The solid products obtained from pyrolysis of LignoBoost lignin with
and without molten salts were characterized in terms of their elemental
composition (Table 11) and structure (XRD, Fig. 9). To recover the char
from the salts, and to allow for salt recycling in the process, a simple

Journal of Analytical and Applied Pyrolysis 172 (2023) 106005

washing procedure was adopted [34], that is, by stirring the solid
products continuously in deionized water at 40 °C for 48 h. The C con-
tent of the recovered char or residue from molten salt pyrolysis (450 °C,
10 min, 10 mL min ) is significantly lower as compared to the char
from lignin-only pyrolysis (65 vs. 80 wt% C), suggesting that salts are
still present in the former. XRD analysis of this residue indeed showed
(sharp) peaks likely associated with the salts, suggesting that
water-wash only is not completely effective in separating the char from
the salts. This observation is also supported by comparing this XRD
pattern with the one from the char from lignin-only pyrolysis (no salt),
which shows two broad peaks of low intensity indicative of its amor-
phous nature (Fig. S6; the XRD pattern for the starting salt mixture is
shown in Fig. S7).

Thus, it is clear that a simple water wash is not sufficient to remove
the salt from the char. As such, the use of extended washing procedures
involving acid (1.0 M and 2.0 M HCI then water at 60 °C) and acid and
base (1.0 M and 2.0 M HCl at 60 °C, then 2 M NaOH at 80 °C, then water
at 40 °C) was tested, as summarized in Table 4. Table 11 shows that the
C contents of the recovered char or residue from molten salt pyrolysis
after these treatments are more comparable to the C content of the char
from lignin-only pyrolysis (76-78 vs. 80 wt% C). These results suggest
that such treatments are more effective to recover char and remove salts
from the solid products than the water-wash only, though the latter was
performed at a lower temperature (40 °C). Efficient removal of salts, for
instance, by optimization of the water and acid and base washing pro-
cedures, is thought to be key to increase char recovery and recyclability
of the spent salts and can be a subject of future investigation. XRD
analysis of the recovered char, for example, after acid, base, and water
wash of the solid product shows broad peak of low intensity and absence
of diffraction peaks attributed to the salt (Fig. 9). Elemental analyses
also show that a considerable amounts of N and S containing impurities
in the feed are retained in the char.

3.6. Reaction network

Based on the chemical composition (GC-MS NMR) and the molecular
weights of the bio-oils (GPC), the gas phase composition (GC-TCD) and
solid phase compositions and structure (elemental and XRD analyses), a
reaction network for the pyrolysis of LignoBoost lignin in the absence

. |
* Thermal pyro|y5|s cracking, dealkylation, dehydration | H2 C2H4 C3H8 COZ G
= Pyrolysisin moltensalts | as
I CH, C3Hg co
L __
LignoBoost C-O cleavage, C-0 cleavage, dehydroxylation,
ligni 3 dealkoxylation l—l dehydration
ignin o ¥
depolymerization o e C[ O
> \)C( - o Bio-oil
P oy
l ~o Z°
e o
C[ N o /@/ condensation
0
depolymerization o /@
(8-0-4.and C-C -

bond cleavage) H _ _ v
—————— I | I PAHs

R ’ 1

Alkylphenols Monoaromatics !

1
Large alkoxyphenols Small ! F——————————————————— — — — = LS
and dimers alkoxyphenols | | Char +Salt Ch
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L--sl Solid

repolymerization :
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Fig. 10. Proposed general pathways occurring during pyrolysis of LignoBoost lignin in the presence (red arrow) and absence (blue arrows) of molten salts. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(depicted in blue arrows) and presence of molten salts (red arrows) is
proposed (Fig. 10).

In thermal pyrolysis of lignin, initial depolymerization of the lignin
structure to lower molecular weight fragments occurs. In this step, re-
sidual p-O-4 ether linkages are cleaved, while in a later stage, C-C
linkages may also be broken. Monomeric alkoxylphenols and higher
molecular weight fragments are the main products in the bio-oil and are
formed via these depolymerization reactions. Charring occurs to a sig-
nificant extent by repolymerization reactions between reactive lower
molecular weight fragments and already formed monomers.

In the presence of molten salts, depolymerization of lignin occurs to a
greater extent during pyrolysis (indicated by the thicker red arrows
compared to the blue ones), due to the catalytic action of the salts [44].
Catalytic activity of either metal ions and/or chloride ions may enhance
the rate of cracking reactions from phenolics. Moreover, given the
extended contact between lignin with metal ions and/or chloride ions
present in the eutectic mixtures, secondary reactions can be catalyzed
witn the primary pyrolysis vapors (PAHs, char). Moreover, demethox-
ylation of alkoxylphenols occurs in the presence of salts during pyroly-
sis, leading to a significant amount of (alkyl) phenols and catechols in
the product oil. The presence of methyl benzenes in bio-oil at prolonged
reaction times suggests that C-O cleavage and dehydroxylation also
occurred due to the catalytic action of salts during pyrolysis.

The methoxy groups are possibly converted to, among others, gas
phase components such as Hy, CO, CO5, and CHy. Higher yield of gases is
a manifestation of secondary reactions and increased level of cracking,
again, possibly due to the catalytic action of metal and chloride ions.
Char is ultimately formed by the repolymerization of reactive in-
termediates [36,45,46] for both thermal and molten salt pyrolysis.

The main difference between pyrolysis with and without molten salt
is product selectivity, with smaller alkylphenols and monoaromatics
being produced in the presence of salts. Apparently, depolymerization
and demethoxylation, as well as deoxygenation reactions are catalyzed
by these salts. A change in product selectivity, associated with catalytic
effects were also reported in refs [15,26].

4. Conclusions

This present work presents an investigation on the pyrolysis of
LignoBoost lignin in a representative molten salt (eutectic mixture of
ZnClp-KCl-NaCl at 60:20:20 mol ratio). Product yields were found to
strongly depend on the pyrolysis conditions, and particularly tempera-
ture. The optimum yield of organics in the bio-oil for molten salt py-
rolysis was 24 wt% on dry lignin intake, obtained at 450 °C,
10 mL min !, and 10 min. The amount of organics in the bio-oil was
significantly higher for molten salt pyrolysis as compared to thermal
pyrolysis at similar conditions. GC, GPC, and NMR studies on the
product oils indicate that the molten salt affects both the composition
and molecular weight of the organic fraction. Demethoxylation and
extensive depolymerization appear to occur in molten salt pyrolysis,
indicating that the salts are catalytically active. These results imply the
possibility of exploiting molten salt pyrolysis to preferentially obtain
monomeric phenolic compounds. Overall, molten salt pyrolysis can be
used to produce organic-rich bio-oils, which can be used as precursor of
bio-based chemicals after suitable (catalytic) post-treatments.
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