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Lignin holds the potential to obtain key monoaromatic compounds upon its depolymerization.
Depolymerization of woody biomass by pyrolysis is well established but often unsuccessful for lignin due
to a combination of its melting, agglomeration, and modest yields towards aromatics. Therefore, several
lignin additives have been put forth to overcome one or more of these hurdles. Although some seem
promising, a direct comparison is obscured by differences in applied technical lignin types, reactor
configurations/scales, and product analyses. Moreover, the effects of additives have either been evaluated
mostly on an analytical scale or their mode of action is not entirely understood. This work involves the
addition of clays, calcium hydroxide and sodium formate to lignin, each having a different (putative)
mode of action, in a well-defined and comparable manner. Organosolv lignin and lignin with additives
were analysed by TGA/DSC and py-GC/MS. Pyrolysis was performed in a lab-scale reactor (350 g
feeding). The pyrolysis liquids were characterised through elemental analysis, GCxGC-FID,
GCxGC-HR-ToF-MS, GPC, and HSQC NMR analyses. All additives overcame melting issues and led to
increased liquid yields but the most promising were attapulgite and calcium hydroxide. Lignin with atta-
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pulgite resulted in a heavy phase with the highest carbon yield (25.7%) and a substantial monomer yield
(18.9%, mostly alkylphenols). Lignin with calcium hydroxide resulted in a heavy phase with the highest
monomer yield (23.8%, mostly alkylphenols) at a substantial carbon yield (15.1%). The pyrolysis mecha-

rsc.li/greenchem nisms for lignins with additives are elaborated and updated in this work.

for supercapacitors, soil amendment, among others. Examples
of products in which the polymeric properties are retained® are

1. Introduction

Published on 24 August 2020. Downloaded by University of Groningen on 11/18/2020 7:10:30 AM.

Lignin is the most abundant biopolymer on Earth, after
cellulose.™” Yet, there exists a certain discrepancy between the
high valorization potential of lignin and its currently under-
exploited use in biorefinery schemes. Research on lignin valor-
ization can generally be classified into three groups, based on
process-induced changes in the degree of polymerization.
Carbon fibres from the (co-)spinning of lignin,** hierarchically
porous carbons™® and biochar’” are examples that follow from
thermal carbonization and cross-linking, giving these
materials a high degree of polymerization/aromatization,
making them suitable for applications as electrode material
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e.g., additives for rubber,” epoxy resins,'® UV blocking films"*
and asphalt.”” The vast majority of research, however, focuses
on lignin depolymerization, as well as post-processing and
applications of (aromatic) depolymerization products for
chemicals or fuel.”*

Among the options for lignin depolymerization are reduc-
tive and oxidative depolymerization, acid- or base-catalyzed
depolymerization, solvolytic depolymerization, and thermal
depolymerization through, for instance, fast pyrolysis.'®
Among these, fast pyrolysis is principally the most simple con-
version process due to the absence of applied pressure, solvent
or, in plain fast pyrolysis, a catalyst. In fast pyrolysis, biomass
is rapidly heated to ca. 500 °C in the absence of oxygen. Upon
quick quenching of pyrolysis vapors, pyrolysis liquids are
obtained in yields that amount to 75 wt% for lignocellulosic
biomass,'® while typically ranging from 10 to 40 wt% for
lignin.?° 1t is these pyrolysis liquids that contain the mono-aro-
matic compounds of interest.

A vast number of studies on the fast pyrolysis of lignin
concern analytical pyrolysis.>’>* However, results from analyti-
cal pyrolysis cannot be directly translated to what is expected

Green Chem., 2020, 22, 6471-6488 | 6471
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from larger scale pyrolysis units, given the longer hot-vapor
residence time and vapor condensation present in the latter.*
Up-scaling from analytical pyrolysis to large-scale pyrolysis of
lignocellulosic biomass has been proved on a large scale.”®
Yet, pyrolyzing isolated lignin with the same reactor techno-
logy usually is not successful;*” it is often impossible to run
fast pyrolysis experiments in lab-scale reactors for several
hours. The reason for this is three-fold. First, technical lignins
are found to be very sticky and dusty powders. As a result, plug-
ging and clogging of auger and lock-hopper feeding systems
often occurs.”’>° Next, the tendency of technical lignins to
soften, with the formation of a rubbery substance and melting
at pre-pyrolysis temperatures is a concern.>® The sticky melt
forms agglomerates (with bed material such as sand) and ulti-
mately causes blockages inside the pyrolysis reactor.'3?
Finally, in early stages of lignin pyrolysis, radical intermediates
are formed,****7° which undergo repolymerization, leading to
the formation of larger molecular-weight compounds and
solid char.?”*®

To facilitate lignin feeding, reactors were modified*® and*°
slug injection was performed by pneumatic transport. To
boost the yield of liquid products with low molecular weight,
hydropyrolysis has been proposed. In hydropyrolysis, hydrogen
gas and an appropriate catalyst are used to generate hydrogen
radicals to quench lignin-derived radical intermediates, and by
doing so, prevent repolymerization.**™*' However, hydropyroly-
sis is performed at an increased pressure with catalysts, while
the primary (hydro)pyrolysis products, being mono-aromatic
compounds, may be overhydrogenated to cycloalkanes.*>™**

To improve lignin pyrolysis and minimize modifications to
pyrolysis reactors for whole biomass, specific additives can be
applied to either facilitate feeding, prevent melting, prevent
bed agglomeration or improve liquid yield. Three additives
were selected for further analysis because of a combination of
the following reasons: (i) all three lignin additives have been
described in patent literature (industrial relevance) and shown
to enhance lignin pyrolysis (ii) pyrolysis of lignin with (one of)
the additives is largely dominated by analytical pyrolysis; and
(iii) the mode of action of (one of) the additives is not fully
elucidated.

The first additive to lignin constitutes various clays. An
equal lignin/clay ratio was applied Ref. 45, while Ref. 46 mixed
clay with lignin to obtain a mixture with 30 wt% clay and
70 wt% lignin. The positive effect of clay has been ascribed to
the dilution of lignin, which becomes less prone to melting.
The lignin/clay mixture also produces more rigid particles
upon pelletization that have improved feeding character-
istics.*>*® The second additives to lignin comprise formate
salts for in situ hydrogen production at atmospheric pressure
to quench radical quinone methide intermediates.*”"*° The
application of formate salts was first described by Ref. 49.
From that point, follow-up studies entirely concerned analyti-
cal pyrolysis, applying different formate salts and deuterated
formate.””*#3%3! Reactor-scale pyrolysis has thus been under-
explored. The third additive was calcium hydroxide to reach
5 wt% calcium hydroxide in the prepared lignin.>* The putative
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mode of action is ascribed to calcium hydroxide that chemi-
cally binds with specific lignin functional groups, but the exact
working mechanism is not entirely understood nor elaborated,
despite various follow-up studies.*"**>* In addition, various
doses of calcium hydroxide have been applied. While Ref. 49
included a calcium hydroxide treatment (20 wt%) to bench-
mark calcium formate,”" applied calcium hydroxide at 9.3 wt%
and® at 5 wt%. Direct cross-comparison of all three additives
is also obscured by the differences in the type of lignin, reactor
configuration/scale, and product analyses.

This work therefore evaluates these three distinct additives
for one type of lignin, using one reactor type, and one set of
analytical tools. The objective of this study was two-fold: (i) to
identify the additives that facilitate reactor feeding for fast
pyrolysis and that result in the highest yield of monoaromatic
compounds; and (ii) to elucidate and revise the working
mechanism of pyrolysis of the lignins with additives. To that
end, results were compared on a technical level (feeding,
melting, etc.) as well as on a chemical level (product yields,
liquid’s composition, etc.). Organosolv lignin was selected as
the starting material for this study as this lignin is most
similar to native in planta lignin,">"'* in contrast to e.g., Kraft
lignin or lignosulfonates.

This work is conceived as follows. First, results from all
experiments and analyses are presented to mutually compare
the different additives. Then follows a dedicated section where
various observations of pyrolysis of lignin with a certain addi-
tive are highlighted and merged to refine and update the pyrol-
ysis mechanisms on the molecular level of the lignins with
additives.

2. Experimentation
2.1. Organosolv lignin

Organosolv lignin (97.55 wt% dry matter) was kindly provided
by Fraunhofer-Gesellschaft from Germany. A detailed descrip-
tion of Fraunhofer’s organosolv process is described by Ref. 55
and summarized in ESL.t{ Fig. 1 in ESIf presents a magnified
image of the as-received powdery organosolv lignin. The orga-
nosolv lignin was suspended in water, filtered, and the filter
cake was dried to obtain particles of size 2-4 mm for lab-scale
pyrolysis because the as-received lignin powder was unpracti-
cal to manipulate and because the application of additives
involved a suspension step as well. Specifically, the as-received
lignin was intensively mixed with water in a 10 L Scott bottle
to make a slurry, which was passed over a vacuum Buchner
filter with filter paper (grade 589/1, 12-25 pm). The solids on
the filter paper were subsequently dried at 75 °C to form a
solid, hard filter cake.

2.2. Preparation of lignin with additives

2.2.1. Addition of clay. Three types of natural clay were
added to the organosolv lignin, attapulgite, bentonite and
sepiolite (all are palygorskite-types of clays, ie. magnesium
aluminium phyllosilicates). These clays were kindly provided

This journal is © The Royal Society of Chemistry 2020
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by the Tolsa Group (Spain) under their commercial names:
Cimsil G30 (attapulgite), Pangel M280 (bentonite), and Pangel
S9 (sepiolite).

As the TGA/DSC and py-GC/MS analyses showed only
minor differences among the three lignin/clay mixtures
(vide infra), attapulgite was arbitrarily selected for lab-scale
pyrolysis. Hence, one kilogram of attapulgite and one kilo-
gram of as-received organosolv lignin were weighed and
transferred to a 10 L Scott bottle. Demineralized water (5 L)
was added to this dry mixture to obtain a slurry, which was
intensively mixed with a top-mounted propeller mixer (1 h).
This slurry was then similarly filtered using a Buchner filter
with vacuum, dried and crushed as pure organosolv lignin.
To verify the actual composition of the lignin/clay mixture,
5 g of dried particles were placed (duplicate) overnight inside
a muffle furnace (AAF 1100, Carbolite Gero, United Kingdom)
at 650 °C. From the mass of residues (Fig. 2 in ESIf) after
oxidation, the clay and lignin content of the mixture were
obtained.

2.2.2. Addition of calcium hydroxide. Lignin (1 kg) was
mixed with calcium hydroxide (>96 wt%, Carl Roth Belgium)
to reach a concentration of 20 wt% calcium hydroxide, instead
of the 5 wt% as stated by Zhou et al®* This was done to
amplify the effect of calcium hydroxide. Water (5 L) was added
to this mixture and the slurry was filtered after 1 h of mixing.
The exact content of calcium hydroxide retained in the filter
cake was determined (in duplicate) by putting 5 g of dried par-
ticles into a muffle furnace overnight at 650 °C. From the mass
of calcium oxide®*°® after oxidation (Fig. 2 in ESI}), the quan-
tity of calcium hydroxide in the filter cake-derived particles
was derived. An extra similar gram-scale preparation for com-
parative TGA/DSC analysis was performed to obtain 5 wt%
calcium hydroxide in the lignin.

2.2.3. Addition of sodium formate. A lignin/sodium
formate mixture (1 kg) was prepared for lab-scale pyrolysis by
adding 500 g of lignin and 500 g of sodium formate in a 10 L
Scott bottle. Water was added (5 L) to obtain a slurry by inten-
sive mixing (1 h). To prevent leaching, this slurry was not fil-
tered. Instead, this slurry was first air-dried (48 h) and sub-
sequently oven-dried at 75 °C until dry. The dried solids were
again manually crushed to obtain particles of size 2-4 mm for
subsequent pyrolysis. To verify the effective quantity of
retained sodium formate in the dried solids, a pre-weighed
fraction of these lignin/sodium formate solids were re-dis-
solved with water and subsequently filtered and washed to
collect the leachate containing all sodium formate. Water was
allowed to evaporate and the mass of the residues after leach-
ing was recorded.

2.3. Thermogravimetric analysis/differential scanning
calorimetry

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed on pulverized samples,
using a thermal analyzer from Setaram (Sensys Evo TG-DSC
S60/58129, France) for characterization. The untreated organo-
solv lignin as well as the lignins with additives and the addi-

This journal is © The Royal Society of Chemistry 2020
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tives themselves were subjected to TGA/DSC under a nitrogen
atmosphere. The TGA/DSC of lignin/sodium formate was
difficult (though successful) due to frothing, but the TGA/DSC
of pure sodium formate was repeatedly unsuccessful due to
extensive foaming and material overflow. Therefore, data from
previous work by Meisel et al.>’ was considered for sodium
formate.

For TGA/DSC analysis, a sample mass of 2-4 mg was put
into a quartz crucible, depending on the lignin content of the
sample and its frothing tendency. Each TGA/DSC experiment
started with a heating phase (10 °C min™') from ambient
temperature to 30 °C (kept for 3 min to stabilize). The sample
was then heated from 30 °C to 105 °C (10 °C min™") and kept
for 10 min. Heating was then initiated at 10 °C min™" from
105 °C to 800 °C, after which it was cooled to ambient
temperature.

2.4. Analytical pyrolysis (py-GC/MS)

Analytical pyrolysis was performed on the pulverized lignin
samples with and without the additives. For the py-GC/MS ana-
lysis, a Tandem Pyrolyser RX-3050-TR unit with an HP 3050
Flow Controller (Frontier Laboratories Ltd) was coupled to a
gas chromatograph and mass spectrometer (Thermo Fisher
Scientific Trace GC Ultra and Thermo ISQ MS). Between 300
and 600 pg of a sample (depending on the lignin content) was
loaded in a deactivated stainless steel sample cup. The sample
cup was dropped into a pre-heated pyrolysis tube. The sample
was consequently heated rapidly to the set pyrolysis tempera-
ture of 500 °C at a rate of ca. 2000 °C s " (this heating rate is
claimed by the manufacturer). The evolved (pyrolysis) vapors
were directly swept into the GC via a restrictor capillary tube in
combination with an open split interface (split ratio 1:50) at
250 °C and using helium as the carrier gas (>99.99 mol%).
The GC column was an RTX-1701: Restek, L = 60 m; d; =
0.25 mm; d¢ = 0.25 pm, and the temperature program of the
GC oven was as follows: (i) three minutes at a constant temp-
erature of 40 °C, (ii) heating to 280 °C at 5 °C min~", and (iii)
one minute at a constant temperature of 280 °C. The GC-separ-
ated compounds were led to a single quadrupole MS for elec-
tron ionization. The MS transfer line temperature was 280 °C
and the ion source temperature was kept at 230 °C. The MS
operating conditions were electron impact ionization at 70 eV
and a scan mode with mass-to-charge ratio (m/z) values
between 29 and 300 with an acquisition rate of 5 spectra per
second.

A peak list with area integration was obtained using the
Xcalibur 2.1 software with a baseline factor of 200, an area
noise factor of 100, and a peak noise factor of 10. The identi-
fied compounds were manually annotated, based on their
retention times and fragmentation patterns (compared with
the National Institute of Standards and Technology (NIST)
database, version 2.3). Data were expressed on relative peak
area (area%) and peak area per mass lignin (area per pg of
lignin). The relative peak area highlights the differences in the
volatile fraction’s composition, whereas the peak area per
mass lignin takes the extent of volatilization into account.

Green Chem., 2020, 22, 6471-6488 | 6473
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2.5. Melting, softening, and carbonization

To evaluate the effect of the lignin additives on the thermal be-
havior of lignin (melting, softening, and carbonization) at pre-
pyrolysis temperatures, samples were placed on a Kofler bench
(Wagner and Munz, Germany), which is in essence a metallic
plate with a temperature gradient ranging from room tempera-
ture to 265 °C. This allowed the visual observation of changes
in structure, color, and consistency over the temperature
range. The Kofler bench was calibrated with adipic acid
(melting temperature of 150.6 °C) and dicyandiamide (melting
temperature of 209.4 °C) as standards (Chempur, Germany).

2.6. Lab-scale pyrolysis

Lab-scale pyrolysis of lignin with and without the different
additives was performed in duplicate, using a mechanically
agitated fluidized bed reactor (Fig. 1). The ribbon-type mixer
allowed a lower nitrogen sweep gas rate to achieve fluidization
of the sand bed. Hence, the pyrolysis vapors were less diluted
with nitrogen gas for easier condensation. Moreover, the
mechanical agitator offers the additional advantage that poten-
tial sand/char agglomerates are crushed.

During the operation for biomass pyrolysis, the feedstock
in the hopper (1) is usually introduced into the reactor
through conveyors (2) and (3), shown in Fig. 1. For lignin pyrol-
ysis, this however proved unsuccessful due to the brittleness of
the organosolv particles from the filter cake, resulting in sticky
dust-like particles. For lignin with e.g., clay, screw-feeding
during preliminary tests was only partly successful, due to the
occasional blockages at the reactor entrance after passing the
last part of the water-cooled reactor screw (4). Therefore, a

Inert gas
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Fig. 1 Mechanically agitated bubbling bed reactor for semi-continuous
fast pyrolysis.
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lock-hopper system, used to introduce sand to the reactor (9),
was used to introduce ca. 5 g of lignin (with additives) every
5 minutes into the reactor.

The pyrolysis temperature was set to 500 °C for all experi-
ments. A mass of 1.5 kg of sand was loaded into the reactor
before the experiment. The average nitrogen sweep gas rate
was 283 + 32Ly per hour. The ribbon mixer (5) was operated
during an experiment. Fine entrained char and sand particles
were largely removed from the pyrolysis vapor stream by the
knock-out vessel (12). After leaving the hot reactor compart-
ments, pyrolysis vapors were led over an insulated tube to an
electrostatic cooler (4 °C) and the majority of pyrolysis liquids
were recovered in the collection vessel (15). Residual uncon-
densed vapors were led to a second glass condenser (16) at
4 °C. The uncondensable gases were passed through a cotton
wool filter (18), their volumetric flow rates were measured with
a wet gas meter (19) (Ritter, Germany), and their compositions
were sampled with a micro GC.

2.7. Lignin and products analyses

2.7.1. Elemental analysis. Elemental analysis was per-
formed in triplicate using a Flash 2000 Elemental Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) and 2 mg of
each sample. For all samples, the organosolv lignin and liquid
pyrolysis products, elements C, H, N, and S were measured,
while the oxygen content was obtained by difference. 5-Bis(5-
tert-butyl-benzoxazol-2-yl)thiophene (BBOT) was used as the
standard reference.

2.7.2. GCxGC-FID and GCXxGC-HR-ToF-MS analysis. The
GC-detectable fractions of the aqueous and heavy phase pyrol-
ysis liquids were analysed using both GCxGC-FID and
GCXxGC-ToFMS analyses. GCXxGC-ToFMS was used for com-
pound identification, whereas GCxGC-FID was used for com-
pound quantification. The GCxGC-FID was calibrated for a
number of compounds typically present in pyrolysis liquids.
For compounds that were not directly calibrated, response
factors from calibrated compounds that share a structural
similarity were used.

GCxGC-FID analyses were performed using a Thermo
Finnigan Trace GC Ultra equipped with two capillary columns,
i.e. an RTX-1701 capillary column (L = 30 m; d; = 0.25 mm; d; =
0.25 pm) connected by a pressfit to an Rxi-5Sil MS column (L =
120 c¢cm; d; = 0.15 mm; df = 0.15 pm) and a flame ionization
detector (FID), set at 280 °C. The injector temperature was
280 °C (1:50 split ratio). A liquid CO, modulator was applied
to trap the samples after passing through the first column.
Helium (Linde Gas Benelux 99.995%) was used as the carrier
gas (flow rate of 0.8 mL min~"). The temperature program of
the GC oven was as follows: first, the temperature was kept at
40 °C for 5 minutes, after which it was increased (3 °C min™")
to 250 °C. The modulation time was 6 seconds. A volume of
1 pL of sample was injected, this being pyrolysis liquid dis-
solved in tetrahydrofuran (THF) (dilution factor ca. 30 for
heavy phase, 10 for aqueous phase). di-Butylether was added
to THF at a concentration of 500 mg kg™'. The samples were
diluted with the DBE spiked THF.

This journal is © The Royal Society of Chemistry 2020
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GCxGC-HR-ToF-MS analyses were performed using an
Agilent Technologies 7890B GC instrument with a JEOL
AccuTOF GCv 4G as the detector. Helium (99.999%) was used.
Both the MS interface temperature and the ion chamber temp-
erature were 280 °C. Electron ionisation was performed at 70
eV and the NIST database (version 2.3) was used for compound
identification. The second column passes through a modulator
with a trap, starting at —50 °C (45 minutes) followed by an
increase to 9 °C at a rate of 20 °C min™".

2.7.3. Gel permeation chromatography. Gel permeation
chromatography (GPC) was performed to evaluate the changes
in the molecular weights between the as-received organosolv
lignin and the heavy pyrolysis liquids which are not GC-detect-
able. GPC was performed to assess the non-GC-detectable frac-
tion of the heavy pyrolysis liquids, using a Hewlett Packard 1100
Series system equipped with a GBC 1240 RID refractive index
detector. Three Agilent Technologies PLgel mixed E columns (L
=300 cm; d; = 7.5 mm; and d; = 3 pm) at 40 °C were configured
in series. Polystyrene was used as the standard for calibration.
The samples were prepared by dissolving 0.05 g of lignin or
heavy liquids in 4 mL of tetrahydrofuran (THF). A trace amount
of toluene was added as the retention marker. Prior to the injec-
tion of 20 pL, the whole sample was filtered (pore size of
0.2 pm). For quantification of the molecular weight distribution,
the PSS WinGPC UniChrom software was used.

2.7.4. Heteronuclear single quantum coherence (HSQC)
NMR. Heteronuclear single quantum coherence (HSQC) NMR
spectroscopy was performed using a Bruker Avance NEO 600,
with a 600 MHz (14.1 T) UltraShield Magnet. "H NMR spectra
were acquired using a sweep width of § 11 ppm. >C spectra
were acquired using a sweep width of & 220 ppm.
Approximately 0.3 g of the heavy liquids was dissolved in ca.
1.4% deuterated dimethyl sulfoxide (DMSO-d,). For compara-
tive semi-quantitative data analysis, the spectra were loaded
into Matlab 2019b. The peak for DMSO was removed and the
spectra were normalized to have a total signal intensity of
unity. Two normalized NMR spectra i and j from two different
heavy phases were then mutually subtracted: Ii(;H,(;C - Ii,gH,,;C,
where Iﬂ;w% denote the normalized intensity I of spectrum 7 at
a certain position (dy, d¢).

2.7.5. Non-condensable gas analysis. The gases were ana-
lyzed with a micro GC Varian 4900 instrument equipped with
two analytical columns. The first column was a 10 m
Molesieve 5 A with backflush, which is connected to a heated
injector and to a TCD detector using high-purity He as the
carrier gas (>99.999 purity, Air Products, Belgium). The second
column was a 10 m PPQ column, also connected to a heated
injector and to a TCD detector using high-purity Ar and He as
carrier gases. The first column separated and quantified
(vol%) H,, O,, N,, CH,, and CO (in order of occurrence), while
CO,, C,H,, C,H,, C3Hg, and C3Hg were separated and quanti-
fied (vol%) in the second column.

2.8. Calculations and data analysis

2.8.1. Product yields and mass balance. The yield of pyrol-
ysis liquids (both aqueous and heavy) was determined from (i)

This journal is © The Royal Society of Chemistry 2020
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the mass of the electrostatic precipitator (14) and two collec-
tion vessels (15 and 17) in Fig. 1 before and after the experi-
ments and (ii) the quantity of fed lignin. The quantity of the
additives and lignin in the prepared samples was calculated
from the residues upon oxidation at 650 °C (for lignin/attapul-
gite and lignin-calcium hydroxide) or the mass of sodium
formate recovered from the leachate (section 2.2).

The aqueous phase pyrolysis liquid was decanted from the
heavy phase. The mass of the aqueous phase was directly
measured from which its yield was calculated. The mass of the
heavy phase was obtained by difference to take into account
the hard-to-recover heavy phase at the walls of the electrostatic
precipitator.

The yield of non-condensable gases was obtained from the
difference between (i) the total volume of gas at the outlet of
the reactor and (ii) the supplied volume of the nitrogen sweep
gas. From the volumetric gas compositions (by micro GC), the
ideal gas law, and the specific molecular weight of measured
compounds, the yield of non-condensable gases was
calculated.

The mass of biochar was obtained by difference, due to the
difficulty in recovering char from the set-up (especially for
char-like chunks due to frothing), and the discrimination of
biochar from the additives in the char particles.

2.8.2. Principal component analysis. To identify the com-
pounds that can discriminate lignin from the prepared lignins
with additives, principal component analysis (PCA) was per-
formed.”® PCA is a multivariate statistical technique that
reduces the number of dimensions from e.g., 100 compounds
to two dimensions (principal compounds) which are a linear
combination of the original dimensions.

Since PCA with the compounds’ relative peak areas as inde-
pendent variables mostly led to the same clustering as PCA
with the peak area per mass lignin as independent variables,
only the former is herein reported.

PCA was performed with the compounds’ scaled relative
peak area and with unscaled relative peak area as independent
variables. If unscaled, the magnitude of the relative peak area
dominates in the PCA analysis. As a consequence, changes in
the relative peak area of major compounds are emphasized. To
pronounce the changes of minor compounds, the relative peak
area of each compound over all lignins were scaled to have an
average of zero and standard deviation being unity.

3. Results and discussion
3.1. Lignin with additives

The used organosolv lignin was derived from debarked beech
wood (Fagus sylvatica); it had an ash content below 1%, and an
empirical elemental composition of CoHg 56N0.02303.06, Which
is typical of lignin. Clay, calcium hydroxide, and sodium
formate were added to lignin to improve the pyrolysis of
lignin. Table 1 shows the measured (actual) concentration of
each additive in the lignins used for lab-scale fast pyrolysis.
The measured sodium formate content was slightly higher
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Table 1 Anticipated concentrations of additives within the three lignins
compared to the measured (actual) concentrations

Additives Anticipated Measured

Attapulgite 50 wt% 50 + 3 wt%
Calcium hydroxide 20 wt% 17 +1 wt%
Sodium formate 50 wt% 53 + 2 wt%

than intended, likely due to the soluble compounds and impu-
rities in lignin (e.g., ethyl p-o-riboside and furfural, Fig. 3 in
ESIT) that resulted in an overestimation of the sodium formate
content by means of leaching. After the addition of calcium
hydroxide, 17 wt% calcium hydroxide was retained, which is
close to the 20 wt% prior to water addition and filtration.
Thus, only a limited quantity of calcium hydroxide leached out.

3.2. TGA/DSC analysis

Fig. 2 presents a selection of the results from TGA/DSC ana-
lysis of lignin with and without additives. TGA/DSC was per-
formed to infer the composition of the lignins with additives.

Among the additives, the clays appeared inert, with virtually
no mass loss (TGA in Fig. 4c in ESIf). In contrast, pure
calcium hydroxide and sodium formate did show a certain
mass loss. For sodium formate, mass loss was the fastest at ca.
400 °C and 500 °C and both reactions were exothermic (Fig. 2a
and c). However, a very endothermic peak was apparent for
sodium formate at ca. 250 °C (Fig. 2b and c). Based on Meisel
et al.>” our results, sodium formate underwent the following
subsequent reactions:

2HCOONa % Na,CO; + CO + H,,

2HCOONa “* Na,C,0, + H,,
Na,C,0, 4E>C Na,CO;3; + CO,

Na,CO; "2 Na,0 + CO,.

The produced hydrogen thus is released from the formate
salt at a temperature well below the applied pyrolysis tempera-
ture in this study, which is 500 °C.

However, calcium hydroxide had a distinct endothermic
mass loss peak at ca. 450 °C (Fig. 2a and c), which is associ-
ated with the endothermic formation of calcium oxide.>® The
heat flows during the TGA/DSC analysis of all lignins with
additives, except sodium formate, were rather similar (Fig. 2b).
For lignin with calcium hydroxide, this similarity has impor-
tant implications. For lignin with calcium hydroxide at appli-
cation rates (5 wt% and 20 wt%) shown in Fig. 2b, the
endothermic formation of calcium oxide from free calcium
hydroxide was not observed. This indicates that virtually no
free calcium hydroxide remained in the lignin-calcium hydrox-
ide mixture. Hence, all calcium hydroxide did seem to have
bound to lignin. For lignin with sodium formate, endothermic
and exothermic peaks associated with the dissociation of pure
sodium formate were still apparent (Fig. 2b), indicating a
solely physical mixture of lignin and sodium formate.
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Fig. 2 Results from the heating phase of TGA/DSC analysis. (a) Mass-
loss rate of the additives; (b) heat flow (negative: endothermic; positive:
exothermic) for lignin with and without additives; and (c) heat flow for
additives. Data for mass-loss rate and heat flow from sodium formate
are from Meisel et al.>” and presented in arbitrary units. Other TGA/DSC
plots are shown in Fig. 4a in ESL}

Therefore, the following nomenclature was applied
throughout the entire manuscript. Lignin/clay and lignin/
sodium formate denote a physical mixture, while lignin-
calcium hydroxide denotes chemically bound calcium hydrox-
ide to lignin.

3.3. Analytical pyrolysis of lignin with and without additives

Results from analytical pyrolysis provide insights into the
primary lignin depolymerization reactions, i.e., without long
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hot-vapor residence times and vapor condensation. Thorough
data analysis from analytical pyrolysis was performed to ident-
ify the (subtle) differences among the lignins which, along
with the analysis of the pyrolysis liquids from lab-scale pyrol-
ysis, allowed to design experiment-based putative pyrolysis
mechanisms with a distinction between primary and second-
ary reactions. Fig. 5 in ESI{ shows the representative pyro-
grams. The complete list of compounds, along with the
average values and standard deviations for the relative peak
areas (area%) and peak area per mass lignin (area per pg), are
provided in Tables 1 and 2 in ESL{

Fig. 3a shows the lignin samples (i.e., individuals) on a
two-dimensional plane with the principal components (PC)
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Fig. 3 Individual (a and b) and variable (c) plots from principal com-
ponent analysis, using pure lignin and lignins with additives as depen-
dent variables and unscaled relative peak area (a and c) and scaled rela-
tive peak area (b) as independent variables. All three replicates from
analytical pyrolysis are separately plotted.
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as axes and the evolved compounds’ unscaled relative peak
area as independent variables. The individual plots with the
peak area per mass of lignin as independent variables were
similar and are shown in Fig. 6¢c in ESL.j Fig. 3b represents
the individuals in PCA analysis with the relative peak area for
scaled data, viz., without taking the order of magnitude in
relative peak areas into account. Data points in close proxi-
mity in Fig. 3a indicate the similarities between the evolved
major compounds from the lignin samples. Data points in
close proximity in Fig. 3b indicate the similarities among all
compounds (minor and major) from the lignin samples.
Three groups were discriminated in Fig. 3a, which are (i) pure
lignin + lignin/clays, (ii) lignin-calcium hydroxide, and (iii)
lignin/sodium formate. The inclusion of minor compounds
in PCA analysis resulted in the separation of pure lignin and
lignin/clays along PC2 (Fig. 3b).

The compounds responsible for the clustering in Fig. 3a are
represented in a variable plot in Fig. 3c. The first principal
component in Fig. 3c was mainly directed by the changes in
e.g., carbon dioxide and methanol (positive end) and
5-dimethoxy-4-hydroxytoluene (negative end) as major com-
pounds and mainly discriminated lignin-calcium hydroxide
from the lignins with additives. Lignin/sodium formate
(Fig. 3c) was mostly characterized by the presence of e.g., 2,6-
dimethoxyphenol and 2-methoxyphenol (high value for PC2).
Per mass of lignin, approximately twice as much more
2-methoxyphenol and 2,6-dimethoxyphenol was detected upon
the addition of sodium formate, compared the addition of clay
(Table 2 in ESIt). However, lignin-calcium hydroxide showed
the lowest area per mass of lignin in those compounds. For
the cluster with pure lignin and lignin/clay (Fig. 3a), 3,5-
dimethoxy-4-hydroxytoluene and 2-methoxy-4-methylphenol
were most notable characteristic compounds.

Upon PCA analysis with scaled relative peak areas, much
more (minor) compounds were found to direct the two princi-
pal components (variable plot in Fig. 6f in ESIt). The plots in
Fig. 4 show the contribution (importance) of the different com-
pounds to the two principal components.

Fig. 4a shows many compounds with almost similar con-
tributions to the first dimension, through which lignin-
calcium hydroxide, lignin/sodium formate, and pure lignin +
lignin/clays were differentiated. These were mainly highly
substituted methoxyphenols and the relative peak area of a
selection of those is shown in Fig. 5a. The second dimension
shown in Fig. 3c is important; through this dimension, lignin
was differentiated from lignin/clay. The responsible com-
ponents were e.g., 3-methylphenol (Fig. 4b) and methyl- and
dimethylphenols, in general (Fig. 4). Fig. 5b and ¢ show these
differences in the methyl- and dimethylphenols of pure
lignin and lignin/clay (especially attapulgite) by their relative
peak area. So, although pure lignin and lignin/clay in a major
way share the same pyrogram, subtle differences are present,
especially in the methylphenols. Lignin-calcium hydroxide
also showed high specificity towards alkylphenols, as they
had the highest relative peak area for all methyl- and
dimethylphenols.
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3.5.
Pure organosolv lignin and lignin with additives were subjected

to lab-scale fast pyrolysis in the set-up described in Fig. 1. All

blockages and so hampering long-term operations (vide infia)
Every lignin with additive also underwent discoloration,
directly followed by carbonization without apparent melting or
forming a viscous substance (Fig. 7 in ESIf). Hence, all addi-

tives effectively avoided lignin melting.
To enter the liquid phase during melting, mobility of the

: .
L lignin polymer is required. As the molecular weight of organo-
solv lignin is among the lowest ones of technical lignins,®*

organosolv lignin polymers can move rather easily upon
melting.®® It was, therefore, assumed that lignin/clay and

lignin/sodium formate (each at 50 wt%) hindered the mobility
of the lignin polymer. For lignin-calcium hydroxide (20 wt%),
this can also hold true. However, the possibility that calcium
hydroxide induced cross-linking of different lignin polymers
cannot be excluded (see section 3.8.2). Indeed, lignin-calcium
hydroxide was the only one that lacked a discoloration phase
(accompanied by softening), while*® showing that increased
cross-linking (i.e., decreased mobility) avoids lignin’s rubbery

flow associated with softening

Practical observations during fast pyrolysis

liquids were spontaneously phase-separated (Fig. 8 in ESI{)
Fast pyrolysis of pure lignin ceased prematurely due to

blockages resulting in a decrease in the condensation of pyrol
ysis vapors. Only an estimated 95 g of lignin was fed, instead
of the envisaged 350 g. Upon disassembling the reactor, it was
clear that the blockage was—as expected—caused by lignin’s
melting tendency and subsequent carbonization of the frothed
lignin. Fig. 6 (left) shows a carbonized lignin melt on the axle
of the ribbon mixer just at the entrance of the hot reactor
zone. Lab-scale pyrolysis with pure lignin was therefore not

replicated.
After fast pyrolysis of lignin-calcium hydroxide, small coke-
like particles were apparent at the nexus between the bottom
of the electrostatic precipitator and the entrance of the liquid
collection vessel (Fig. 6, middle). These entrained coke-like
particles were likely formed by a more extensive repolymeriza-
tion of phenolics catalysed by calcium oxide originating from
lignin-calcium hydroxide pyrolysis. The sand was retained in
the reactor over the course of the experiment. This caused the
formed calcium oxide from lignin-calcium hydroxide to also
be retained in the reactor and allowed it to engage in catalytic
reactions. This is elaborated in section 3.8.2. Pyrolysis of
lignin/sodium formate led to the formation of expanded char

Fig. 5 Relative peak area (%) of minor compounds evolved upon the
analytical pyrolysis of lignin with and without additives. (a) Highly-substi-
tuted methoxyphenols; (b) methylphenols; and (c) dimethylphenols.

Pre-pyrolysis softening and melting

3.4.
Results from the Kofler bench are visualized in Fig. 7 in ESL}

particles on top of the spacer (no. 8 in Fig. 1 of the set-up) as
visualized in Fig. 6. This expanded nature was due to the for-

mation of H, and CO as indicated by TGA/DSC analysis
3.6. Pyrolysis product yields

lignin is only indicative, as the blockages (Fig. 6) hampered

Pure lignin started to discolor at ca. 160 °C (accompanied by The yields of pyrolysis liquids, char, and non-condensable

the replication and adequate recording of effectively fed lignin

softening), partially melted at ca. 180 °C, and completely gases are shown in Fig. 7. The yield from the pyrolysis of pure

)
melted and carbonized from ca. 210 °C in a similar way as
reported by Shrestha et al.>' and Montoya et al.°®® This melting
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Fig. 6 Important practical observations during the fast pyrolysis of lignin with and without additives. Left: Blockages induced by melting of pure
lignin. Middle: Fine entrained char from lignin—calcium hydroxide pyrolysis. Right: Expanded char from pyrolysis of lignin/sodium formate.
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Fig. 7 Product yields (liquids, char, and non-condensable gases) of fast
pyrolysis of lignin with and without additives (a) with a distinction
between aqueous liquids and heavy liquids (b).

So, the yield of char (obtained by difference) for pure lignin
can be slightly lower. However, the clear general tendency
towards char formation and modest liquid formation from
pure lignin is apparent.

For lignin/attapulgite and lignin/sodium formate, the yield
of liquids increased, compared to pure lignin, to ca. 35-45%.
These liquid yields were similar, yet slightly higher than those
reported in the literature (33-37 wt% for lignin/clay*® and
28.5-32.5 wt% for lignin/sodium formate®®). The yield of
liquids from lignin-calcium hydroxide was the lowest and also
modestly overestimated, as the fine entrained solids in the
electrostatic cooler in Fig. 6 were also considered heavy
liquids. In any case, the addition of calcium hydroxide

This journal is © The Royal Society of Chemistry 2020

(20 wt%) did result in less liquids (22.6 wt%) than from the
pyrolysis of lignin-calcium hydroxide (5 wt% Ca(OH),), being
ca. 38 wt%.>> According to the current working mechanism,>
any additional presence of calcium hydroxide would go in
tandem with an increase of lignin—-¢-O-CaOH bonds, that
should facilitate pyrolysis. Not observing any benefit from the
higher dose of calcium hydroxide is undoubtedly due to the
different dose of calcium hydroxide and its associated struc-
tural changes (section 3.8.2).

Regarding the distribution of the pyrolysis liquids, it was
observed that in all cases, except for lignin/sodium formate,
the yield of the heavy phase was higher than that of the
aqueous phase (Fig. 7b). For pure lignin, there was virtually no
aqueous phase recovered.

The volumetric composition of the non-condensable gases
(on a nitrogen-free basis) is presented in Fig. 8. While pure
lignin resulted mostly in carbon dioxide and methane, the pro-
files of non-condensable gases from pyrolysis of lignin with
additives were more diversified. Both H, and CO were charac-
teristic for lignin/sodium formate, due to the thermal
decomposition of the formate salt. Furthermore, lignin-
calcium hydroxide also shows a rather hydrogen-rich off-gas,
which was absent for lignin/attapulgite. Hence, a clear differ-
ence in the mechanisms should be expected (vide infra).

All of the gases in Fig. 8 also bear significant energy. These
off-gases can be combusted to deliver the required heat for

W Pure [OAttapulgite © Calcium hydroxide & Sodium formate

50

40

30

20

Gas composition (vol%, N2-free)

H2 CHa co CO2 C2Ha C2He

Fig. 8 Composition of the non-condensable gases (on nitrogen-free
basis) on volume basis for lignin with and without additives during fast
pyrolysis.
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pyrolysis and so lowering the energy demand of the whole
process.

3.7. Pyrolysis liquid composition

The heavy pyrolysis liquids were of main interest, as these
contain the monoaromatic compounds relevant to the chemi-
cal industry. Typically, a non-monomeric energy-dense fraction
is also present, which also holds the potential for further
upgrading. The aqueous and heavy liquids were analysed
through elemental analysis, while the heavy phase was ana-
lysed with GPC to assess the contribution of dimeric and oligo-
meric compounds. The monomeric compounds themselves
were analysed in detail via GCxGC-FID and GCxGC-ToFMS ana-
lysis. The functionalities of the whole heavy liquids were ana-
lysed through HSQC analysis.

3.7.1. Elemental composition. The elemental compositions
of the heavy phase of the pyrolysis liquids are presented in
Table 2, along with their atomic H/C and O/C ratios. It is clear
that the heavy phase of pure lignin was most carbon dense,
having ca. 70 wt% of carbon. Moreover, the heavy phase from
lignin—-calcium hydroxide was also the most deficient in hydro-
gen, leading to the lowest hydrogen/carbon ratio of 1.08. This
points to a high fraction of condensed aromatic structures
with a low H/C ratio in the heavy pyrolysis liquids. Further aro-
matization and condensation during pyrolysis, with calcium
oxide as the catalyst, could have led to the formation of the
observed fine char particles and can explain the relatively high
evolution of hydrogen gas associated with the aromatic ring
condensation and the observed fine particles after the
experiment.

In contrast, the heavy phase from lignin/attapulgite and
lignin/sodium formate showed a decreased carbon content
(ca. 57-58 wt%) and increased oxygen content (ca. 33-35 wt%),
compared to that of pure lignin. This points to the direction of
more oxygenated compounds in the heavy phase. For the
heavy phase from lignin/sodium formate pyrolysis, the highest
hydrogen content was observed. This already illustrates that
hydrogen from the sodium formate has been effectively incor-
porated into the heavy phase compounds, which also was
observed by Li et al.*® The aqueous phase of all the analyzed
samples were expectedly very carbon-poor (between 2.28 wt%
and 4.23 wt%, Table 3 in ESIT), while being oxygen- and hydro-
gen-rich.

3.7.2. GCxGC-FID and GCxGC-HR-ToF-MS. Table 3 shows
that the GC-detectable fraction in the heavy phase was sub-
stantial (ca. 19-27 wt%), which for the aqueous was rather
marginal (between 0.52 and 1.19 wt%, Table 4 in ESIY).
Representative raw 2D chromatograms are shown in Fig. 9 in

View Article Online

Green Chemistry

Table 3 Concentrations of various groups of GC-detectable com-
pounds (wt%, liquid basis) in the heavy phase after pyrolysis of lignin
with and without additives. Hydrocarbons are both branched and linear;
PAHCs are polyaromatic hydrocarbons; ket./aldeh. are ketones and
aldehydes

Pure Attapulgite Ca(OH), HCOONa
Alkylphenols 7.27 9.06 12.91 10.62
Catechols 10.36 5.97 7.14 2.13
Guaiacols 5.13 3.84 3.75 3.93
Acids 0.50 0.46 0.42 0.93
Hydrocarbons 1.50 0.64 0.33 0.02
Cycloalkanes 0.00 0.00 0.00 0.00
Ket./aldeh. 0.70 0.67 1.57 0.87
Aromatics 0.20 0.21 0.15 0.14
PAHCs 0.26 0.40 0.75 0.25
Total 25.91 21.25 27.02 18.89

ESIf, and show that the groups of compounds in Table 3,
especially alkylphenols, catechols, and guaiacols, comprise
ample individual compounds.

The fraction of GC-detectable compounds in the heavy
phase liquids from lignin-calcium hydroxide was the highest
among the lignins (Table 3). So, despite the rather limited
yield in heavy liquids (Fig. 7), the liquids themselves are of
high interest due to the increased quantity of alkylphenols and
catechols. Lignin-calcium hydroxide also showed the highest
yield in naphthalenes and polyaromatic hydrocarbons (like
fluorene and 2-methyl-9H-fluorene) on heavy liquid basis. This
also shows an increased selectivity towards polyaromatic ring
structures that, if persisting in larger polyaromatic structures,
can explain the low H/C ratio from elemental analysis and
eventually the formation of the observed small char particles
during pyrolysis. Lignin/sodium formate and lignin/attapulgite
resulted in a heavy phase with a more modest GC-detectable
fraction (ca. 19 wt% and 21 wt%, resp.), but which was rich in
alkylphenols. The reason for these lower volatile fractions is
the slightly higher water content in those phases as also evi-
denced by the higher O/C and H/C ratios (Table 2).

In Fig. 9, the carbon yield in the heavy phase is plotted
against the mass yield in functional monoaromatic com-
pounds such as alkylphenols, catechols, and guaiacols
(Table 3). These volatile compound groups can be recovered
and upgraded to fuel additives or other chemical intermedi-
ates. The best lignin additive would result in a heavy phase
that lies at the upper right corner, viz. having high carbon and
monomer yields. Yet, none of the additives were high for both
features. The heavy phase from lignin/attapulgite pyrolysis had
the highest carbon yield, yet, a modest monomer yield. For the
pyrolysis of lignin-calcium-hydroxide, the opposite was true.

Table 2 Elemental analysis of the heavy phase from pyrolysis of lignin with and without additives

Heavy phase C (Wt%) H (wt%) N (Wt%) O (Wt%) H/C O/C
Pure 69.54 + 1.37 6.53 + 0.25 1.49 +0.11 22.45 +1.50 1.13 0.24
Lignin/attapulgite 57.83 £ 0.50 6.06 £ 0.09 1.04 £ 0.02 35.06 + 0.39 1.26 0.45
Lignin-calcium hydroxide 66.42 + 0.01 5.96 + 0.00 1.63 £ 0.07 25.99 + 0.07 1.08 0.29
Lignin/sodium formate 57.15 £0.20 8.65 +0.05 1.42 +£0.04 32.77 £ 0.22 1.82 0.43
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Fig. 9 Carbon yield versus the monomer yield of the heavy liquids from
lignin with and without additives.

Hence, if the valorization potential of the substantial non-vola-
tile liquid fraction to energy fuel or carbon materials is also
considered, the tested lignins can be ordered according to
their valorization potential as lignin/attapulgite > lignin-
calcium hydroxide > lignin/sodium formate > pure lignin.
Rather than the nine groups of compounds listed in
Table 3, Fig. 10 shows a more detailed profile of the heavy
phase composition. Consistent with analytical pyrolysis,
lignin-calcium hydroxide predominantly resulted in methyl-
phenols, dimethylphenols, and trimethylphenols i.e., alkylphe-
nols (Fig. 10). These alkylphenols constituted the largest dis-
tinguishable fraction in the pyrolysis liquids for all lignins.
The group of methoxyphenols (alkylated and non-alkylated) in
the heavy liquids were not predominantly present, but a
selectivity towards these compounds from lignin/sodium
formate was apparent (Fig. 10). Ethylmethylphenols were also
detected in the heavy liquids at meaningful quantities for all
lignins, but were not detected during analytical pyrolysis. This
is due to the inherent differences between analytical pyrolysis

(o)}
1

B Pure (heavy phase)
- [ Calcium hydroxide (heavy phase)

» w
T

Concentration (wt.%)
w
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and reactor-scale pyrolysis with longer hot-vapor residence
times, vapor condensation, and possible ageing of the liquids.

As lignin/attapulgite and lignin-calcium hydroxide yielded
the most interesting heavy phases in terms of carbon yield and
total monomeric aromatics, it is now important to evaluate the
absolute yield of very specific and easily recoverable com-
pounds per mass of lignin. Indeed, a number of compounds
present in the heavy phase hold value as such. Interesting
compounds are cresylic acid (phenol, cresols, and xylenols)
and methoxylated benzene/phenol. Cresylic acid finds direct
applications as e.g., disinfectants and wood preservatives,
while cresols are intermediates for e.g., 2,6-di-tert-butyl-p-
cresol (BHT) and 4-chloro-o-cresol (selective plant protecting
agents®?). Several methoxyphenols can be selectively extracted
for further utilization®® or the pooled group can be deployed
as a starting material for e.g., polyols and polyurethane
foams.®* Also, these compounds hold value as fuel (additives)
if produced at larger quantities.

Table 4 presents the yield on lignin-basis (wt%) of those
two industrially relevant products. While the heavy phase from
lignin/attapulgite provided the highest carbon yield and a
moderate yield of total monoaromatic compounds (Fig. 9),
most cresylic acid per mass of lignin was obtained from lignin/
attapulgite followed by lignin-calcium hydroxide. However,
Table 4 also shows that lignin/attapulgite also results in the
second-most, yet modest, quantity of methoxylated benzene/
phenol. Hence, lignin/attapulgite as a simple additive appears
attractive. The order of lignins thus remained lignin/attapul-
gite > lignin-calcium hydroxide > lignin/sodium formate >
pure lignin when considering more individual compounds.

3.7.3. Molecular weight distribution (GPC). The molecular
weight distribution of the compounds in the heavy phase
liquids is shown in Fig. 11. After pyrolysis, the molecular
weight of organosolv lignin shifted from ca. 1500 g mol™" to
150-200 g mol™". The latter range of molecular weight corres-
ponds to putative dimeric structures, presented in Fig. 11.
Only a small shoulder at ca. 150 g mol™' was apparent after

O Attapulgite (heavy phase)
@ Sodium formate (heavy phase)

Fig. 10 Concentrations of individual GC-detectable compounds and specific group of compounds (wt%, liquid basis) for the heavy phase after

pyrolysis of lignin with and without additives.
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Table 4 Yield of cresylic acid (phenol, cresol, xylenol) and methoxy-
lated aromatics (methoxybenzene and methoxy(alkyl)phenols) on lignin
basis (wt.%)

Cresylic acid Methoxylated aromatics

wt% (on lignin basis)

Pure 0.20 £ 0.00 0.18 £ 0.00
Lignin/attapulgite 1.34 £0.44 0.32 £ 0.32
Lignin-calcium hydroxide 1.14 £ 0.21 0.09 £ 0.02
Lignin/sodium formate 0.49 £ 0.14 0.46 + 0.13
---Organolsov lignin —Pure Attapulgite
s | ——Calcium hydroxide =~ —Sodium formate
4
3
33 f
©
2
wv
2 F
1 -
0 I Il
50 500 5000

Molar mass (g/mole)

Fig. 11 Distribution of the molecular weight (g mol™) in the heavy
liquids upon pyrolysis of lignin with and without additives.

the pyrolysis of pure lignin. In contrast, the peak at a mole-
cular weight of 150 ¢ mol™" was much more prevalent for all
lignins with additives, being the highest for lignin/sodium
formate and lignin-calcium hydroxide, followed by lignin/atta-
pulgite. The various compounds detected by GCxGC analysis
that fall into the range of that prominent peak (100-200 g
mol ") are annotated in Fig. 11.

Interestingly, the heavy phase from lignin/sodium formate
was the only one that lacked a peak associated with the
dimeric structures in Fig. 11 at a molecular weight of
200-250 g mol ™. This could be a direct consequence of in situ
hydrogen that could quench radical intermediates (e.g,
quinone methide) from lignin pyrolysis, and so prevent their
repolymerization to e.g., 2-(2-methoxyphenoxy)phenol and
biphenolic compounds shown in Fig. 11.

While individual compounds are often of interest, the
heavy liquids as a whole present value as fuel. Indeed, a
carbon-rich (hence energy-rich) liquid is obtained that is logis-
tically more interesting than solid biomass for transportation.
Moreover, after the recovery of low-molecular-weight com-
pounds, a significant carbon-rich residue remains that also
can be used as an energy carrier and feedstock for carbon
materials®® and can even be upgraded (though hydrotreat-
ment) into additional phenolic compounds.®®

3.7.4. HSQC 2D NMR. To pronounce the differences and
mutually compare the HSQC NMR spectra of the different
heavy liquids, all spectra were normalized and mutually sub-
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tracted. The raw HSQC NMR spectra are shown in Fig. 10 in
ESL.T Fig. 12 shows the results from subtracting the spectra
Iiﬁuﬁc - If(;“,,sc, where Ii(;l“(;c denotes the normalized intensity I
of the spectrum 7 at a certain position (8y, 8c). The spectra i
and j that were subtracted are indicated by the individual titles
in Fig. 12. Plot “Attapulgite-pure”, for instance, is the result of
lignin/attapulgite’s heavy phase spectrum minus the spectrum
of pure lignin’s heavy phase.

The six plots in Fig. 12 focus on the methoxyl groups: &y
from 3 to 4.2 ppm and §c from 46 to 66 ppm. As anticipated
from the studies by Ben and Ragauskas®” and Hao et al.®®, two
rather distinct methoxyl moieties (¢-OCH;) were apparent on
(substituted) benzene/phenol compounds. They were located at
(i) 6y = 3.74 ppm; S¢ = 56 ppm and (ii) 6y = 3.84 ppm; 5¢ =
56 ppm. Those two methoxyl moieties respectively represent
those from (i) methoxybenzene or methoxybenzene with an
alkyl moiety in the para position, like in 1,2-dimethoxybenzene
or (ii) 2-methoxyphenol. The subtraction of the spectrum for
the heavy phase from lignin/sodium formate with that of
(i) pure lignin, (ii) lignin/attapulgite, or (iii) lignin/calcium hydrox-
ide (bottom row in Fig. 12) indicates the existence of another
distinct methoxyl moiety with a slightly lower 6y = 3.70 ppm.
The position is characteristic of the methoxyl group in e.g,
4-methyl-2,6-dimethoxyphenol (6; = 3.73 ppm; ¢ = 56.1 ppm),
which was also most pronounced for the heavy liquids from
lignin/sodium formate pyrolysis in Fig. 10. Plots of “Ca(OH),-
pure” and “Ca(OH),-attapulgite” shown in Fig. 12 also confirm
the relative lack of methoxyl moieties in heavy liquids from
lignin—calcium hydroxide pyrolysis, since those plots had very
negative intensities associated with the methoxyl regions.

Fig. 13 focuses on the aromatic C-H region. Pyrolysis of
lignin-calcium hydroxide resulted in the formation of polyaro-
matic compounds in the heavy phase liquids. This was appar-
ent from a series of positive peaks in plots “Ca(OH),-pure” and
“Ca(OH),-attapulgite” and a series of negative peaks in
“sodium formate-Ca(OH),” in the range of 6y = 7.5-8 ppm and
d0c = 125-130 ppm. This range is typical for C-H in e.g.,
naphthalene or fluorene. This supports the observations from
the GC analysis of the heavy liquids shown in Fig. 10 as well as
the relatively high contribution of hydrogen gas in the non-
condensable gases as shown in Fig. 8. The pronounced pres-
ence of phenol in the heavy phase from lignin-calcium hydrox-
ide and lignin/attapulgite pyrolysis was also apparent. The
characteristic peaks for C-H in phenol at the ortho position
(6 = 7.2 ppm; S¢ = 130 ppm) and meta position (5y = 6.8 ppm;
Sc = 115 ppm) were clearly visible in plots “attapulgite-pure”
and “Ca(OH),-pure” shown in Fig. 13. The high contribution
of dimethoxy(methyl)phenols in the heavy liquids from lignin/
sodium formate pyrolysis was reflected in pronounced peaks
at 6y = 6.6 ppm and §¢ = 106 ppm, characteristic of C-H at the
meta position (to $-OH) in dimethoxy(methyl)phenols.®”

3.8. The pyrolysis mechanism of lignin with and without
additives

3.8.1. Lignin/attapulgite. As shown in Fig. 10, the phenol
and methylphenol concentrations differed between lignin/

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Results of HSQC NMR analysis, focusing on the methoxyl zone. The plots show the results of subtracting the spectra I’};H,ﬁc - I’5H,5C, where
I's,.5. denotes the normalized intensity / of spectrum i at a certain position (5, 5c). The spectra i and j that were subtracted are indicated by the indi-
vidual titles.
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Fig. 13 Results of HSQC NMR analysis, focusing on the aromatic C—H zone. The plots show the results of subtracting the spectra I'JH,JC - l’gwgc,
where I's_ s denotes the normalized intensity / of spectrum i at a certain position (54, 5c). The spectra i and j that were subtracted are indicated by
the individual titles.

attapulgite-derived heavy liquids and pure lignin-derived methylphenol concentrations were also high for the pyrol-
heavy liquids. This was also confirmed from the second ysis of lignin-calcium hydroxide. Yet, two distinct reaction
dimension of PCA analysis (that discriminated pure lignin mechanisms were proposed, motivated by e.g., the co-evol-
from lignin/attapulgite) shown in Fig. 4b. The phenol and ution of CO upon lignin/attapulgite pyrolysis, which was
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less pronounced for lignin-calcium hydroxide pyrolysis
(Fig. 8).

The reaction scheme of the pyrolysis of lignin/attapulgite is
presented in Fig. 14. The first conversions for lignin/attapul-
gite are primary reactions and are the same as those for pure
organosolv lignin pyrolysis (indicated by the dark-blue color).
First, lignin (exemplified by a lignin dimer) undergoes de-
hydration followed by its f-O-4 homolytic cleavage, resulting in
a p-quinone methide radical. This p-quinone methide radical
is partially stabilised with resonance. In the absence of the
clay matrix, (i.e., for pure lignin pyrolysis) 4-(3-hydroxy-1-prope-
nyl)-2-methoxyphenol was found in the pyrolysis vapors, which
was identified as the determining compound using pure lignin
analytical pyrolysis (Fig. 4b); its relative peak area was 0.83%
for pure lignin, while it was 0.23% for lignin/attapulgite
(Table 1 in ESIf). While 4-(3-hydroxy-1-propenyl)-2-methoxy-
phenol can consecutively react to e.g., catechols (Table 3) in
secondary reactions, the addition of attapulgite also leads to
secondary reactions (orange-colored steps), ultimately leading
to 2-propenal, phenol, CO, and methylphenol. This was
motivated by a combination of (i) increased cracking opportu-
nities of the 4-(3-hydroxy-1-propenyl)-2-methoxyphenol radical
due to the increased retention in the attapulgite porous
matrix; and (ii) the steric interaction (stabilization/protection)
of that radical with the surrounding clay. The increased reten-
tion was hypothesized from the observed porous matrix, left
after burning off lignin from lignin/clay (Fig. 2 in ESI{). Steric
radical stabilization/protection was put forth, based on the
radical trapping/stabilization observed for attapulgite®>”® and
zeolite.”"”> The consecutive cracking of the 2-methoxyphenol
radical into phenol and methylphenol was based on experi-
mental and modelling studies summarized by Kawamoto.”?

3.8.2. Lignin-calcium hydroxide. From the absence of an
endothermic Ca(OH), degradation peak in TGA/DSC analysis,
it was clear that no free calcium hydroxide was present in the
lignin-calcium hydroxide mixture. In the current mechanism
from the literature, the phenolic hydroxyl group in lignin
bonds to calcium hydroxide as a mono salt.>* This was based
on the observations of Schlosberg and Scouten®® that Ca(OH),
reacts with ¢-OH to form ¢-O-CaOH. However, the results of
the studies by Zhou et al.>* and Li et al.>® cannot exclude the
formation of a cross-linked structure, like lignin-O-Ca-O-¢-
lignin. Instead, the FT-IR spectra of lignin-calcium hydroxide
recorded by Zhou et al.>* and Li et al.>* and the FT-IR spectra
for various pure (methoxy)phenols precipitated with calcium
hydroxide recorded by Schlosberg and Scouten®® and Hao
et al.”* seem to support the hypothesis that two lignin-pheno-
lic moieties react with calcium hydroxide and thus induce
cross-linking.

In the FT-IR spectrum of pure calcium hydroxide in hydro-
xycalcium phenoxide (¢p-O-CaOH), a sharp peak for OH
stretching was apparent at v = 3640 cm™".>>*® This peak was,
however, not observed in the FT-IR spectra for lignin to which
calcium hydroxide was added.”®>* The addition of calcium
hydroxide to pure methoxyphenols (guaiacol, syringol, 4-ethyl-
guaiacol, and acetosyringone), phenol, and 4-ethylphenol by
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Hao et al.”® led to a precipitate in case of the methoxyphenols,
but not for phenol and 4-ethylphenol. Those precipitates also
lacked a characteristic peak for OH at v = 3640 cm™", which
would be apparent if half salts would have been formed. So,
while phenol indeed forms hydroxycalcium phenoxide, it is
likely that lignin (and individual methoxyphenols) formed
calcium di-salts.

During the pyrolysis of lignin-calcium hydroxide, the fol-
lowing typical compounds increased: methylphenols (Fig. 5b
and 10), phenol (Fig. 10), naphthalene (Fig. 10 and 13), metha-
nol (Table 2 in ESIt), C3 compounds (1-hydroxy-2-propanone,
2-propenal, Fig. 4b), and hydrogen gas (Fig. 8). The heavy
phase also was most deoxygenated and showed the lowest
H/C ratio (Table 2). Fig. 14 exemplifies a reaction mechanism
that could explain the formation of the abovementioned
compounds.

It starts with the above-hypothesized calcium-induced
cross-linked lignin structure that upon thermohydrolysis (het-
erolytic) or homolytic cleavage, results in a lignin oligomer
with its phenolic moiety bound to calcium hydroxide.
Consecutive homolytic cleavage of the p-O-4 bond, rearrange-
ment, and keto-enol tautomerism leads to a 1-hydroxy-3-(4-
hydroxy-3-methoxyphenyl)propan-2-one of which the pheno-
lic OH was bound to calcium hydroxide. From that point,
1-hydroxy-2-propanone can homolytically be released, result-
ing in phenol, methanol, and calcium oxide in one route and
2-methylphenol and calcium oxide in the other route. The
scheme in Fig. 14 also shows that various phenolics, includ-
ing phenol and 2-methylphenol, can undergo further aro-
matic condensation to form naphthalene and other polyaro-
matic hydrocarbons, catalysed by calcium oxide and associ-
ated with the release of hydrogen gas. This formation of
naphthalene and hydrogen gas in the presence of calcium
oxide has not been pointed out by previous studies®'**>*
with lignin-calcium hydroxide pyrolysis, but is supported
by other studies.”>”’® As sand and the formed calcium
oxide were retained in the reactor, calcium oxide could
engage in catalytic condensation reactions with the gaseous
intermediates.

3.8.3. Lignin/sodium formate. The presence of 2-methoxy-
phenol and 2,6-dimethoxyphenol in the pyrograms and heavy
pyrolysis liquids was very characteristic of pyrolysis of lignin/
sodium formate. A reaction scheme as shown in Fig. 14 is put
forth which shows how methoxyphenols can be formed, along
with the co-evolution of H, and CO. As observed from analyti-
cal pyrolysis (Table 1 in ESIf), and consistent with Ref. 48,
more saturated side-chains of (methoxy)phenols were present,
like 4-(3-hydroxypropyl)-2-methoxyphenol or dihydroconyferyl
alcohol. All these were due to the formation of atomic hydro-
gen upon sodium formate decomposition. This atomic hydro-
gen can undergo self-quenching to form H,, induce the homo-
Iytic C-C and C-O cleavage, and quench the radical intermedi-
ates to form e.g., stable methoxyphenols found in the
liquids.*® During secondary reactions upon reactor-scale pyrol-
ysis, these side chains are converted into light compounds,
resulting in methoxyphenols (Fig. 10 and 12).
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4. Conclusions

This work compared three different lignin additives, clay,
calcium hydroxide, and sodium formate, and evaluated their
effects on the production of liquids rich in monoaromatic
compounds by analytical and reactor-scale pyrolysis in a well-
defined manner. First, every additive did significantly improve
reactor introduction by hindering lignin’s mobility, either
physically (in case of attapulgite clay and sodium formate
addition) or by cross-linkages of the different lignin fragments
(in case of calcium hydroxide addition). The liquid yield
increased from ca. 11 wt% for pure lignin to 23-47 wt% for all
lignins with additives.

Lignin/attapulgite was shown as one of the most promising
and simple additives. Indeed, the heavy phase from lignin/
attapulgite provided the highest carbon yield (25.7%), a sub-
stantial monomer yield (18.9% on liquid basis), and the
highest absolute yield of cresylic acids (phenol, cresols, and
xylenols) being 1.34 wt% on lignin basis. Pyrolysis of lignin—
calcium hydroxide yielded the highest monomer yield (23.8%
on liquid basis) in the heavy phase, with a substantial carbon
yield (15.1%). The addition of calcium hydroxide was the
second-best for cresylic acid production. For methoxylated
benzene/phenol production, the addition of sodium formate
was best among the additives, but the rather low carbon and
mass yield of the heavy phase resulted in a modest absolute
yield of 0.46 wt% on lignin basis.

Regarding the pyrolysis mechanisms, it was shown that the
addition of attapulgite induced small changes in the com-
pound portfolio, possibly due to more cracking opportunities
from the longer vapor residence time in the attapulgite matrix
and attapulgite-induced radical stabilization. For pyrolysis of
lignin with calcium hydroxide, it has been put forth that
calcium could bind to two lignin-OH moieties and that
calcium oxide is formed which can catalyze the formation of
naphthalene and polyaromatic compounds. Pyrolysis of lignin/
sodium formate resulted in the least quantity of dimeric com-
pounds and the highest fraction of methoxyphenols in the
heavy phase, which is attributed to the released hydrogen
atoms that can quench the reactive radical intermediates.

Overall, this work (i) shows that attapulgite and calcium
hydroxide especially hold value as additives towards monoaro-
matic compounds (like cresylic acid) and (ii) sheds new light
on the molecular-scale pyrolysis mechanisms of lignin with
and without additives.
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