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ARTICLE INFO ABSTRACT
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Biobased chemicals

The pyrolytic sugar fraction, obtained by an aqueous extraction of pyrolysis oil, is an attractive source for sugar-
derived platform chemicals. However, solids (humin) formation occurs to a significant extent during hydrolysis
and subsequent acid-catalyzed conversion processes. In this study, we report investigations on possible con-
version routes (pyrolysis, liquefaction) of such humin byproducts to biobased chemicals. Experiments were
carried out with a model humin made from a representative technical pyrolytic sugar and the product was
characterized by elemental analysis, GPC, TGA, HPLC, GC-MS, FT-IR and NMR. The obtained humin sample is
soluble in organic solvents (dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), and isopropanol (IPA)), in
contrast to typical more condensed humins from glucose and fructose, allowing characterization using NMR and
GPC. All analyses reveal that the humins are oligomeric in nature (M,, of about 900 g/mol) and consist of sugar
and furanic fragments linked with among others (substituted) aliphatic, ester units and, in addition, phenolic
fragments with methoxy groups. The humins were used as a feed for catalytic pyrolysis and catalytic liquefaction
experiments. Catalytic pyrolysis experiments (mg scale, programmable temperature vaporizer (PTV)-GC-MS,
550 °C) with HZSM-5-50 as the catalyst gave benzene-toluene-xylene-naphthalene-ethylbenzene mixtures
(BTXNE) in 5.1 wt% yield based on humin intake. Liquefaction experiments (batch reactor, 350 °C, 4 h, iso-
propanol as both the solvent and hydrogen donor and Pt/CeO; (4.43 wt% Pt) catalyst) resulted in 80 wt%
conversion of the humin feed to a product oil with considerable amounts of phenolics and aromatics (ca. 24.7 %
based on GC detectables in the humin oil). These findings imply that the techno-economic viability of pyrolysis
oil biorefineries can be improved by converting humin type byproducts to high value, low molecular weight
biobased chemicals.

1. Introduction

Lignocellulosic biomass is considered a promising alternative feed-
stock for renewable carbon-based transportation fuels (e.g., bioethanol,
biodiesel) and biobased chemicals [1-3]. In the last decade, major
breakthroughs have been realized regarding the conversion of the car-
bohydrate fraction from lignocellulosic biomass. For example, an
attractive valorization route involves the conversion into biobased
platform chemicals like 5-hydroxymethylfurfural (HMF) and levulinic
acid (LA) [4,5].

The cellulose and hemicellulose fractions in lignocellulosic biomass
typically need to be depolymerized/pre-treated to obtain monomeric

sugars like glucose and xylose before further conversion into biobased
chemicals and biofuels [6]. Well known approaches are enzymatic and
acid-catalyzed depolymerization. A less developed route is the use of fast
pyrolysis technology as a pre-treatment process. In fast pyrolysis pro-
cesses, the biomass is rapidly heated to 450-600 °C in the absence of
oxygen, leading to significant deconstruction and depolymerization. The
main product is a liquid known as pyrolysis liquid (oil) or bio-oil and
depending on the process parameters, the oil yield can be as high as
70—80 wt% on a dry-feed basis [7,8]. Pyrolysis oils are composed of
several hundreds of small organic compounds in combination with
considerable amounts of higher molecular weight (non GC detectable)
compounds [9,10]. A main disadvantage is its low thermal stability,
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Table 1
Low molecular weight components detected in PS fractions.
Compound Rice Acid- Untreated PS used in
husk leached pinewood this study”
[15] pine wood [17] [18]
[17]
Levoglucosan 28.9 10.0 + 0.6 3.4+ 02wt 16 wt%
mg/g wt% %
Cellobiosan 10.2
mg/g
Xylose 3.7
mg/g
Arabinose 1.2
mg/g
Glucose 2.6
mg/g
Total sugars 21.8 wt% 13 wt%
Glycoaldehyde 10.8 wt%
Acids 2.5 wt%
Ketones 1.4 wt%
Phenolics 0.4 wt%
Other low molecular 4.5 wt% 7.5 wt%
weight component
(mostly phenolics and
aromatics)
Water 65.2 73.7 £ 0.7 79.5+0.5wt 14.5 wt%
wt% wt% %

# Concentrated by evaporation, see experimental section.

which precludes separation by distillation. However, pyrolysis oils are
easily fractionated into three product fractions using a combination of
precipitation, extraction and fractionation approaches [11]. The
following fractions are obtained, i) an organic so-called pyrolytic lignin
fraction (products mostly derived from lignin), ii) an aqueous phase
containing mostly monomeric and oligomeric sugars and iii) a low
molecular weight oxygenate stream containing among others acetic
acid. The aqueous sugar-rich phase can be concentrated to obtain a thick
syrup, commonly addressed as pyrolytic sugars (PS), in yields up to 30
wt% of the original pyrolysis oil [11]. This separation procedure is the
basis for a pyrolysis biorefinery, where the pyrolysis liquid is separated
into fractions, followed by tailored, dedicated conversions of each
fraction into value added products.

The PS contain a number of sugars and sugar-derived chemicals.
When using pure cellulose as the fast pyrolysis feedstock, the main
product is 1,6-anhydro-p-p-glucopyranose, commonly known as levo-
glucosan, and the yield can be as high as 59 wt% [12]. It is also the main
component in the PS fraction when using a typical lignocellulosic

biomass as the feed (Table 1). Other products are 1,
+ water to
Fast induce
pyrolysis separation
Water w
fraction

|
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6-anhydro-f-cellobiose (cellobiosan) and higher molecular weight
sugars. Levoglucosan is readily hydrolyzed to glucose using acid cata-
lysts [13,14], which subsequently can be converted to numerous bio-
based chemicals including HMF and LA.

Examples on the use of PS as a feed for LA and HMF synthesis are
scarce. In a recent study, Zhang et al. [15] reported the hydrolysis of the
water soluble fraction (WSF) of pyrolysis oil using HoSO4 (1 wt%) as the
catalyst at 170 °C giving LA in low yields (2.3 mol%). We have recently
investigated the acid- catalyzed conversion of pine wood-derived PS (see
Table 1 for its chemical composition) with 0.5 M H,SO4 catalyst at 180
°C [16]. HMF was detected in the earlier stage of the reaction (around 5
min, 1 wt% yield) whereas LA was the main detectable product (10 wt
%) after 60 min. However, considerable amounts of insoluble brown
products (humins) were formed. In addition, heating of the pine
wood-derived PS in the absence of a catalyst also leads to significant
amounts of such humins (32 wt% based on the initial PS feed). As such,
the use of such PS fractions to obtain biobased chemicals has been
hampered by the fact that significant amounts of humins are formed.
Evidently, optimization studies to obtain higher yields of HMF/LA are
required (catalyst and solvent selection, biphasic systems), although it is
unlikely that humin formation can be avoided completely. As such, there
is an incentive to convert these humins into valuable chemicals.

It has been shown in the literature that humins from monomeric
sugars (fructose, glucose) are carbonaceous, heterogeneous, poly-
disperse and typically highly insoluble materials consisting of a furan-
rich polymer network with different oxygen containing functional
groups [6,19-21]. A number of valorization routes for such humins have
been suggested in the literature. Examples are the use as an energy
source by combustion [21], use in composites based on PFA (poly--
furfuryl alcohol) [22] and valorization approaches involving depoly-
merization of the humin structure to low-molecular weight-components,
which are subsequently transformed into biobased chemicals (Fig. S1,
Supporting information) [23].

In this paper, we describe experimental studies on the conversion of
humins, obtained from a technical PS fraction, by catalytic pyrolysis and
liquefaction approaches to depolymerize the humins and to obtain high
amounts of monomeric products. All reactions were carried out using a
humin sample derived from the PS fraction of a pine-based pyrolysis oil.
This humin was characterized in detail (elemental analysis, GPC, TGA,
HPLC, GC-MS, FT-IR, and NMR) to gain insights in its chemical structure
and to rationalize its reactivity.

Pine Pyrolysis
wood 011

Lignin i Raw P5-
g Rotavapor Pyrolytic oven i :
fraction sugar | humins
1C0mbar, (thick syrup) 130°C, 22 h
80°C
100°C,5h
Water : 4
solulljles Extraction | Milli-Q water
Residue

) 4

50°C, o Ps -
overnight b humins

Fig. 1. Schematic illustration of the synthesis of PS-humins.
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Gas product

PS-humins (5 g) Reaction: Liquid + Centrifugation:
Solvent (15 g) 350°C, 4 h, remai?ﬂn solid 4500 rpm, 45 ——> Humin oil
Catalyst (0.6 g) 1300 rpm & min
Solid
Acetone
Solid + residual washing Liquid product Acetone
liquid followed by +acetone removal
filtration
v
Drying:
Solid 70°C, 12 h —  Solid product
under vacuum

Fig. 2. Schematic representation of the catalytic liquefaction procedure.

2. Experimental section
2.1. Chemicals

All chemicals used in this work were of analytical purity and used
without further purification, unless stated otherwise. Gases used in this
study were supplied by Linde Gas (Schiedam, the Netherlands) and were
of analytical grade. Tetrahydrofuran (THF), toluene and acetone were
supplied by Boom B.V. (Meppel, the Netherlands). Isopropanol (IPA,
anhydrous, 99.5 %), di-n-butylether (DBE) and CeO, (Sigma No.
544841-50 G) were obtained from Sigma Aldrich. Platinum(II) acety-
lacetonate was acquired from Merck (8.14689.0001).

2.2. Humin synthesis

The pyrolysis oil was provided by Biomass Technology Group (BTG,
Enschede) and obtained from the fast pyrolysis of pine wood. The py-
rolysis oil was fractionated by the addition of water, resulting in phase
separation and the formation of an insoluble fraction (mostly lignin-
derived) and a water phase (containing sugars, see Fig. 1 for details).
The water phase was concentrated using a rotavapor (100 mbar, at 80
°C) until water evaporation ceased, to give a thick PS syrup. Subse-
quently, the PS fraction was thermally treated for 22 h in an oven at 130
°C under atmospheric pressure. The resulting dark brown product
(designated as raw PS-humins in this study) was extracted with Milli-Q
water (2.5 g sample in 80 mL water) at 100 °C for 5 h to remove
(trapped) solubles. After water extraction, the insoluble part of the
sample was filtered and dried overnight at 50 °C in an oven at atmo-
spheric pressure. This residue was ground into a powder and used as the
feed in this study (PS-humins).

2.3. Synthesis of the Pt/CeO; catalyst for catalytic liquefaction reactions

The Pt/CeO, (with a target content of 5 wt% Pt) catalyst was syn-
thesized by a wet impregnation procedure. Pt(Acac), (0.404 g, 0.2018 g
Pt) was dissolved in acetone (78 mL) under stirring and the appropriate
amount of pre-calcined (500 °C) CeO, (4.004 g) was added. The acetone
was then slowly removed from the suspension by heating the suspension
at 40 °C under atmospheric pressure (about 8 h). The remaining solid
was collected and calcined in a muffle furnace under air (heating profile:
from room temperature to 300 °C with a heating rate of 5 °C min ™~ for 2
h followed by heating to 500 °C with a rate of 5 °C min ™" for 1 h followed

by cooling to 50 °C). After calcination, the catalyst was reduced in a
tubular glass oven with a sweep gas consisting of 7 vol% hydrogen and
93 vol% nitrogen (heating profile: room temperature to 400 °C with a
heating rate of 5 °C min~!, 6 h at 400 °C and then cooled to 50 °C).

2.4. Experimental procedures

2.4.1. Thermal and catalytic pyrolysis

Pyrolysis and catalytic pyrolysis of the PS-humins were performed
following a procedure described by Agarwal, et al. [24]. The experi-
ments were conducted using a PTV injector (programmable temperature
vaporizer, Model: Optic2 from Atlas) placed on a HP 5890 GC Series II
system in combination with a HP 5972 MS detector (PTV-GC-MS)
controlled by an Optic 2 device. Typically, for thermal pyrolysis 0.6—0.8
mg of the humin sample was used. For catalytic pyrolysis, a humin to
catalyst ratio of 0.05 w/w was used, loading first the PS-humins fol-
lowed by the catalyst. The (catalytic) pyrolysis temperature was set at
550 °C. The oven was programmed to ramp from 40 °C to 550 °C with a
rate of 16 °Cmin ' and kept at 550 °C for 60 s. After (catalytic) pyrolysis
in the injector was completed, the products were transferred to a
capillary column (Agilent Technologies VF-5 ms, 30 m x0.25 mm x1.0
pm film thickness, split ratio of 50:1). Helium was used as the carrier gas
at a flow rate of 1 mL min~!. The initial temperature was set at 40 °C and
kept for 60 s followed by heating to 250 °C with a rate of 10 °C m™!. The
MS detector was operated in the scan range of m/z 35-400 using ioni-
zation mode (70 eV) with an interface temperature of 280 °C. The
NIST-05a mass spectra library was used to identify the pyrolysis prod-
ucts. Subsequently, the total ion chromatogram (TIC) peak areas ac-
quired from the MS detector were used as a semi-quantitative estimation
of the concentration of GC-MS detectable compounds, assuming a linear
correlation between the concentration and the TIC peak area percentage
as often applied when reporting the composition of biomass-derived
pyrolysis product streams. The semi-quantitative yields of each com-
pound/group of compounds were calculated by dividing the corre-
sponding TIC peak area percentage to the total TIC peak area of all the
GC detectables. For simplicity, except BTXNE, the compounds were
classified based on chemical functionalities, e.g., aromatic derivatives
(substituted benzene and polycyclic aromatics), furans and derivatives,
napthalenes (napthalene and subsituted napthalenes), (substituted)
phenolic derivatives, and others (mainly alkanes, alkenes, acetic acid,
indanes, etc). An external standard solution with known quantities of
BTXNE was used to calculate the response factor of BTXNE to determine
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the yields of BTXNE. Again, it was assumed that the concentration of the
compounds is linearly related to the TIC peak area. A measurement
using an external standard solution was performed prior to each set of
experiments. A schematic representation of the PTV-GC-MS setup is
provided in the Supporting information (Fig. S2).

2.4.2. Catalytic liquefaction experiments

The catalytic liquefaction of the PS-humins were performed in a 100
mL batch autoclave (Parr reactor system) with maximum operating
conditions of 350 °C and 200 bar, surrounded with an electrically heated
metal block and equipped with an overhead stirrer (Rushton type tur-
bine with a gas induced impeller). Prior to an experiment, the reactor
was weighed and then charged with a humin sample (5.0 g), IPA (15 g),
and the metal catalyst (0.6 g, 12 wt% on humin intake). The reactor was
closed and tested for leakage by pressurizing it with 50—80 bar of ni-
trogen. The pressure was released and the reactor was subsequently
flushed twice with nitrogen gas. Subsequently, the stirring was started
(1300 rpm) and the reactor was heated to 350 °C at a rate of about 5 °C
min~}, giving a final pressure of typically 80—90 bar. After reaction (4
h), the reactor was cooled to room temperature, the pressure was
recorded and the gas phase collected in a 3 L plastic gas bag (SKC Tedlar,
with polypropylene septum fitting) for GC analysis. The reactor was
weighed and the reactor content was transferred to a centrifuge tube and
weighed again. The product mixture was centrifuged at 4500 rpm for 45
min and the liquid phase (product oil) was separated from the solid
phase (unreacted humins and catalyst). The reactor and the stirrer were
thoroughly rinsed with acetone several times to collect the remaining
solids. The combined acetone fraction (containing small amount of
remaining product oil, unreacted humins and catalyst) was passed
through a filter paper (to collect the solids) and collected in a beaker.
The acetone in the mixture was then removed by evaporation in air and
the resulting product (the remaining product oil) was weighted and
added to the previously obtained product oil. The solid residue of
unreacted humins and catalyst (from filter paper and centrifuge tube)
was dried at 70 °C under vacuum overnight and subsequently weighted
for mass balance calculations. The obtained product oil is a single phase
liquid and designated as humin oil in this study. An overview of the
product work-up is shown in Fig. 2.

The conversion of humins and yields of humin oil are reported on a
mass basis and were calculated using Egs. (1)-(3). In Eq. (3), the total
feed intake represents the humin and solvent intake excluding catalyst.

Humin;, — (Total solid,,; — catalyst intaki
umin, — (Total solid,,, — catalys mae)xlOO%

Humin conversion =

Humin,,
(€9)
Total humin oil
Humin oil yield (based on humin intake) = w x 100 % 2)
humin intake
Total humin oil
Humin oil yield (based on total intake) = ofat hwmin ol x 100 % 3)

Total feed intake

2.5. Analytical methods

2.5.1. Thermogravimetric analysis (TGA)

TGA data of the humins (raw PS-humins and PS-humins) were ob-
tained using a Mettler-Toledo analyzer (TGA/SDTA851e). The samples
were heated in a nitrogen atmosphere from 30 to 900 °C with a heating
rate of 10 °C min .

2.5.2. Elemental analysis

The elemental composition (C, H, N, O, and S content) of the humins
(raw PS-humins and PS-humins) were analyzed using an automated
Euro Vector EA3000 CHNS analyzer with acetanilide as the calibration
reference. The oxygen content was determined by the difference of
CHNS. Each sample was analyzed at least in duplicate and the average
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value is reported.

2.5.3. Heteronuclear single quantum coherence (HSQC) NMR

NMR spectra of the humins samples were acquired at 25 °C using an
Agilent 400 MHz spectrometer. Approximately 0.3 g of each sample was
dissolved in 0.7 g of DMSO-ds. 'H-'3C HSQC spectra were acquired
using a standard pulse sequence with a spectral width of 160 ppm, 16
scans and 512 increments in the F1 dimension. The data were processed
using the MestReNova software.

2.5.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of the humins samples were recorded on a Shimadzu IR
Tracer-100 by attenuated total reflection (ATR) method in the range of
4000-600 cm™!. Small amount of samples were placed on the sample
unit (Graseby Specac Golden Gate with diamond crystal top with 45
degree angle) and the IR-spectra were recorded.

2.5.5. High performance liquid chromatrography (HPLC)

Components in the water phase (after water extraction of raw PS-
humins) were identified by an HPLC system consisting of an Agilent
1200 pump, a Bio-Rad organic acid column (Aminex HPX-87 H), a
refractive index detector and an ultraviolet detector. The HPLC column
was operated at 60 °C and aqueous sulfuric acid (5 mM) was used as the
mobile phase with a flow rate of 0.55 mL min~!. Identification of
compounds in the mixture were determined by comparison of retention
time of known, pure compounds.

2.5.6. Gas phase analysis

The composition of the gas phase obtained after reaction was
determined by GC-TCD. The instrument consists of a Hewlett Packard
5890 Series II GC with a thermal conductivity detector (TCD) equipped
with a CP Poraplot Q Al;03/NasSO4 column (50 m x 0.5 mm, 10 pm film
thickness) and a CP molecular sieve 5 A column (25 m x 0.53 mm, 50 pm
film thickness). Both columns were maintained at the same temperature.
The injector and detector temperature were set at 150 °C and 90 °C
respectively. The oven temperature was kept at 40 °C for 2 min, heated
up to 90 °C at a rate of 20 °C min~! and kept at this temperature for
another 2 min. Helium was used as the carrier gas. The columns were
flushed for 30 s with reference and sample gas prior the measurement.
For peak identification and quantification, a reference gas mixture
containing Hyp, CHy4, CO, COy, ethylene, ethane, propylene and propane
with known concentration (55.19 % Ha, 19.70 % CHy4, 3.00 % CO, 18.10
% COg, 0.51 % ethylene, 1.49 % ethane,0.51 % propylene and 1.50 %
propane) was used.

2.5.7. Gas chromatography-mass spectrometry (GC-MS)

GC-MS analyses of the humin oil were performed on a Hewlett-
Packard 5890 gas chromatograph equipped with a quadrupole
Hewlett-Packard 6890 MSD selective detector and a 30 m x 0.25 mm, i.
d. and 0.25 pm film sol-gel capillary column. The injector temperature
was set at 250 °C. The oven temperature was kept at 60 °C for 5 min,
then increased to 250 °C at a rate of 3 °C/min, and then held at 250 °C
for 10 min.

2.5.8. Two-dimensional gas chromatography-flame ionization detector
(GCxGC-FID)

GCxGC-FID analyses of the humin oil were performed on a Trace
GCxGC system from Interscience equipped with a cryogenic trap and
two columns (RTX-1701 capillary column, 30 m x 0.25 mm i.d. and 0.25
pm film thickness connected by Meltfit to a Rxi-5Sil MS column, 120 cm
x 0.15 mm i.d. and 0.15 pm film thickness). A flame ionization detector
(FID) was used. A dual-jet modulator was applied using carbon dioxide
to trap the samples. The lowest possible operating temperature for the
cold trap was 60 °C. Helium was used as the carrier gas (flow rate of 0.6
mL min~1). The injector temperature and FID temperature were set at
250 °C. The oven temperature was kept at 60 °C for 5 min and then
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increased to 250 °C with a rate of 3 °C min ™. The pressure was set at 0.7
bar and the modulation time was 6 s. For these measurements, a certain
amount of humin oil was mixed with THF solution in a 1:1 v/v ratio. The
THF solution contained 500 mg/L of di-n-butyl ether (DBE) as the in-
ternal standard (IS). From the GCxGC-FID spectra, the yields of aro-
matics, phenolics, ketones, alkanes, naphthenes and acids were
calculated based on the humin intake. Quantification was performed by
using an average relative response factor (RRF) per component group
with DBE as the IS. Details of the procedure can be found elsewhere
[23].

2.5.9. Gel permeation chromatography (GPC)

GPC analyses of the humins (raw PS-humins and PS-humins) and the
humin oil were performed using an Agilent HPLC 1100 system equipped
with three MIXED-E columns (length 300 mm, i.d. 7.5 mm, PLgel 3 mm)
in series and a GBC LC 1240 refractive index (RI) detector. The average
molecular weights were determined using the PSS WinGPC Unity soft-
ware from Polymer Standards Service. Polystyrene samples with
different molecular weights were used as a calibration standard. For the
measurements, the system was operated at 140 bar pressure, a column
temperature of 42 °C, with THF as eluent at a flow rate of 1 mL min~!
and injection volume of 20 mL with sample concentrations of circa 10
mg mLL. For the analyses purpose, the samples were diluted with THF
and two drops of toluene were added as a flow marker prior to injection.
For analyses of the humin oil, the residual solvent (IPA) as well as low
molecular products derived thereof (e.g., acetone) were removed by
heating the sample at 70 °C, 50 mbar, for 2 h prior to dissolution in THF.

2.6. Characterization of the Pt/CeO; catalyst

Inductively coupled plasma mass spectrometry (ICP-MS) was used to
determine the actual Pt content of the catalyst. The analyses were per-
formed on a Perkin Elmer 4300 DV device. Samples were calcined at 900
°C and subsequently dissolved in an aqueous HNOj3 (2% wt). Trans-
mission electronic microscopy (TEM) images were obtained using a
Philips CM12 operated at an acceleration voltage of 120 kV. A small
amount of sample was placed in a glass vial and 5 mL ethanol was added.
Subsequently, the mixture was ultrasonically dispersed for about 15
min. The resulting suspension was then deposited on a copper grid
coated with carbon and subsequently analyzed. The images were taken
with a slow scanning CCD camera.

3. Results and discussion
3.1. Synthesis and characterization of the PS-derived humins

The PS-derived humins used in this study were obtained by thermal
treatment of a technical PS (obtained from pine wood pyrolysis) at 130
°C for 22 h. The synthesis was performed without the addition of an acid
catalyst, as typically done for humin synthesis, as PS already contain
some organic acids like acetic acid (Table 1). Typically, this procedure
gives 73 wt% of solids (referred to as raw PS-humins). The resulting
sample was either used as such or extracted with water to remove any
entrapped low molecular weight compounds. After water extraction, the
final purified humin yield (PS-humins) was about 32 wt%. Surprisingly,
the PS-humins are soluble in typical organic solvents like DMSO and
THF. This is in contrast with previously reported humin samples ob-
tained from glucose and fructose upon heating in the presence of an acid
[6,25]. The higher solubility of the PS-humins prepared in this study is
likely due to a lower molecular weight and less condensed structure
compared to the typical humins from glucose/fructose, supported by
analyses (vide infra). This solubility in selected organic solvents allows a
more detailed study on the molecular structure of the PS-humins sample
by GPC and HSQC-NMR techniques, instead of the typically used solid
state analysis techniques for highly insoluble humins.

The PS-humins contain 59 wt% [C], 35 wt% [O] and 5.5 wt% [H],

Journal of Analytical and Applied Pyrolysis 152 (2020) 104963

Table 2
Elemental composition of humins samples from this study and literature data.
Element Raw PS- PS- Glucose- Fructose- HMF*
(Wt%) humins humins derived derived
humins [24] humins [6]
C 54 59 65.7 66.4 57.1
H 6 5.5 4.4 4.2 4.8
N 0.07 0.36 n/a n/a n/a
S < 0.01 < 0.01 n/a n/a n/a
) 40 35 29.9 32 38.1
@ As reference.
T T T T T T T T T
1.0 Glucose .
0.8 4 B
Q 06 §
o HME B Raw PS-humins
Fructose-derived ® ps_humins
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Glucose-derived
humins
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04 06 08 10 12 14 16 18 20 22
HIC

Fig. 3. Van Krevelen plot of the different types of humins given in Table 2.
Solid line represents the dehydration line.
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Fig. 4. Molecular weight distribution of PS-derived humins as measured by
GPC (THF) using polystyrene standards.

which is in the range with reported values for glucose-derived humins
and HMF (see Table 2 for details). A van Krevelen plot with H/C and O/C
molar ratios of the humins is given in Fig. 3. The results indicate that the
PS-humins used in this study is less dehydrated and thus likely less
condensed than the typical humins from glucose (vide infra).
Molecular weight distribution for both raw PS-humins and PS-
humins are given in Fig. 4. The average molecular weight (M,,) for the
purified humins was about 900 g/mol, which suggests that on average
about 8-10 sugar/furan units are present. When comparing both dis-
tributions, it is evident that a large amount of low molecular weight
components are removed by the water extraction procedure. Analysis of
the liquid extract (by HPLC technique) after water extraction of the raw
PS-humins, reveals the presence of low molecular weight sugars like
levoglucosan and cellobiosan (see Supporting information, Fig. S3).
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Fig. 5. FT-IR spectra of raw (black) and purified PS humins (red). Inset plot is
from 4000 — 600 cm ™~ region.

FT-IR analyses were performed to investigate the functionalities and
chemical linkages in the humin samples before and after water extrac-
tion (Fig. 5). The spectrum for the PS-humins sample shows strong
similarities with those reported for humins derived from glucose and
fructose [6,26]. A broad peak at 3200—3400 em 1 is present, which
originates from the C-O stretch vibration of alcohols and possibly some
residual water. Strong broad bands are present in the 1800—1600 cm ™
region corresponding to C=0 stretch vibrations of acids, esters, alde-
hydes and ketones as well as substituted furanic rings (about 1600 cm
~1y. A comparison of the spectra for the raw PS-humins (before extrac-
tion) and PS-humins (after extraction) shows that the peak intensities in
the 34003000 cm ™}, 18001600 cm ' and particularly the 1100900
cm ! region is higher for the former. This is due to a reduction of the
amount of sugar-based molecules after extraction (glucose and levo-
glucosan, which show strong bands in the 1100—900 cm ™ region), in
accordance with HPLC data for the water phase after extraction
(Fig. S3).

To further understand the chemical composition of the PS-humins,

Methoxyl groups’
@: 60

Sugars
and/or
furanics

o

®

v\ Furanics

and guaiacol

Aliphatic - 110

C-H ey 50
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two-dimensional 'H—13C HSQC-NMR was performed using deuterated
dimethyl sulfoxide (DMSO-dg) as the solvent (Fig. 6). Major chemical
groups can be clearly identified on the basis of the available literature
[6,18,25,27]. In line with the FT-IR analysis, NMR analysis confirms that
the PS-humins contains aliphatic C-H bonds, aliphatic (sugar) CH-O(H)
motifs and aromatic (furanics) C-H bonds. In addition, a clear OMe
signal is present, which is likely due to the presence of some residual
guaiacol units in the structure. It is possible that covalently bound car-
bohydrate- and lignin fragments, either from the biomass feed or formed
during pyrolysis, end up in the PS fraction and thus ultimately in the
humin structure. Another possibility is the incorporation of monomeric
phenolics, which are known to be present in the PS due to incomplete
separation from the pyrolytic lignins. Estimations for the amounts of
combined phenolics/aromatics in PS have been reported in the literature
and are between 4.5 and 7.5 wt% [17], see Table 1 for details. The
amount of low molecular weight phenolics in the PS fraction used in this
study was estimated by GC at 0.4 wt% [18], and as such, it is possible
that monomeric phenolics may participate in the condensation reactions
that contribute to the insoluble products formed during thermal

OH o)

0} OH

I / OH

o HO
[e]
HO 0o
(@]
5 07 N\
O
o) OH HO O
OH /
OH

Fig. 7. Proposed molecular structure of PS-humins.
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Fig. 6. HSQC spectra of PS-humins (400 MHz, DMSO-dj).
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Fig. 8. TGA (left) and DTG (right) plots of raw PS-humins (black line) and PS-humins (red line).

treatment of the PS fraction.

To obtain information on the presence of other carbonyl groups in
the humin structure e.g., from ketones/acids/esters, a 1D 13C.NMR
spectrum of the PS-humins sample was acquired (Fig. S5, Supporting
information). It indeed shows (broad) resonances in the 170-180 range
from the carbonyl groups of acids and esters.

On the basis of the NMR results, FT-IR and GPC analyses, a proposal
for the structure of the PS-humins is provided in Fig. 7. It consists of
sugar and furanic fragments linked with among others (substituted)
aliphatic and ester units. In addition, a phenolic fragment with a -OMe
group is added, in line with the HSQC-NMR data and Py-GC-MS analyses
(vide infra).

3.2. Thermal pyrolysis

3.2.1. TGA studies

The thermal behavior of the humins were studied using TGA under
Ny (Fig. 8). The total weight loss was about 72 wt% for the raw PS-
humins and 62 wt% for the PS-humins. This difference is likely due to
the presence of low molecular weight, volatile compounds in the raw PS-
humins, supported by HPLC measurements (vide supra). For both humin
samples, three distinct weight loss stages were observed in the derivative
thermo-gravimetric, DTG image (Fig. 8, right). The first stage started at
around 70 °C and is likely due to the evaporation of very small
entrapped volatile organics. Subsequently, two major peaks were
observed, one at about 265 and another at about 380 °C. The ratio of the

GC detectable volatiles

NN W ow
8 & 8 &

TIC relative peak area (%)

10

Benzene M Toluene
Xylene

W Ethylbenzene
Napthalene derivatives

Multiphenyl derivaties

M Napthalene
M BTX derivatives
Indane/Indene & derivatives

peak heights differs considerably for both samples. The peak at 265 °C is
highest for the raw PS-humins, and considerably lower for PS-humins.
As such, this peak is likely due to the decomposition and evaporation
of volatile, low molecular weight and sugar-like components (e.g., lev-
oglucosan). TGA data for highly condensed and insoluble humins
derived from glucose and fructose were reported by Rasrendra et al.
[20]. Here, a maximum mass loss was observed at 450 °C, which is much
higher than found for our samples, and suggest indeed that the
PS-humins are less condensed than those reported for glucose/fructose.
In addition, and in line with this statement, lower overall weight losses
(50 %) were reported for those glucose/ fructose-derived humins.

3.2.2. Pyrolysis experiments

Thermal (non-catalytic) pyrolysis of the PS-humins was performed in
a mg scale (PTV-GC-MS) to gain insights in the composition of the vapor
phase. The TGA data imply that 400—500 °C is sufficient to volatilize the
majority of the feed. To ensure highest volatiles formation, a pyrolysis
temperature of 550 °C was selected for further studies. A typical chro-
matogram of the volatiles is shown in Fig. S6 (Supporting information)
and shows that phenolics are the main products, together with furanics
and substituted cyclopentanones. Interestingly, b-glucose-derived
humins mainly gave furanics such as 2-methylfuran, 2,5-dimethylfuran
and 1,2-furanylethanone upon thermal pyrolysis [24]. This observation
confirms that the PS-humins used in this study also contain some
phenolic structures besides furan and sugars units. This is also supported
by NMR data (vide supra), which showed the presence of methoxy

BTXNE yields on feed intake

Yield on humin intake (%)
w

® Toluene

Benzene
Xylene ® Naphthalene

m Ethylbenzene Naphthalene derivatives

Fig. 9. Representative GC detectable monomers for the catalytic pyrolysis of PS-humins with HZSM-5-50 as the catalyst (humin to catalyst ratio of 0.05 w/w) at 550

°C (left) and BTXNE yields based on PS-humins intake (right).
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Table 3
Product yields and compositions for the catalytic liquefaction of PS-humins in
IPA".

Run 1 Run 2
Humins intake, wt% on total feed 24.4 24.2
Humin oil yields, wt % on total feed 79.6 79.2
Solid residue, wt% on total feed 4.8 4.2
Humins conversion, wt% on total humin intake 81.1 83.2
Gas phase, wt% on total feed 14.2 11.7
Mass balance closure 98.6 95.3

@ Reaction condition: 350 °C, 4 h, 1300 rpm, with Pt/CeO; (12 wt% on humin
intake).

groups, in line with the presence of significant amounts of 4-methylguia-
col in the chromatogram (compound 7, Fig. S6). However, it should be
noted that some phenolics may also be formed by the (thermal)
decomposition of sugar derivatives, a well-known example is the for-
mation of 1,2,4-benzenetriol from HMF [28].

3.3. Catalytic pyrolysis

Catalytic pyrolysis was investigated to determine the possibility to
convert the PS-humins into industrially relevant aromatics like BTXNE.
Experiments with PS-humins were performed in a PTV-GC-MS unit at
550 °C with a humin to catalyst ratio of 0.05 w/w. Based on previous
studies [29], HZSM-5-50 (SiO3/Al,03 ratio of 50) was selected as the
catalyst. Considerable amounts of BTXNE (61.6 % on total GC detectable
monomers) were formed, corresponding to 5.1 wt% based on the
PS-humins feed (Fig. 9). Other GC detectable products were COy and
higher aromatics such as substituted napthalenes, indanes and indenes.
The BTXNE yield is considerably higher than for glucose-derived humins
(1.5 wt%) obtained at similar pyrolysis conditions, and comparable to
the yields obtained for kraft lignin (6 wt%) [24]. The latter is considered
a promising feed for BTXNE [24]. These results indicate that PS-humins
have the potential to be converted to biobased aromatics via catalytic

pyrolysis.
3.4. Catalytic liquefaction using a Pt/CeOy catalyst
PS-humins liquefaction experiments were carried out in a batch set-

up with isopropanol (IPA) as the solvent and Hy donor using a Pt/CeO;
catalyst (see Supporting information for catalyst characterization) at
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350 °C for 4 h with the objective to depolymerize the humin structure
and obtain low molecular weight aromatics. All experiments were per-
formed in duplicate, showing a very good reproducibility for the
experimental procedure (Table 3). Mass balance closures for the PS-
humins liquefaction experiments were excellent (> 95 wt %). A liquid
product was obtained in about 79 % yield. The PS-humins conversion,
calculated based on the amounts of solids isolated after reaction and
corrected for catalyst intake, was of about 80 %. Hence, these experi-
ments show that humins derived from PS can indeed be liquefied to a
large extent using Pt/CeOs as the catalyst in combination with IPA.
The humin oil composition was determined using GC-MS, GCxCD-
FID and GPC. GCxGC-FID analyses (Fig. 10) show the presence of
numerous products belonging to various organic product classes viz.
ketones, phenolics, and aromatics as well as aliphatic hydrocarbons. The
presence of these components classes was further confirmed by GC-MS
analyses (see Supporting information, Fig. S7). IPA is still present in
considerable amounts, indicating that its conversion at the prevailing
reaction conditions is far from quantitative. Typical reaction products of
IPA (e.g., acetone and (hydrogenated) aldol condensation products
derived thereof like methyl isobuty lketone (MIBK), 2-hexanol, and 2,6-
dimethyl-4-heptanone) were detected [30]. Phenolics, naphthalenes,
and aromatics in the humin oil are most likely formed from humins and
not from IPA [31,32]. The amounts of the individual component classes
in the humin oil were determined an average response factor for each
group (Table 4). Among the humin-derived products, phenolics (phenol,
methoxyphenol and dihydroxybenzene) were present in the largest
amounts, with a total yield of about 14.1 % based on the GC detectables
in the humin oil. Aromatics (mono-aromatics, naphthalenes) were the
second main product (10.6 %). Interestingly, considerable amounts of

Table 4
Overview of the humin oil composition from catalytic liquefac-
tion of PS-humins (GCxGC-FID).

Component class Amount (%)

Phenolics 14.1
Aromatics 10.6
Linear/branched alkanes 0.6
Cycloalkanes 2.6
Organic acids 7.9
Ketones/alcohols 64.2

# Based on GC detectables in the humin oil, values are average
from duplicate experiments at 350 °C for 4 h.

Linear/branched
alkanes

Fig. 10. GCxGC-FID of the humin oil from PS-humins reaction with IPA and Pt/CeO, catalyst at 350 °C for 4 h (crude reaction mixture before solvent evaporation).

DBE: internal standard (IS).
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OH @)
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IPA acetone

Scheme 1. IPA dehydrogenation to acetone and hydrogen.

organic acids — possibly propionic, acetic and formic acid, were detec-
ted. These organic acids may be formed from residual sugars present in
the PS-humins (Fig. 7). A GPC chromatogram of the liquid phase after
removal of residual IPA shows the presence of substantial amounts of
low molecular weight products along with a higher molecular weight
tail (Supporting information, Fig. S8). It shows that the catalytic lique-
faction procedure indeed results in significant depolymerization of the
PS-humins structure by cleavage of inter unit bonds.

A substantial amount of gaseous products were obtained (on average
around 12.5 wt% based on feed intake), indicating that part of the sol-
vent (IPA) and the PS-humins are converted to gas components. The
composition of the gas phase was determined by GC/TCD (Table S1) and
was shown to consist of propane (41.5 mol%), carbon dioxide (20.5 mol
%), methane (12.1 mol%), and hydrogen (11 mol%). Hydrogen is likely
formed from IPA dehydrogenation (Scheme 1), a well-known reaction
catalyzed by Pt.

Wang et al. proposed a reaction network to explain the formation of
various products in the humin oil and gas phase during the catalytic
liquefaction of humins using Pt/C and IPA, see Supporting information
(Scheme S1). [32]. Although the starting material and temperature used
in this work are different, it is likely also applicable for the results
presented here.

4. Conclusions

In this work, we have prepared humins (PS-humins) from a technical
PS fraction of a commercial pyrolysis oil, characterized them in detail,
and explored the potential to convert them to low molecular weight
biobased compounds. Unlike typical sugar (glucose, fructose)-derived
humins reported in the literature, PS-humins obtained from this PS
under relatively mild conditions are soluble in common organic sol-
vents. This allows for the characterization of the materials by GPC and
NMR. All characterization data show that these humins have a relatively
low molecular weight (Mw about 900 g/mol) and consist of furanics and
sugar-like fragments. Thus, the results suggest the formation of rela-
tively uncondensed (and therefore still relatively soluble) humins that
are the result of the relatively mild conditions applied.

The PS-humins can be converted to liquid products (humin oil) using
catalytic pyrolysis and treatment with Pt/CeO, in IPA. Catalytic pyrol-
ysis using a HZSM-5 (SiO3/Al;03 = 50) catalyst at 550 °C gave an
BTXNE yield of 5.1 wt% based on PS-humins intake, which is close to
that obtained for Kraft lignin under similar conditions. Catalytic lique-
faction using IPA as solvent and hydrogen donor and Pt/CeO; catalyst at
350 °C resulted in significant depolymerization and liquefaction of the
PS-humins. Humin oil analysis using GCxGC-FID showed that low mo-
lecular weight components, particularly phenolics and aromatics (esti-
mated 24.7 % based on GC detectables in the humin oil) are present,
together with higher molecular weight fragments (observed by GPC). As
such, this study has shown that PS-humins may be (partly) depoly-
merized to liquid products, containing significant amounts of low mo-
lecular components. These findings imply that the techno-economic
viability of pyrolysis oil biorefineries can be improved by converting
humin type byproducts to high value, low molecular weight biobased
chemicals.
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