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a b s t r a c t

The objective of this research was to investigate the effects of the conditions of hot water extraction
(HWE) on abundance, properties, and structure of lignin depolymerization products. HWE of extracted
softwood (ponderosa pine) was conducted using temperatures from 140 to 320 �C for 90 min. HWE
materials were then subjected to a soxhlet extraction process using dichloromethane (DCM). The
composition and molecular weight of this DCM-soluble material was conducted using semi-quantitative
Py-GC/MS and ESI/MS, which showed that this material is rich in lignin with low molecular weight
(<1200 g mol�1) and low polydispersity (~1.4). The highest yield of this material (~4.2%) was obtained in
material processed at 260 �C. Py-GC/MS of the solid fraction after the DCM process showed a progressive
reduction of products of the pyrolysis of lignin as the HWE temperature increased. This finding suggests
that the lignin content in the solid decreased due in part to migration from the cell walls and middle
lamella to the particles surfaces, particularly the inner surface of the cells. SEM and AFM techniques
helped to visualize the ability of this DCM-soluble extract to adhere to cellulosic fibers. Therefore, this
lignin-rich material presents properties that depend on the conditions of the operation. Results indicate
that during HWE it is possible to control the process parameters to limit or increase the amount of DCM-
soluble lignin and its properties as required for downstream processes.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Effective pretreatments for fractionating wood are required in
an integrated operation to derive an array of products, including
wood composites, fuel pellets, liquid fuels, and chemicals. For fuels
and chemicals, for example, pretreatment is primarily designed to
reduce the inherent recalcitrance of wood carbohydrates to enzy-
matic hydrolysis. Since lignin negatively affects enzymatic hydro-
lysis, wood delignification operations are required [1,2]. Reducing
lignin content (close to complete elimination) may improve car-
bohydrates accessibility for enzymatic hydrolysis [2,3]. However,
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complete delignification could have an adverse effect [4,5]. Thus, it
has been suggested that changing lignin composition and structure
can be a more appropriate strategy for effective digestibility of
lignocellulosic materials [6,7]. For wood composites and fuel pel-
lets, on the other hand, the presence of lignin, especially on the
fibers surface, is beneficial for the products' properties [8e13].

Thermal pretreatment operations such as hot water extraction
(HWE) and torrefaction can partially degrade/remove hemi-
celluloses, increase the degree of crystallinity of cellulose, and
modify lignin properties [13e15]. HWE has been recognized as a
pretreatment method with potential for both biochemical and
thermochemical conversion schemes [16e18]. In HWE wood is
heated above lignin's glass transition temperature (which can vary
from ~80 to 140 �C [19e21] or above, depending, for example, on
moisture content). The process is accompanied by lignin-
carbohydrate bonds breaking and depolymerization, sometimes
followed by condensation reactions [22,23]. Lignin in a rubbery
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state and partially depolymerized can coalesce and in part migrate
(diffuse) from thewood cell wall and from themiddle lamella to the
surfaces, especially the inner cell wall surface [19], where it is
deposited forming droplets or layers of lignin-rich material
[14,24,25]. This material is in a liquid-like reactive state [26,27],
forming lignin liquid intermediates (LLI), and is constituted by
lignin fragments linked with carbohydrates [28e30]. Similar
behavior has been observed in torrefaction [31].

Blends of LLI with thermoplastics during compounding of wood
plastic composites appear to impact the rheology of processing the
composite [13]. Hardboard produced by the Masonite process
relied on plasticization of lignin that contributed to “welding”
cellulosic fibers during consolidation under pressure [8,32].
Moreover, the ability of fibers to “fuse” or weld together by lignin is
an important factor during thermo-hydro-mechanical (THM) wood
processing [33]. Therefore, the presence of lignin and its proper
distribution in the cell wall can be a positive factor during pro-
duction of wood-based composites and perhaps densified fuel
pellets. These observations suggest that controlling the amount of
lignin redistribution on particle surfaces, via thermal pretreatment
(e.g., HWE), could provide a viable strategy to modify the material
for downstream production of composite products and fuel pellets.
Hence, understanding the influence of HWE factors on composi-
tional changes to lignin in wood can be beneficial in adopting this
pretreatment technology in a wood-based composites production
plants for converting the plant into an integrated facility producing
several products.

A number of works have been conducted to understand the
mechanism(s) of lignin removal, relocation, reactions during HWE,
impacts on biofuels production [4,6,7,18,22e25,28,29,34e41], and
behavior of DCM extractable lignin during hot pressing of poplar
wood [42]. Results showed that, for example, the molecular weight
of residual lignin depends on the conditions (time, temperature, or
equipment) of the HWE process [22,40,41]. It has been suggested
that, in a related steam explosion process, manipulating the con-
ditions of the process can modify the amount and properties of
lignin [43,44]. Moreover, Sannigrahi et al. [28] mentioned that the
amount of deposited lignin droplets on fiber surfaces increases as
the severity of pretreatment progresses. These findings indicate
that the conditions of the HWE process could impact lignin removal
and properties. Similar conclusions have been drawn for other
types of thermal treatments of wood such as torrefaction [31] and
hot pressing [42].

Although previous studies report the effect of HWE on the
composition of lignin in wood [45], there is limited information on
the mechanism and quantity of the LLI deposition on the fiber
surfaces during HWE, especially the inner surface of cells. The
objective of this paper was to study the effect of the HWE condi-
tions, measured by the severity factor (R0), on the amount and
properties of removable lignin-rich material (i.e., LLI) deposited on
the wood particle surfaces after HWE. While other factors (e.g.,
amount of hemicelluloses, cell wall porosity, or cellulose degree of
crystallinity) can affect both production and properties of biofuels,
composites, and fuel pellets, this paper focuses on lignin.

2. Materials and methods

In the western US, densely stocked stands at risk for uncharac-
teristically severe wildfire are being thinned to improve forest
health and reduce fire risk. This study sampled small-diameter
(<25 cm at breast height) ponderosa pine (Pinus ponderosa Dougl.
ex Laws.) 1986 plantation that was in need of fuel reduction
treatment. The site is located in the Deschutes National Forest,
Sisters Ranger District in central Oregon (elevation 1014 m, latitude
44.392803, longitude 121.674000). Trees were cut into 1.2-m bolts,
banded and shrink wrapped in plastic for shipping to testing site.
Average small-end diameter inside bark of the bolts was 9.1 cm.
Bolts then were shipped to the testing site and chipped without
removing the bark [46]. The resulting chips used as raw material in
this study had a bark fraction of 14.0 ± 0.5%, as detailed in Ref. [11].
After drying at room conditions, the chips were ground using a Bliss
Industries hammermill and the wood flour classified using stan-
dardized sieves to obtain particles with size ranging from 0.250 to
0.833 mm (60e20 mesh sieves, respectively). The selected wood
flour was then dried (103 �C, 12 h) prior to extractives removal.
Removal of extractives was conducted in order to avoid the effect of
polyphenolic compounds and lignans present in extractives [47]
when interpreting results of the composition of lignin after the
HWE process [22]. Removal of extractives was performed following
ASTM D1107e07 [48] with ethanol:toluene (2:1 vol/vol) as solvent,
using a Soxhlet extraction apparatus.

2.1. Hot water extraction process

Dry, extractedwood flour was subjected to HWE using a 1-L Parr
4521 Bench top reactor controlled by a 4842 Parr controller and
coupled with a water circulating cooling system. Approximately
20 g of pine flour were used for each run in the Parr reactor. E-pure
water (Type I, ASTM D1193-06) was added to the container (a 1-L
glass liner, Parr) to keep a water/wood relationship of 4:1 (mass/
mass). The HWE process was conducted at different temperatures:
140, 160, 180, 200, 220, 240, 260, 280, 300, and 320 �C for 90 min,
thus allowing us to test different levels of severity factor (Ro). The
pH of the HWE extraction liquor was measured after cooling (i.e., at
room temperature) using a pH meter (Mettler Toledo SevenEasy).
In processes above 240 �C, part of the solids fused and stuck to the
glass liner wall. Scraping was necessary to completely recover the
solids. Afterward, the solid products were washed with tap water
for neutralization, oven dried (103 �C, 24 h), and the corresponding
yields of solids were recorded.

2.2. Severity factor (R0) computation

The experimental data is presented in terms of the severity
factor (Ro), determined as: R0 ¼ t exp[(TH - TR)/14.75] [3], where t is
reaction time (min), TH is the hydrolysis temperature (�C), and TR is
a reference temperature (normally 100 �C). In processes where the
pre-heating step is long in comparison with the isothermal step,
degradation of wood constituents can take place even before
reaching the setup temperature. In these situations, Borrega et al.
[34,35] suggested adding a time-temperature correction factor (tT).
For computing the tT, the Ea (activation energy) of ponderosa pine
containing bark was determined as per ASTM D1641 [49]. The Ea of
control pine was 175.2 kJ mol�1 and the Ea of HWE pine treated at
160 �C was 160.7 kJ mol�1. Thus, 160 kJ mol�1 is an acceptable
approximation of Ea in the range of temperatures tested. Lower
values of Ea only slightly increased the tT. The degradation rate was
determined as the ratio of the fraction of mass degradation (loss)
during the HWE process at a specific temperature to the isothermal
HWE time. The results of the tT were then added to the isothermal
process time (i.e., 90 min).

2.3. Isolation/concentration of lignin liquid intermediate

The dried pine flour, following HWE process at different tem-
peratures, was subsequently subjected to a process similar to that
used for extractives removal, but using dichloromethane (DCM) as
solvent as described in Ref. [31]. The intention of this step was to
isolate/concentrate and quantify the abundance of materials that
are DCM-soluble.



Fig. 1. Solids remaining after HWE at different levels of Severity Factor (R0) (see Table 1
for logR0 details). The stright line shows the tendency of the solids remainin after
HWE.
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2.4. Characterization of products

Characterization of a) the control material (not subjected to
HWE), b) HWE pine (at varying conditions), c) HWE solids after the
DCM process, and d) DCM-soluble material isolated from HWE
wood, was conducted following some of the procedures described
in Ref. [31]. The next sections summarize these methods and
additional procedures used.

2.4.1. Solids characterization
The characterization of the solids was carried out using pyrolysis

gas chromatography/mass spectrometry (Py-GC/MS), and
elemental analysis (carbon, hydrogen, nitrogen, sulfureCHNS). Py-
GC/MS tests were performed following the procedure described
elsewhere [31]. Py-GC/MS for each sample was conducted in trip-
licate using a CDS pyroprobe 5000 series (CDS Analytical, Inc.)
connected to a GC/MS system (6890N Network GC System with a
5975B inert XLMSD, fromAgilent Technologies). The GC/MS system
was equipped with an HP-5MS capillary column (30 m long x
0.25 mm diameter, nominal film thickness of 0.25 mm, from Agilent
Technologies). For the tests, the CDS interface was set at 250 �C to
avoid condensation of vapors [30]. Before each pyrolysis test the
materials were weighed using a TGA balance (TGA/SDTA851e,
Mettler Toledo) to obtain semi-quantitative results. The amount of
material in each pyrolysis tests was 500e800 mg. The pyrolysis
process started with inserting the sample probe in the oven of the
DCS pyroprobe; after 0.2min the temperature in the filament probe
was increased to 500 �C (at a heating rate of 1073 K s�1). This
temperature was maintained for 1 min for pyrolysis. The GC inlet
temperature was set at 250 �C. The temperature profile was set to
maintain the initial temperature at 40 �C for 1 min, followed by a
heating period at 279 Kmin�1 till 280 �C. The GCwasmaintained at
the final temperature for 15 min. Helium was used as carrier gas
(1 cm3 min�1) in split mode (50:1) at a total flow of 54 cm3 min�1.
Identification of the compounds resulting from the pyrolysis was
performed considering retention time, mass spectra, and compar-
ison with database of the NIST/EPA/NIH Mass Spectral Library V.
2.0d (Fair Com Corp). Results were normalized by dividing the area
of each representative peak (i.e., those with higher intensity) by the
mass of the corresponding specimen [31].

Ash content in the initial and in the HWE materials was quan-
tified following ASTM D1102e84 [50]. Elemental composition
(CHN) was determined using a LECO® TruSpec CHN instrument
[31]. For sulfur (S) analysis, a LECO® 628S S module was used.
Approximately 0.1 g of dried material was fed into the 628S module
after preparation following the procedure outlined in the Organic
Application Note for Sulfur in Biomass and Biofuel (www.leco.com)
and using LECO 528-203 crucibles. Results of ash content were used
to calculate the oxygen content.

2.4.2. Characterization of DCM-soluble material
The DCM-soluble material was characterized for determining its

composition, molecular weight, and behavior under heating con-
ditions, using Py-GC/MS, electrospray ionization mass spectrom-
etry (ESI-MS), and thermogravimetric analysis (TGA), respectively.
Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were also used to understand the ability of removed lignin-
rich material (i.e., DCM-soluble material) to interact with cellulosic
fibers. For Py-GC/MS, a process similar to that described previously
for solids characterization was used, but the sticky nature of the
samples forced us to use larger samples (0.6e0.8 mg, weighed
using the TGA/SDTA 851e Mettler Toledo equipment).

2.4.2.1. ESI-MS and TGA. ESI-MS tests were carried out using an
LCQ-Deca (Thermo Finnigan) instrument following the procedure
decribed elsewhere [31]. TGA of DCM-soluble material was con-
ducted to determine if there are differences in thermal stability and
any pattern to thermal degradation of these materials. Due to
limitations inmaterial availability, onlymaterial isolated fromHWE
at 240, 260, 280, and 300 �C were evaluated. TGA (ASTM E1131-08)
was performed in a TGA instrument (TA SDT Q600) under N2 at-
mosphere (flow rate of 100 cm3min�1) in the range of 35e500 �C at
a heating rate of 283 K min�1. Approximately 7 mg of sample was
used for each test.
2.4.2.2. AFM and SEM. A small amount of DCM-soluble material
isolated from HWE wood at two conditions, 200 and 220 �C, was
blended with DCM and agitated, then drops of the solution
(0.2 cm3) were deposited on the surface of bond paper (X-9 Boise
®). The paper containing the solutionwas dried under fume hood at
room temperature (for less than 30 min, which was sufficient for
complete evaporation of DCM) and a small piece (~6 � 6 mm) used
for AFM analysis. A MultiMode™ Atomic Force Microscope (Veeco)
controlled by a PicoForce™ Force Spectroscopy Control Module
(Veeco) and Nanoscope V613r1 software were employed for the
test. The samples were measured in tapping mode using a silicon
probe force modulation cantilever (Veeco) hold in a multimode
force modulation probe holder. First, images of 5 � 5 mm were
recorded for obtaining an overview of the morphology of fibers
covered by lignin. Then detailed images were acquired using a
2.5 � 2.5 mm sections at a scan rate of ~1 Hz. Image analysis was
performed on the AFM scans (as captured) using the SPIP image
analysis software (Image Metrology, version 6.1.1). No further im-
age processing was performed. For SEM, a similar procedure was
followed for sample preparation, using the DCM-soluble material
removed from wood treated at 220, 240,260, 280, and 300 �C. An
FEI Quanta 200F SEM was employed after gold sputtering of sur-
faces. For the test, the voltage was set to 20 kV.
3. Results and discussion

3.1. Influence of processing parameters on wood degradation

The extractives content of ponderosa pine (with bark) was
6.07 ± 0.22%. HWE of extracted ponderosa pine (i.e., pine subjected
to ethanol/toluene extraction) at different temperatures resulted in
wood degradation that varied from 18% to 50% (Fig. 1). The

http://www.leco.com


Table 2
Results of the elemental composition analysis. Ash fraction (third column) was used
for elemental composition computations.

Material Log(R0) Ash (%) C (%)a H (%)a N (%)a O (%)a

Control e 0.48 50.80 6.59 0.19 42.42
140 �Cb 3.1443 0.40 50.53 5.94 0.22 43.32
160 �C 3.7342 0.21 52.19 5.90 0.22 41.69
180 �C 4.3242 0.13 53.06 5.83 0.20 40.92
200 �C 4.9143 0.25 55.38 5.71 0.18 38.73
220 �C 5.5044 0.39 57.72 5.52 0.17 36.58
240 �C 6.0945 0.44 62.10 5.37 0.19 32.35
260 �C 6.6848 0.46 70.58 5.00 0.15 24.28
280 �C 7.2750 0.47 71.57 4.97 0.22 23.24
300 �C 7.8653 0.49 72.35 4.85 0.24 22.56
320 �C 8.4557 0.53 74.15 4.46 0.22 21.17

a Mass fractions on a moisture free basis. S content was neglibible.
b Referes to the HWE temperature.

Fig. 2. Van Krevelen's diagram showing the variation of O/C and H/C as the severity of
HWE changes.
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percentage of the remaining solid after HWE is presented in Fig. 1,
showing a negative linear relationship with increasing combined
severity factor. The parameters used for computing log(R0) are
presented in Table 1. The time-temperature correction factor
resulting from the pre-heating step varied from 2.5 min at 140 �C to
5min at 320 �C and the pH varied from 3.4 to 3.0, respectively. As in
torrefaction [31], an increase in color intensity was observed in
HWE wood as the temperature of the process increased.

3.2. Properties of HWE material

3.2.1. Elemental composition of HWE material
The ash content and the elemental composition of the hot water

extracted material changes with the pyrolysis conditions, as shown
in Table 2. The ash content of the initial (control) material was
0.48%, which is close to previous results using the same material
(i.e., 0.58 ± 0.07%) [11]. The relative ash content in HWE wood
(Table 2) decreased slightly at temperatures up to ~220 �C. Under
the conditions of our experiment, minimum percentages of ash
content occur at approximately 180 �C and 90 min, which is in
agreement with previous findings using pine wood chips (same
material) instead of wood flour [11]. This result suggests that
apparently the particle size has no effect on the yields of ash
removal in HWE wood. Results of the elemental composition
analysis (CHNS) of the control and materials after HWE at different
conditions are also presented in Table 2. The sulfur content, as
expected, was negligible (i.e., below detection limits). The per-
centage of C content in thematerial increased as the temperature of
the HWE process increased. The H content slightly decreased and
the N content remained approximately equal in the range of tem-
peratures tested. The O content, as expected, decreased as the R0
increased. Similar tendencies were observed during torrefaction of
the same material at different temperatures [31]. A Van Kravelen
diagram [51] was plotted using the elemental composition results.
The diagram (Fig. 2) suggests that, as in torrefaction [31], dehy-
dration is one of the main reactions occurring during HWE, con-
firming previous findings [52].

3.2.2. Abundance of constituents in HWE wood
Typical normalized Py-GC/MS chromatograms of HWE wood at

different conditions are presented in Fig. 3 and identification of
labeled peaks is shown in Table 3. Py-GC/MS intended to investigate
the trends of the abundance of the main wood constituents as the
HWE severity increases. Since no pyrolysis products were detected
after 24 min of retention time (i.e., the curve was almost flat), Fig. 3
shows the chromatogram until retention time of 24 min only. The
Py-GC/MS chromatograms indicate that the intensity of peaks
change with the severity of HWE. For example, the intensity of the
peak corresponding to acetic acid (peak 3) decreases as the HWE
Table 1
Conditions of the HWE process in terms of severity factor (R0).

Set temperature (�C)a Isothermal time (min) Heating

140 90 40
160 90 46
180 90 52
200 90 59
220 90 64
240 90 70
260 90 76
280 90 82
300 90 89
320 90 94

a The actual temperature was not stable due to difficulty in stabilizing and controllin
140 ± 2 �C, 160 ± 3 �C, 180 ± 3 �C, 200 ± 4 �C, 220 ± 4 �C, 240 ± 5 �C, 260 ± 5 �C, 280 ±
severity increases. No acetic acid is apparently present in material
after HWE at 180 �C and above. Levoglucosan (peak 22) abundance
remains approximately constant in materials treated at up to
200 �C, after which its abundance seems to decrease. The abun-
dance of phenols also appears to decrease but the actual trend is
more difficult to ascertain. Thus, a graph of the tendency of the
main pyrolysis products was prepared (Fig. 4). These results allow
us to confirm the tendency of pyrolysis products, including phenols
(derived from lignin pyrolysis [53]), to decrease as the severity of
the HWE increases.

In order to indirectly quantify the presence of the main wood
time (min) Corrected time (min) Log(R0) (min)

92.6 3.1443
92.8 3.7342
93.1 4.3242
93.3 4.9143
93.6 5.5044
93.8 6.0945
94.1 6.6848
94.43 7.2750
94.8 7.8653
95.1 8.4557

g the set temperature in the Parr reactor. The temperatures ranged in the intervals
5 �C, 300 ± 5 �C, and 320 ± 5 �C.



Fig. 3. Typical normalized chromatograms of HWE wood at different conditions (list of the related compunds is shown in Table 3) (normalization consisted on dividing peak area by
the mass of the corresponding test sample).
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constituents in the solid after HWE, the sum of the normalized
areas of three main pyrolysis products (acetic acid, levoglucosan,
and phenols) of each chromatogram were plotted (Fig. 5). It is
confirmed that the abundance of acetic acid, which results from the
deacetylation of hemicelluloses, decreases as the severity of HWE
increases and that this compound is not detected in material
treated at 180 �C (logR0 ¼ 4.3242) or higher. This result indicates
that at these conditions most hemicelluloses were removed from
wood. The amount of levoglucosan, typically derived from pyrolysis
of cellulose, also decreases as the conditions of the process become
more severe. No levoglucosan is seen at or above 260 �C
(logR0 ¼ 6.6848). However, the presence of CO2 in material treated
at 320 �C suggests that some cellulose (which can degrade into
CO2), probably linked to lignin forming lignin carbohydrates com-
plexes, is still present. Fig. 5 also suggests that the abundance of
products of the pyrolysis of lignin (phenols) decreases as the pre-
treatment severity increases and that phenols are present even at
high HWE temperatures. Although Py-GC/MS cannot accurately
predict the abundance of the total lignin in the tested materials (in
part because lignin pyrolysis can also produce CO2 and because not
all lignin pyrolysis products are detected with the equipment), Py-
GC/MS helps to obtain a tendency of the presence of lignin in
biomass as shown in previous works [54e57]. It is important to
note, however, that the results show products of degradation of
lignin independent of its location in the cell wall (i.e., it is not
possible to detect if that lignin was inside the cell wall or on the
surface of particles after migration during HWE).
3.3. Results of the characterization of the DCM-soluble material

3.3.1. Yields of DCM-soluble material
The DCM-soluble material showed an oily-like/gel-like

morphology. This oily-like morphology of lignin-rich materials
has been reported in previous works. For example, Tanahashi [58]
mentioned the presence of a “lignin-like oily substance released
from fibers” subjected to steam explosion. This type of morphology
was also cited in Rezanowich and Goring [59], who studied the
expansion of lignin sulfonate using a spherical microgel model;
Goring [60], who mentioned that soluble lignins are spherical in
shape; and Haas et al. [26], who used microscopy imaging for
studying real time and post-reaction structure of biomass under-
going pyrolysis. The yield of this DCM-soluble oily-like substance,
multiplied by the percentage of remaining solid after the HWE
process (as seen in Fig. 1), are presented in Fig. 6. The differences in



Table 3
Identification of the main compounds found in the Py-GC/MS spectra of the pyrolysis of HWE wood (RTeretention time; m/zemass/charge).

Peak# RT m/z Compound Name

1 1.64 44 CO2 Carbon Dioxide
2 1.80 43 C5H8O2 1-Propen-2-ol, acetate
3 2.38 43 C2H4O2 Acetic acid
4 2.78 43 C3H6O2 2-Propanone, 1-hydroxy-
5 3.99 43 C6H10O3 2-Butanone, 1-(acetyloxy)-
6 4.43 43 C4H6O3 Propanoic acid, 2-oxo-, methyl ester
7 5.14 96 C5H4O2 Furfural
8 7.46 98 C5H6O2 1,2-Cyclopentanedione
9 9.13 114 C8H17NO Oxazolidine, 2,2-diethyl-3-methyl-
10 9.97 112 C6H8O2 2-Cyclopenten-1-one, 2-hydroxy-3-methyl-
11 11.32 109 C7H8O2 Phenol, 2-methoxy-
12 13.79 123 C8H10O2 Phenol, 2-methoxy-4-methyl-
13 15.80 137 C9H12O2 Phenol, 4-ethyl-2-methoxy-
14 16.62 135 C9H10O2 2-Methoxy-4-vinylphenol
15 17.57 164 C10H12O2 Eugenol
16 17.75 137 C10H14O2 Phenol, 2-methoxy-4-propyl-
17 18.65 151 C8H8O3 Vanillin
18 19.55 164 C10H12O2 Phenol, 2-methoxy-4-(1-propenyl)-
19 19.88 137 C10H14O2 Phenol, 2-methoxy-4-propyl-
20 20.47 151 C9H10O3 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)-
21 21.33 137 C10H12O3 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)-
22 22.61 60 C6H10O5 Levoglucosan
e 29.01 43 C16H32O2 n-Hexadecanoic acid
e 31.86 55 C18H34O2 Oleic acid
e 32.18 43 C18H36O2 Octadecanoic acid
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yields of DCM-soluble material between the control and materials
treated at 140 and 320 �C were negligible. The yields of DCM-
soluble products isolated from materials treated at 160 and
180 �C were very low, impeding for recovery in amounts that allow
further analyses.

In a previous work [31], it was found that torrefaction of similar
material also promotes the presence of a comparable DCM-soluble
material on particles. However, the maximum yield of this sub-
stance in the HWE process (4.24 ± 0.17% at ~280 �C) is higher than
the maximum yield observed in torrefied wood (~2.5% at ~300 �C).
Fig. 4. Tendency of the abundance pyrolysis produ
These results suggest that the presence of water could play an
important role on the yields of removable DCM-soluble substance.
At temperatures usually used for HWE, wood is subjected to hy-
drolysis reactions in the presence of hydronium ions generated by
water autoionization, which act as catalysts [61], thus degrading
wood to a greater extent than in the presence of nitrogen (in tor-
refaction) and possibly allowing lignin to migrate from the cell
walls and middle lamella more easily. Results additionally suggest
that it is possible to control the conditions of the HWE process to
limit or increase the availability of DCM-soluble material. Thus, the
cts of wood after HWE at different conditions.



Fig. 5. Tendency of the abundance of the sum of products of the pyrolysis of HWE
wood. The straight lines show the tendency of the abundance of products as the
severity of HWE changes.
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abundance of removable DCM-soluble material depends on the
process conditions, as previously found in steam explosion process
[44].

3.3.2. Composition of the DCM-soluble extract
Typical Py-GC/MS normalized chromatograms of the DCM-

soluble material are presented in Fig. 7 and a list of the identified
compounds is presented in Table 4. Py-GC/MS was performed to
confirm that this DCM-soluble material was rich in lignin. Fig. 7
shows peaks of pyrolysis products up to retention time of 26 min
as no pyrolysis products of interest were identified after this
retention time, except those shown in Table 4 (mostly fatty acids).
All samples (i.e., DCM-soluble material isolated from pine treated at
different temperatures) present a common feature, which is the
presence of peaks of phenols, with varying intensity. Since phenols
are produced from the pyrolysis of lignin [53], these chromato-
grams indicate that the isolated DCM-soluble material is in fact
lignin-rich. Comparison of the abundance of the main pyrolysis
products (after normalization) (Fig. 8) in this lignin-rich material
shows a peculiar tendency in the majority of phenols: the abun-
dance increases up to certain temperature (around 240e260 �C)
and decreases above this temperature (see blue arrows). Summing
Fig. 6. Yields of DCM-soluble mass fraction (in dry feedstock basis).
the area of all phenols at a specific temperature and then multi-
plying the sum by the yield of DCM-soluble material at the corre-
sponding temperature, provides a pattern of the abundance of
DCM-soluble lignin-rich material, and illustrated in Fig. 9.

An additional approach to confirm the nature of the DCM-
soluble material was by comparing the abundance of phenols in
the solid materials before and after the DCM process. Results
(Fig. 10) show that, in general, the abundance of phenols in the
pyrolysis products of materials pretreated at 220e280 �C, as ex-
pected, decreased after the DCM process.

3.3.3. Molecular weight of the DCM-soluble lignin
ESI-MS results showing both the number average molecular

weight (Mn) and the weight average molecular weight (Mw) of
DCM-soluble lignin-rich material isolated from HWE wood at
different severity conditions are presented in Fig. 11.Mn andMw are
less than ~900 and 1200 g mol�1, respectively, in all cases. These
values show a decreasing tendency of molecular weight as the
severity of the treatment increases. However, it appears that after a
certain pretreatment condition (in our case in HWE at and above
260 �C) lignin is not able to continue depolymerizing and its mo-
lecular weight reaches a plateau. This result is in agreement with
previous findings showing that, in the Alcell® process, the molec-
ular weight of removable lignin decreased to a limiting size [62]. It
is interesting to note that approximately similar values of molecular
weight were observed in lignin-rich material removed from wood
torrefied at temperatures ranging from 275 to 325 �C [31]. In
addition, the molecular weight and polydispersity (PD ¼Mw/Mn) of
lignin removed from HWE at 180 �C are similar to those of lignin
removed from wood torrefied at 275 �C. Moreover, the PD is fairly
constant throughout the entire range of HWE conditions tested and
had a value less than 1.5 (Fig. 11), showing a relatively narrow
dispersion of molecular weight.

Comparison of results with values reported in literature is
difficult due to differences in lignin type, experimental conditions
and techniques, and/or raw material. However, results in this work
can be compared with HWE cellulolytic enzyme lignin (CEL), lignin
isolated with solvents from steam-exploded wood, and organosolv
lignin. The values of molecular weight of HWE CEL are slightly
higher (i.e., Mn ¼ 1500e3000 g mol�1,Mw ¼ 3200e13500 g mol�1)
[40,41]. Organosolv lignin obtained from wood (i.e.,
Mn ¼ 4690 g mol�1, Mw ¼ 7060 g mol�1) [63] showed molecular
weight values higher that those obtained in this work. However,
the technique used by the author was different (gel permeation
chromatography), thus making difficult comparison of results.
Findings in this work and those in previous research [22,40,41]
suggest that the more severe the pretreatment, the lower the
values of Mw of extractable soluble lignin. However, Hergert et al.
[62] showed that in the Alcell® process, extending the cooking time
does not further reduce molecular weight of lignin, but tempera-
ture increase and wood species do impact molecular weight. The
reduction of ligninmolecular weight can result from the cleavage of
some inter-unit bonds, mainly b-O-4 ether bonds [43,62e65],
which are the most abundant type of linkages in lignin [66e69].
Since values of PD approaching two are associated with reduction
of molecular weight by random scission [19], results suggest a
random cleavage of lignin molecules during depolymerization.
PD > 1 is characteristic of branched polymers [19], which is the case
with lignin.

3.3.4. AFM and SEM results
AFM has been used to visualize cellulosic fibers after lignin

precipitation [70e72] or enzymatic digestion [73]. In this work,
AFM was used for investigating how lignin-rich material (isolated
with DCM) interacts with cellulosic fibers. The morphology of



Fig. 7. Typical Py-GC/MS chromatograms of DCM-soluble lignin (blue arrows are used to identify some peaks).
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lignin-rich material deposited on the surface of bond paper is
observed in Fig. 12. Only results of material removed from HWE at
200 �C are shown because a similar morphology was visible in
materials isolated from HWE wood at the other HWE conditions.
Both AFM and SEM micrographs suggest that this lignin-rich ma-
terial tends to adhere to the surface of the cellulosic fibers in the
bond paper and form agglomerates of different shapes and sizes,
with preference to form granular blobs (with prevalence of semi-
spherical shape) (Fig. 12 c, d, e, f). Lignin's tendency to adhere
and agglomerate on cellulosic fibers has been mentioned previ-
ously [70], which may result from the opposite charges between
the surface and the lignin droplets [19,59,70]. Spherical shape has
been previously observed in various types of lignin (e.g. sodium
lignosulphonate, alkali lignin, dioxane lignin) and identified as a
natural form of lignin agglomeration [59,60,74]. Tendency of lignin
molecules (i.e., oligomers) to agglomerate and form globules has
also been hypothesized as a step in the formation of pyrolytic lignin
[75]. Thus, it appears that the DCM-soluble lignin-rich material
Table 4
Main compounds identified in the Py-GC/MS chromatogram of Fig. 8, corresponding to t

Peak# RT m/z Com

1 1.57 44 CO2

2 11.26 109 C7H
3 13.79 123 C8H
4 15.80 137 C9H
5 16.65 135 C9H
6 18.63 151 C20H
7 19.55 164 C10H
8 20.40 151 C9H
9 21.32 137 C10H
10 22.43 151 C9H
11 23.75 137 C9H
12 25.23 178 C10H
shows a similar preference to form droplets and/or agglomerates of
droplets. Moreover, this material is able to adhere to cellulosic fi-
bers, explaining in part the adhesion of lignocellulosic fibers during
consolidation of wood composites.

3.3.5. Thermogravimetric characteristics of the DCM-soluble
material

Results of the thermogravimetry studies of the DCM-soluble
lignin (isolated from HWE wood at temperatures from 240 to
300 �C) are presented in Fig. 13. Increasing the severity of the HWE
process produces an extractable ligninwith progressive decrease of
thermal stability (Fig. 13a, see arrow). Lignin removed via HWE at
both 240 and 260 �C (herein referred to as group A) behave in a
similar fashion, while lignin removed via HWE at 280 and 300 �C
(group B) begin degrading at a lower temperature. The DTG curves
(Fig. 13b), on the other hand, show that the maximum rate of
degradation occurs at approximately 210 �C and 230 �C, for groups
A and B, respectively. A small peak visible at ~100 �C could result
he pyrolysis of DCM-soluble material (RTeretention time).

pound Name

Carbon Dioxide
8O2 Phenol, 2-methoxy-
10O Phenol, 2-methoxy-4-methyl-
12O2 Phenol, 4-ethyl-2-methoxy-
10O2 2-Methoxy-4-vinylphenol
28O13 Vanillin
12O2 Phenol, 2-methoxy-4-(1-propenyl)-, (E)-

10O3 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)-
12O3 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)-

11NO3 a-Amino-3'-hydroxy-4'-methoxyacetophenone
10O4 Acetic acid, (4-hydroxy-3-methoxyphenyl)-
10O3 .(2E)-3-(4-Hydroxy-2-methoxyphenyl)-2-propenal#



Fig. 8. Trend of the abundance (peak area divided by mass pyrolyzed) of pyrolysis products of the DCM-soluble material isolated from HWE pine at different temperatures. The blue
arrows show the tendency of the abundance.

Fig. 10. Comparison of the abundance of phenols derived from the pyrolysis of the
solid fraction before and after the DCM process. The numbers on the x-axis correspond
to the temperature at which HWE was conducted.
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from the evaporation of moisture and probably some solvent pre-
sent in the samples. A secondary peak is observed in the range
320e380 �C, which could be related with the presence of fractions
of higher molecular weight compounds.

The reduction of the thermal stability of isolated lignin-rich
material as the severity of the HWE process increases is appar-
ently correlated with its molecular weight, as previously reported
by Yoshida et al. [76] and Sun et al. [77]. In most polymers there is a
direct relationship between molecular weight and glass transition
temperature (Tg) [78], which has been verified in the case of lignin
[19,79e81].

TGA results also show that the remaining mass (non-volatile
residue) after the TGA process decreases as the HWE process
temperature increases (Fig. 13a). Specifically, at the end of the TGA
process (at 500 �C), the residual mass varies from 34% (for lignin
isolated from HWE wood at 240 �C) to 19% (for lignin isolated from
HWE wood at 300 �C). This result is expetected as the molecular
weight of lignin decreased with increasing HWE temperature. Vi-
sual inspection of the residual material showed it to be a char-like
material firmly adhered to the wall of the crucible used for TGA.
Fig. 9. Abundance of phenolic products of the pyrolysis of the DCM-soluble lignin
isolated from HWE wood at different HWE conditions.

Fig. 11. Molecular weight and polydispersity (PD) of DCM-soluble lignin removed from
HWE wood at different temperatures.



Fig. 12. 2-Dimensional AFM amplitude (a) and 3-Dimensional AFM height (b) pictures showing bond paper with some sporadic agglomerates of lignin-rich material; 3D AFM height
pictures (c and d) of cellulosic fibers covered by abundant lignin aggregates (at two levels of magnification). Similar results (see arrows) were obtained by SEM analysis (e, f) (at two
levels of magnification).
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This char-like morphology is expected from lignin degradation via
pyrolysis or hydrothermal processes [38,82e84]. In general, the
findings of this research suggest that it is possible to control the
Fig. 13. TGA and DTG curves of DCM-solu
temperature of the HWE process to alter the composition, struc-
ture, and abundance of LLI that can further be isolated from HWE
wood using polar solvents such as DCM.
ble lignin removed from HWE pine.
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4. Conclusion

HWE at varying conditions was conducted using ponderosa pine
to study the behavior of lignin. This work found that the conditions
of the thermal operations play an important role on the abundance,
structure, and thermal stability of lignin-rich material that can be
isolated from wood particles after HWE. Characterization of both
the solid material after the DCM process and the lignin-rich ma-
terial isolated with DCM suggest that during HWE lignin can
migrate from the cell walls to the surface of fiber where it is
deposited in part. This lignin-rich material presents properties that
depend on the conditions of the operation. Since lignin on the
surface of particles can play an important role in downstream
processes, controlling its abundance to some extent could benefit
wood-derived products properties.
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