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Abstract: The effect of hot water on aspen chips has been
evaluated using time-domain low-field nuclear magnetic
resonance (NMR) spectroscopy. At moisture contents
above fiber saturation point, treated chips exhibit relaxa-
tion times of free water longer than for the control. This
is consistent with the removal of hemicelluloses given
the hydrophilicity of these polysaccharides. The rate of
decrease in free water upon drying is greater for the pre-
treated samples. These results indicate that hot water
treatment modifies both the chemical and physical prop-
erties of the chips and may therefore impact product man-
ufacture and performance.
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Introduction

The extraction of hemicelluloses before a principal pro-
cessing step has been proposed for various applications in
recent years mainly in context of the biorefinery concept
(Paredes et al. 2008; Horhammer et al. 2011; Hosseinaei
et al. 2011; Houtman and Horn 2011; Schiitt et al. 2011;
Testova et al. 2011) and the effect of such treatments on
material properties of the wood has been reported (Paredes
et al. 2009; McConnell and Shi 2011). Of late, the rationale
for such work is that the sugars derived can be readily hyd-
rolyzed for fermentation to ethanol, providing an additional
revenue stream for a manufacturing facility. The focus
of the present article is concerned with the quantity and
quality of bound and free water (water population) in hot
water-treated wood as a function of treatment parameters.

Working with aspen, spruce, and pine, Houtman
and Horn (2011) report that pretreament with oxalic acid

reduces the energy required for the production of thermo-
mechanical pulp, with the removal 1-3% of the polysac-
charides, the main constituent of which was arabinose. In
the referenced study, a removal of large amounts of xylose
by water treatment of aspen resulted in considerably
larger mass losses compared with oxalic acid treatment.
In another work on oxalic acid pretreatment, Li et al.
(2011) found that loblolly pine chips needed less energy
for refining and the medium density fiberboard prepared
had increased dimensional stability but decreased inter-
nal bond strength.

In a work on oriented strand board (OSB) (Paredes
et al. 2008), maple furnish was treated with water at 160°C
at 620 kPa for 45 and 90 min. During the extraction, the
strands lost 16-17% of their weight, and the moisture
content (MC) (after conditioning to equilibrium moisture
content at 21°C and 65% relative humidity) of the result-
ant panels was markedly lower than that of commercial
controls. As might be expected, the longer treatment
time resulted in generally poorer mechanical and physi-
cal properties. Paredes et al. (2009) investigated similarly
treated strands and evaluated the fundamental properties
of the material. Microscopic observations revealed the
presence of surface deposits, which were subsequently
removed by acetone extraction. Porosity increased with
treatment severity as did cellulose crystallinity. Contact
angles for various liquids were generally very low for the
treated strands, indicating increased permeability, which
may result in overpenetration of resin in OSB applications.
Finally, it was found by inverse gas chromatography that
both dispersive surface energy and acid-base characteris-
tics are elevated with increasing treatment severity.

Related research has examined pine strands treated
in water at temperatures from 140°C to 170°C for reac-
tion times of 30 and 60 min (Hosseinaei et al. 2011). The
mass loss ranged from 6.4% to 24.6%, with concomitant
increases in sugar concentration and degradation prod-
ucts in the hydrolysate. As in the work by Paredes et al.
(2008), microscopy revealed spherical deposits on the
wood surfaces, which are proposed to be made up of
lignin that softened and flowed with treatment. Infrared
spectroscopy showed an increase of carbonyl oxygen,
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although acetyl groups are removed from the hemicellu-
loses by the pretreatment. This finding is interpreted as
the incorporation of such groups into lignin. In contrast to
the work on maple strands, the contact angle for water in
this work increased after treatment, indicating an increase
in the hydrophobicity of the surface, which resulted from
the removal of hemicelluloses. Lastly, both the elastic
modulus and the hardness values, as determined by
nanoindentation, decreased with treatment severity.

The foregoing literature illustrates that hot water
extraction can have a distinct effect on the material
properties of wood and therefore products made of it.
Although hemicellulose extraction may be advantageous
from a bioenergy standpoint, the level of removal must be
balanced to avoid degrading the properties of the principal
products, and as such, the process needs to be understood.

Nuclear magnetic resonance (NMR) methods are well
suited for studying the wood/water relation beginning
with simple water content determination (Merela et al.
2009) ending up with multinuclear magnetic resonance
imaging of bound water concentration (Dvinskikh et al.
2011). However, in the present article, the low-field time-
domain NMR spectroscopy will be in focus. This method
is not appropriate for frequency domain experiments but
permits the study of relaxation time behavior of various
nuclei including 'H. In wood, the protons associated
with the structural polymers of the cell wall relax very
rapidly and are not detected due to the dead time of the
receiver in the instrument, whereas the protons in water
exhibiting much longer relaxation times can be readily
observed. Furthermore, the relaxation times of the water
protons vary with the physical and chemical environment
and can therefore be indicative of changes in structure
and composition of wood. Depending on the experiment,
spin-lattice (T,) or spin-spin (T,) relaxation times can be
determined, the latter of which have been mainly applied
to the study of water in wood. In addition, the magnetiza-
tion decay curve can be subjected to an inverse Laplace
transform, providing continuous distributions of relaxa-
tion times.
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Theearlierliterature on the application of time-domain
NMR to softwoods has been summarized by Thygesen and
Elder (2008), in which the assignments of relaxation times
to bound water and free water are described. The impact
of modification on relaxation time has been reported for
polymer-impregnated wood (Thygesen and Elder 2008,
2009; Thygesen et al. 2010), thermally degraded or treated
material (Hietala et al. 2002; Elder et al. 2006; Kekkonen
et al. 2010), biologically degraded wood (Todoruk et al.
2011), and enzymatically hydrolyzed cellulose (Felby et al.
2008).

In the present work, the distribution of T, relaxation
times will be determined as a function of pretreatment
conditions with hot water, as the samples dry from a satu-
rated state to MCs below the fiber saturation point (FSP).
These data will be compared with chemical analyses to
evaluate changes in the interaction between water and the
pretreated material.

Materials and methods

Aspen (Populus tremuloides Michx.) wood was treated at the For-
est Products Laboratory in Madison, WI, USA, in a PREX (Sunds
Defibrator, Metso, Helsinki, Finland) pilot-scale system, at a feed
rate of 1.2 kg (od) min’. The system was modified with a second
plug-screw feeder on the discharge of the pressure vessel, allow-
ing liquid to be expressed as the chips exit the reactor, provid-
ing chips at 65% solids. The resultant pulps were subjected to
one stage of pressurized refining at 206 kPa, followed by one or
two stages of atmospheric refining, to give a target freeness of 150
ml CSF kg (Houtman and Horn 2011). In addition to an untreated
control, the chips were subjected to hot water extractions under
conditions of 207 kPa/135°C, 276 kPa/142°C, and 379 kPa/151°C for
120 min, corresponding to severity factors (SFs) of 3.11, 3.31, and
3.58, respectively (Table 1). The SFs were calculated as in Paredes

et al. (2008):
t Tr-Th
SF=lo [S dt
g(L Xpl: 14.75 j| ]

where Tr is the reaction temperature (in °C), Tb is the base tempera-
ture (in °C), and 14.75 is the energy of activation (in kJ kg' mol*). The

Concentration of monomeric sugars (g 'Y)

Severity Mass
Treatment factor removal (%) Ara Gal Glc Xyl Man
207 kPa/135°C 3.11 8.9 2.35 1.10 2.18 9.52 2.46
276 kPa/142°C 3.31 18 3.02 2.15 2.55 25.03 3.34
379 kPa/151°C 3.58 35 2.89 2.34 2.71 51.08 3.45

Table1 Hot water extraction of three aspen samples: treatment parameters and monosaccharide concentration in the

acid hydrolysates of the treated samples (Houtman and Horn 2011).
Ara, arabinan; Gal, galactan; Glc, glucan; Xyl, xylan; Man, mannan.
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mass loss percentage (ML%) was estimated by determining the total
volume of extract removed and measuring the carbohydrate content,
based on the od weight of the wood. The sugar content of extract so-
lutions (in g 1), after filtering and acid hydrolysis, was determined by
HPLC with pulsed amperometric detection (Davis 1998). The chemi-
cal composition of the raw material was 45.6% glucan, 16.3% xylan,
1.41% mannan, 0.35% arabinan, and 0.46% galactan (Zhu et al. 2011).

For the NMR experiments, the chips were saturated under vac-
uum with deionized water for 2 h, after which they were blotted dry
to remove excess water and placed in 18-mm NMR tubes. An initial
experiment was done in the saturated condition, after which the
samples were dried at 40°C for 2 h, with weight loss and NMR deter-
minations performed every 15 min.

The NMR instrument was a Bruker mq20-Minispec analyzer,
with a 0.7-T permanent magnet for a 20-MHz proton resonance fre-
quency, operating at 40°C. The T, (spin-spin) relaxation times were
determined with the Carr-Purcell-Meiboom-Gill (Carr and Purcell
1954; Meiboom and Gill 1958) pulse sequence, with pulse separation
of 0.5 ms, 1000 echoes collected, and 32 scans with a 5-s recycle delay.
The electronic gain of the instrument was held constant for all deter-
minations of a given sample. The relaxation time distributions were
calculated from the decay curves with CONTIN (Provencher 1982).

Results and discussion

Table 1 shows the results the ML% and the carbohydrate
composition of the solubilized material for each treat-
ment. In general, the ML% and sugar levels in the hydro-
lysate increase with severity. Expectedly, xylose shows the
strongest response because of the prevalence of xylans in
hardwoods.

Figure 1 shows the MC% (dry basis) taken at each
of the 15-min intervals during drying. At saturation, the
untreated control has an MC% content of 143%, whereas
the treated samples all have initial MC% of ca. 100%,
which is consistent with the chemical results indicating
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Figure1 MC% as a function of drying time for three aspen samples
treated with hot water. The numbers 3.11, 3.31, and 3.58 are the SFs
of treatments (Table 1).
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the selective removal of the hygroscopic hemicelluloses.
Furthermore, while at saturation the MC of the sample
treated at SF 3.58 is similar to the other treatments, the
rate of its drying is more rapid.

Figure 2 is a compilation of the T, relaxation time
distributions [intensity vs. time (in ms)], for each sample
at 15-min drying intervals with the corresponding MC%.
In the control (Figure 2a), several peaks are visible with
varying levels of resolution and amplitude, which is con-
sistent with other results obtained for hardwoods (Elder
et al. 2006). In the present work, the distribution calcu-
lation generally reveals the presence of four peaks in the
samples. The peak with the shortest relaxation time, on
the order of 1-2 ms, is assigned to bound water in the cell
wall. This is rationalized based on the intimate contact
between water in the cell wall and the chemical constit-
uents thereof, resulting in a high degree of interaction
between these components. The longer relaxation times
(~10-100 ms) are assigned to the free water present in the
cell lumens. The appearance of multiple large peaks in this
region is due to the differences in cell diameter associated
with tracheids and vessels. Expectedly, softwoods exhibit
a single large peak at about 100 ms, corresponding to free
water in the cell lumens, whereas some smaller peaks may
appear at longer relaxation times (Labbé et al. 2002, 2006;
Thygesen and Elder 2008). For comparison, pure water
has a T, of ~2000 ms, so that even at the longest relaxa-
tion times observed for water in wood, there is some level
of perturbation of the water, which leads to an interaction
between wood and water and is responsible for reducing
the T, below 1000 ms.

The saturated control at 143% MC reveals the bound
water peak at ~2 ms and a relatively large, well-resolved
free water peaks at about 13 and 138 ms. There also is a
less well-resolved peak at 37 ms, which has been sub-
sumed into the free water peak with shorter relaxation
time after the first drying interval. At 80% MC, all three of
the free water peaks are fairly well-resolved. Qualitatively,
the amplitude of the free water peaks decrease with drying
and the resolution increases. As the MC goes below the
FSP (MC ~30%), the amplitude of the bound water peak
is still unchanged and begins to decrease remarkably at
MC 11%. It might be surprising that at MCs below FSP, free
water peaks continue to be observable. This is no doubt
due to the drying regime that was utilized and the fact that
at these intervals the wood is not at equilibrium, resulting
in small amounts of residual free water even below FS.

The relaxation time distributions of the treated
samples (Figure 2b—d) are similar at saturation, with well-
resolved peaks at ~2 and 10 ms but with less well-resolved
peaks at the longer relaxation times. These samples also
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Figure2 T, distributions aspen samples [peak intensity vs. relaxation time (in ms)]. The MC% data noted are on dry basis. (a) Distribution
of the untreated control. (b), (c), and (d) Data of the hot water-treated samples with SFs of 3.11, 3.31, and 3.58, respectively (see Table 1).

differ from the control in that the amplitude of the longest
relaxing peak at ~100 ms is considerably smaller, although
a more appropriate comparison may be with the control at
111% MC, in which this peak exhibits a marked decrease,

apparently due to free water that is readily removed.
Among the treated samples at about 70% MC, the free
water peaks have become quite well separated, generally
showing the profile with three peaks. The exception to
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this is the sample treated at SF 3.58 (Figure 2d), with an
MC of 68%, in which a fourth free water peak is detected
at approximately 180 ms. This peak is still visible at 40%
MC. The fourth peak may be an artifact due to the some-
what smaller particle size of this sample, which may entail
changes in the surface area and therefore water holding
capacity of the sample SF 3.58. A comparison of the
sample with SF 3.11 at the MC level of 33% with the control
is puzzling. In the former, the third peak at ~100 ms disap-
pears, whereas it continues to be discernible, especially in
the sample with SF 3.58, in which the MCs are quite low.
Figure 3 shows the relaxation times associated with
maxima for each of the identified peaks in Figure 2 as a
function of MC. In Figure 3a, the bound water peaks have
obvious differences, with the control sample exhibiting
much more rapid relaxation times, down to the FSP. The
longer relaxation times of the treated samples are consist-
ent with the removal of the hydrophilic hemicelluloses. In
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Figure 3 (a) T, values (in milliseconds) for bound water peak as a
function of MC%. (b), (c), and (d) T, values for free water peaks as a

function of MC%. The SFs of the hot water treatment are 3.11, 3.31,
and 3.58.
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the untreated control, water interacts quite strongly with
these polysaccharides and therefore relaxes more rapidly.
In all treated samples, the magnitude of T, slowing down
was very similar, even though the levels of hemicellulose
removal differed with treatment SF. This generalization
notwithstanding, the sample with SF 3.58 had somewhat
longer T, values than the other treatments. The sharp T,
decrement of bound water below FSP is expected due to
intensified interaction with the cell wall constituents.
Figure 3b—d are the relaxation times for the three free water
peaks. In general, the T, values decrease with MC, and the
relaxation times in Figure 3b and d are generally longer for
the control samples, whereas the treated samples are quite
similar to each other. This could perhaps be interpreted
as physical changes such as compression or collapse of
cells upon treatment. Beyond the systematic T, decrement
at lower MCs, the data of the treated samples are mixed
without a clear relation to the SF of the treatment.

The peak areas for the bound water and free water are
presented in Figure 4a and b, respectively. Owing to the
overlapping nature of the free water peaks, they are not
presented separately but are rather combined into a single
area. The comparability of the peak areas is limited to a
“within-sample comparison” due to the lack of an inter-
nal standard (Thygesen and Elder 2008). Expectedly, the
peak areas for all samples decrease with MC, albeit at dif-
ferent rates. In agreement with Figure 3a, the peak area
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Figure 4 (a) Peak areas for bound water as a function of MC%. (b)
Peak areas for free water as a function of MC%. The SFs of the hot
water treatment are 3.11, 3.31, and 3.58.
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of the control bound water changes quite gradually and
the plots are flat at higher MCs, whereas the peak areas
of treated samples are changing more rapidly even in the
range of higher MCs. The free water (Figure 4b) of the SF
3.58 sample decreases more rapidly than that of the control
and the samples with SF 3.11 and 3.31, which exhibit very
similar rates of change. The observed changes in relaxa-
tion times of the treated samples are related to the chemi-
cal and physical changes of the cell wall effectuated by the
hot water treatment. Modifications of this type result in
alterations in the way bound water is held in the cell wall.
The interpretation of the changes in relaxation time and
peak areas is not always straightforward, as chemical and
physical changes upon treatment occur simultaneously.

Conclusions

The presented results are in reasonable agreement with
those of the literature, in which several peaks were
assigned to free water with longer relaxation times

References

Carr, H.Y., Purcell, E.M. (1954) Effects of diffusion on free precession
in nuclear magnetic resonance experiments. Phys. Rev.
94:630-638.

Davis, M.W. (1998) A rapid modified method for compositional
carbohydrate analysis of lignocellulosics by high pH
anion-exchange chromatography. J. Wood Chem. Technol.
18:235-252.

Dvinskikh, S.V., Henriksson, M., Berglund, L.A., Furé, I. (2011)

A multinuclear magnetic resonance imaging (MRI) study of
wood with adsorbed water: estimating bound water concen-
tration and local wood density. Holzforschung 65:

103-107.

Elder, T., Labbé, N., Harper, D., Rials, T. (2006) Time domain-nuclear
magnetic resonance study of chars from southern hardwoods.
Biomass Bioenerg. 30:855-862.

Felby, C., Thygesen, L.G., Kristensen, |.B., Jgrgensen, H., Elder, T.
(2008) Cellulose—water interactions during enzymatic
hydrolysis as studied by time domain NMR. Cellulose
15:703-710.

Hietala, S., Maunu, S.L., Sundholm, F., Jams4, S., Viitaniemi, P.
(2002) Structure of thermally modified wood studies by liquid
state NMR measurements. Holzforschung 56:522-528.

Hérhammer, H., Walton, S., van Heiningen, A. (2011) A larch based
biorefinery: pre-extraction and extract fermentation to lactic
acid. Holzforschung 65:491-496.

Hosseinaei, 0., Wang, S., Rials, T.G., Xing, C., Zhang, Y. (2011)
Effects of decreasing carbohydrate content on properties of
wood strands. Cellulose 18:841-850.

DE GRUYTER

(T,) in the range 15-150 ms, whereas bound water has
a relaxation time in the range of 1-2 ms. Drying leads
to T, distribution profiles showing increased resolution
of peaks. Accordingly, the isolation between the popu-
lations of water is improved, the interaction with the
chemical constituents is increased, and the mobility of
water in void spaces is affected. The removal of hemicel-
luloses, as evidenced by the sugar analyses of the hydro-
lysate, results in lower MCs at saturation and longer T,
for the bound water. These data are all consistent and
can be explained with the removal of a part of the hygro-
scopic hemicelluloses during hot water treatment. There
are differences in both the quantity and the nature of
the water upon pretreatment. This may have impacts on
the performance or processing of the principal products,
whether they are fiber or panel based, and may be of
use in guiding the degree of pretreatment that should
be performed.

Received July 31, 2012; accepted October 24, 2012; previously
published online November 23, 2012

Houtman, C., Horn E. (2011) Pilot trials of hemicelluloses extraction
prior to thermomechanical pulp production: part 1. TAPPI J.
10:21-28.

Kekkonen, P.M., Telkki, V.-V., Jokisaari, J. (2010) Effect of thermal
modification on wood cell structures observed by pulsed-
field-gradient stimulated-echo NMR. J. Phys. Chem. C.
114:18693-18697.

Labbé, N., De Jéso, B., Lartigue, J.-C., Daudé, G., Pétraud, M.,
Ratier, M. (2002) Moisture content and extractive materials
in maritime pine wood by low field 'H NMR. Holzforschung
56:25-31.

Labbé, N., De Jéso, B., Lartigue, J.-C., Daudé, G., Pétraud, M., Ratier,
M. (2006) Time-domain *H NMR characterization of the liquid
phase in greenwood. Holzforschung 60:265-270.

Li, X., Cai, Z., Horn, E., Winandy, J. (2011) Effect of oxalic acid
pretreatment of wood chips on manufacturing medium-density
fiberboard. Holzforschung 65:737-741.

McConnell, T., Shi, S.Q. (2011) Surface energy characterization
of three partially hydrolyzed hardwood species determined by
dynamic contact angle analysis. ). Adhes. 87:353-365.

Meiboom, S., Gill, D. (1958) Modified spin echo method for
measuring relaxation times. Rev. Sci. Instrum. 29:688-691.

Merela, M., Oven, P., Ser3a, I., Mikac, U. (2009) A single point NMR
method for an instantaneous determination of the moisture
content of wood. Holzforschung 63:348-351.

Paredes, ).)., Jara, R., Shaler, S.M., van Heiningen, A. (2008)
Influence of hot water extractioon on the physical and
mechanical behavior of OSB. For. Prod. ). 58:56—62.



DE GRUYTER

Paredes, J.)., Mills, R., Shaler, S.M., Gardner, D.)., van Heiningen, A.
(2009) Surface characterization of red maple strands after hot
water extraction. Wood Fiber Sci. 41:38-50.

Provencher, S.W. (1982) Contin: a general purpose constrained
regularization program for inverting noisy linear algebraic and
integral equations. Comput. Phys. Commun. 27:299-242.

Schiitt, F., Puls, J., Saake, B. (2011) Optimization of steam
pretreatment conditions for enzymatic hydrolysis of poplar
wood. Holzforschung 65:453-459.

Testova, L., Chong, S.-L., Tenkanen, M., Sixta, H. (2011) Autohy-
drolysis of birch wood. Holzforschung 65:535-542.

Thygesen, L.G., Elder, T. (2008) Moisture in untreated, acetylated
and furfurylated Norway spruce studied during drying using
time domain NMR. Wood Fiber Sci. 40:309-320.

Thygesen, L.G., Elder, T. (2009) Moisture in untreated, acetylated
and furfurylated Norway spruce monitored during drying below

T. Elder and C. Houtman: Time-domain NMR study =— 411

fiber saturation point using time domain NMR. Wood Fiber Sci.
41:194-200.

Thygesen, L.G., Engelund, E.T., Hoffmeyer, P. (2010) Water
sorption in wood and modified wood at high values of
relative humidity. Part I: results for untreated, acetylated,
and furfurylated Norway spruce. Holzforschung 64:
315-322.

Todoruk, T.M., Hartley, I.D., Teymoori, R., Liang, J., Peemoeller, H.
(2011) 1H Nuclear magnetic resonance of lodgepole pine
wood chips affected by the mountain pine beetle. Materials
4:131-140.

Zhu, ).Y., Gleisner, R., Scott, C.T., Luo, X.L., Tian, S. (2011) High
titer ethanol production from simultaneous enzymatic
saccharification and fermentation of aspen at high solids: a
comparison between SPORL and dilute acid pretreatments.
Bioresour. Technol. 102:8921-8929.



