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Abstract Influences of fiber orientation and milling on wood cellulose crystal-
linity were studied using jack pine wood. The fiber orientation effects were mea-
sured by sampling rectangular wood blocks in radial, tangential, and cross-sectional
orientations. The influence of milling was studied by analyzing the unsieved and
sieved milled wood fractions (all <1,000 um). Fiber orientation effect was mani-
fested in both X-ray and Raman measurements and was dependent upon the ori-
entation of the sampled wood blocks. In Raman, the observed crystallinity was
similar between the blocks sampled on the tangential and the radial faces. However,
the estimated values were 5.5 % lower compared to that measured in a powdered
sample pellet. Moreover, in these sampling modes, the orientation of the block with
respect to the direction of the electric vector of the laser made a difference only for
the tangential mode of sampling. When a wood block was sampled on the cross-
sectional face, the observed Raman crystallinity was 3.9 % higher from that of the
pellet. The observed crystallinity did not significantly differ with change in sample
orientation with respect to the electric vector direction. In contrast, the Segal-
WAXS study of the blocks indicated that compared to the pellet, the estimated
crystallinities in the radial, tangential, and cross-sectional sampling modes were 5,
2, and 11 % lower, respectively. This suggested that the radial and the tangential
faces of the blocks can be used to estimate the crystallinity of wood. With regard to
the effect of milling on Raman and Segal-WAXS estimates, the wood crystallinity
did not depend upon the particle sizes of the fractionated samples and was similar to
that of the original unfractionated ground wood.
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Introduction

In the utilization of wood and wood fiber, cell wall crystallinity is an important
factor because it influences the physical and chemical behavior of these materials.
For instance, crystallinity of the cellulose microfibrils controls the mechanical
properties of wood (Murphey 1963; El-Osta and Wellwood 1972). Similarly,
substrate crystallinity is an important consideration in the conversion of woods to
cellulose ethanol where its reduction is believed to result in less recalcitrant biomass
(Fan et al. 1980; Hall et al. 2010). Therefore, an accurate estimation of the
crystallinity of wood and wood fibers is extremely valuable.

Cellulose crystallinity of woods can be determined using a number of analytical
techniques, such as X-ray diffraction (Andersson et al. 2003; Leppénen et al. 2009),
NMR (Newman and Hemmingson 1990; Newman 1999), Raman (Agarwal et al.
2013a), and sum frequency generation vibrational spectroscopy (Barnette et al.
2012). It is clear from the literature that various methods provide values of
crystallinity that are different (Park et al. 2010). Additionally, most of the methods
have limitations because they are not able to correctly account for the presence of
amorphous cellulose or the contributions of the non-cellulosic components
(hemicelluloses and lignin; Park et al. 2010; Agarwal et al. 2010 Bonarski and
Olek 2011). For example, three distinct XRD methods are proposed to remove the
contribution of amorphous cellulose from the diffractogram of cellulose samples
(Park et al. 2010). The situation is further complicated by the fact that no cellulose
standards are available.

Recently, to estimate crystallinity, near-IR FT-Raman-based methods were
developed by Agarwal’s group Fiber and Chemical Sciences Research (Agarwal
et al. 2010). Subsequently, using the univariate Raman method, the crystallinity of
woods and other lignocelluloses was estimated (Agarwal et al. 2013a) and it was
reported that with proper corrections for the contributions of syringyl lignin and
hemicelluloses, the method generated accurate values of wood Crystallinity. In this
context, it is important to note that compared to Segal-WAXS (Segal et al. 1959),
the Raman estimate is usually lower because it is correlated with the 21-Segal-
WAXS, where 21 designates the 28 where amorphous contribution was measured
(and subtracted) (Agarwal et al. 2010).

Then, there is the question of how fiber orientation in samples affects wood
crystallinity. In the WAXS-based crystallinity determinations, wood has been
sampled in various ways; for example, as a wood wafer (Andersson et al. 2003;
Howell et al. 2011), wood chip (Barnette et al. 2012), and ground wood (Wellwood
et al. 1974; Andersson et al. 2003; Agarwal et al. 2013a). Andersson et al. (2003)
reported that for the investigated annual ring samples, the observed crystallinity
from the tangential face was significantly higher compared to the ground wood
where the fiber orientation was random. Although these researchers studied the thin
tangential face, other wafer orientations and thicknesses were not studied. In view of
this, the topic needs further investigation.

In the context of the Raman method, thus far, the crystallinity has always been
measured using ground wood, and therefore, it would be of interest to find out how
sampling solid wood on its various faces affects the crystallinity estimate. It is
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hoped that understanding sampling effects could eventually open the door to more
sampling options.

On the other hand, sampling wood post-milling entails the risk that the
crystallinity may be modified. Therefore, it was decided to address the issue of
crystallinity change upon milling of wood because to the best of the authors’
knowledge this topic has not received much attention. Moreover, in an earlier
research by the authors on effects of crystallinity and delignification on enzyme
hydrolysis, it was observed that smaller size fractions had lower crystallinity values
as determined by Raman (Agarwal et al. 2013b). Therefore, to study crystallinity
change upon milling, unsieved and sieved milled wood fractions were studied. The
reasoning behind this approach was that smaller fiber particles, present in lower
sized fractions, are likely to have undergone a higher level of mechanical
degradation because they are generated as a result of an increased degree of milling.

The objective of this investigation was to evaluate how Segal-WAXS and FT-
Raman-determined crystallinities of jack pine are affected by sampling wood in
different ways; specifically, wood blocks in different orientations and the pellets of
unsieved and sieved fractions of milled wood.

Materials and methods
Wood preparation
Blocks of wood

A part of the 48-year-old jack pine (Pinus banksiana) stem was used to make Y-
x Y- x 1-cm-small rectangular blocks (each block had six sides or faces). Three
blocks of sapwood and two blocks of heartwood were used in this study. Only
heartwood contained juvenile wood and no compression wood was present in any of
the samples used in this study. However, both early wood and late wood were
present in the blocks.

Milled wood and its fractions

Jack pine heartwood and sapwood chips were ground to pass a 1-mm (1,000-pum)
screen in a Wiley mill. A series of US Standard Testing sieves were used to separate
the wood meal into various size fractions. An initial sieving using a stack of three
sieves was done for 25 min on a mechanical shaker with a hammer rap. The sample
integrity for each sieve pan fraction was then checked by additional shaking until
the residue in the receiving pan was minimal. The first number in the pair for the
fraction designation is the size of the sieve aperture that retains the wood meal, and
the second number is the size of the sieve through which the material has passed.
The following eight size fractions were prepared 590-1,000,420-590,250-420,
177-250, 149-177, 74-149, 53-74, and <53 um. The first three sieve fractions
contained about 90 % of the wood meal.
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Solvent extraction
Wood blocks

The wood blocks were extracted with 9:1 acetone—water and 2:1 toluene—95%
ethanol under vacuum (25 psi) for 30 min. The blocks were put in the solvent
mixture and vacuum was started. After 30 min, all blocks were completely
submerged and the vacuum was repeated twice for each extraction-solvent mixture.

Particle sizes

Prior to fractionation, the ground wood was extracted by percolation with 9:1 acetone—
water until the yields of extractives were minimal. The extracted wood meal was then

air-dried. A high level of background fluorescence (upon laser excitation), more

noticeable in the smaller-sized fractions, was reduced in part by additional extraction

of the wood meal fractions. The fractions were each stirred for 2 h in acetone—water
(9:1) followed by filtration, and the procedure was repeated two more times.

Acid chlorite delignification

Acidchloritetreatmentofthe 420-59@nd<53-pmmilledwoodfractionswascarried
out by using the recommended procedure (Browning 1967). The fractions were each
suspended in water at about 70 °C, and then glacial acetic acid and sodium chlorite
were added. Over 7 h, three additional charges of chemicals were added.

Near-IR FT-Raman

All samples were analyzed with a Bruker MultiRam spectrometer (Bruker Instruments
Inc., Billerica, MA, USA). This Raman system is equipped with a 1,064-nm 1,000-
mW continuous-wave diode-pumped Nd:Y AG laser. The wood blocks were analyzed
in various orientationsasshownin Fig. 1.Forthe ground wood, spectrawere obtained
from pelletsthatwere made from~ 150 mgofwood meal, Eachpelletwas ~9 mmin
diameter and 1-2 mm in thickness. The wood meal was pressed in a steel die using a
Fred Carver Laboratory Press and ~270 x 10¢ dyn/cmz2 of pressure. The laser power
used for sample excitation was between 300 and 600 mW, and 1,024 scans were
accumulated. Bruker’s OPUS software program was used to find peak positions and
process the spectral data. The processing of the spectra included, among other things,
selecting a specific spectral region, baseline correction, and normalization.

X-ray diffraction

Wide-angle X-ray diffraction profiles in the reflection mode were recorded on a
Bruker D8 Discover diffractometer with monochromatic CuKa (wavelength 1.5418)
point source and a VANTEC-500 detector at the Materials Research Science and
Engineering Center, University of Wisconsin, Madison. The beam aperture of
0.5 mm was used. In all cases, diffractograms were obtained on the same samples
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Fig. 1 Sampling orientations of wood blocks in Raman: a radial, b cross-sectional, and ¢ tangential. In
all cases, after sampling in the left side geometry, the blocks were rotated in the plane by 90° and re-
analyzed in the rotated orientation. ev electric vector direction of the laser light

that were previously analyzed in FT-Raman. In WAXS, both sides of a particular
face were sampled,; i.e., a total of 10 diffractograms of each of the radial, tangential,
and cross-sectional face. For example, the radial face diffractograms consisted of
four heartwood and six sapwood samplings (from two heartwood and three sapwood
blocks, respectively).

Crystallinity calculation

Raman

Using the previously established correlations (Agarwal et al. 2010, 2013a), which
were based on the Bruker RFS-100 and MultiRam instruments, the univariate

Raman crystallinities (X) were estimated. Based on RFS-100, Eq. (1) was developed
for estimating the Raman crystallinity {Agarwal et al. 2010), and becaunse MultiRam
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was used in the present investigation, the inter-instrument calibration correction
(RFS-100 vs. MultiRam) was carried out using Eq. (2) to get the RFS-100
equivalent crystallinity (Xges.0)-

Xntaeram = ((F330/T1006) —0.0286) /0.0065 1)
Karsits = Mpi --2-0012)/6.8098 @)

Additionally, the sample spectra were corrected for change in the response of the
MultiRam optics over time. Using the white light in the sample compartment, the
“reference correction” was performed on each sample spectrum. The estimated
Raman crystallinities are also corrected for the hemicelluloses contributions
(Agarwal et al. 2013a). No syringyl lignin correction is required (Agarwal et al.
2013a) because jack pine is a conifer with minimal syringyl lignin.

The standard deviation (SD) listed is based on three spectra from each sample
that were obtained from two different pellets. Two spectra per pellet were acquired
by changing the side that was exposed to the laser.

WAXS

For each of the samples, WAXS crystallinity was calculated by subtracting the
amorphous contribution approximately at 28 = 18° (100 x ({355 — g0 5;
called Segal-WAXS). This was done after a straight line was drawn between the
lowest intensity points in the 28 range of 7° and 37°. This method is also known as
the [002] peak height ratio method (park et al. 2010).

ANOVA and paired t tests

One-way ANOVA was used to determine whether there were statistically significant
differences between the observed Raman crystallinity of wood blocks in various
sampling geometries.

To determine whether different orientations of electric vector or the wood block
influenced Raman crystallinity measurements, paired t tests were used to compare
the observed crystallinity of each block of wood when measured in different ways.
The criteria for statistically significant wasp < 0.05.

Results and discussion

Crystallinity of blocks

In the following, it is assumed that the observed crystallinity differences of the
blocks in both the Raman and Segal-WAXS methods are not due to the presence of
varying amounts of early wood and late wood in the samples. This assumption is

based on the literature report that showed that the crystallinity of early wood and
late wood is similar (Newman 2005).
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Raman

The orientations in which the sapwood and heartwood blocks were sampled in
Raman are shown in Fig. 1. These modes consisted of sampling at the (a) radial,
(b) cross-sectional, and (c) tangential faces. In all cases, after sampling in the left
side geometry (Fig. 1), the block was rotated, in plane, by 90" and analyzed in the
rotated orientation. This was carried out because band intensities in oriented fibers
depend upon polarization of the exciting light relative to the orientation of the
cellulose molecules (Wiley and Atalla 1987). Average spectra of heartwood blocks
obtained in (a), (b), and (c) sampling modes are shown in Fig. 2. The spectra were
obtained such that the sample orientation relative to the electric vector of the laser
was horizontal (defined in Table 1). Figure 2 spectra are normalized using
1,096 cm band in the spectrum. Among the spectra, 380 cm- peak has higher
intensity for the sampling in the cross-sectional mode. Moreover, in this mode,
many other bands at higher wave numbers were sharper and more intense (only a
limited region is shown in Fig. 2). In a cellulose spectrum, the latter features imply
higher crystallinity (Agarwal et al. 2010) or orientation effects (Wiley and Atalla
1987). Considering that the crystallinity estimation in Raman is directly propor-
tional, the intensity ratio lss/li00s (EQ. 1) indicated that the observed crystallinity
was higher compared to the other two modes. Cellulose crystallinity calculation
results are listed in Table 1.

The data indicated the following: For a given orientation, the observed
crystallinity between heartwood and sapwood was only slightly different, indicating
that crystallinity was similar between heartwood and sapwood —a result that has
been previously reported for white oak and pacific yew (hardwood and softwood,
respectively; Agarwal et al. 2013a). Another observation was that within a given
"face™ of sampling (i.e., Fig. la, b, or c), different sample orientations with respect
to the electric vector gave the same value of crystallinity (Table 1, horizontal and
vertical data sets). This indifference was expected for the cross-sectional sampling
but not for the longitudinal mode of sampling. Nevertheless, the latter may be
because, in the horizontal and vertical arrangements, although tracheid fibers are
oriented differently with regard to the electric vector direction, the Raman intensity
anisotropy is likely to be minimized due to multiple reflections and refractions of
Raman-scattered photons at the solid surfaces of the sample.

When the cross-sectional crystallinity estimates are compared with those
obtained in the longitudinal modes (radial and tangential), the data in Table 1
show that the observed crystallinities were 8.4% higher in the former mode
(average crystallinities 59.1 vs. 50.7 % for cross-sectional and longitudinal modes,
respectively). This compares to the reported jack pine Raman crystallinity of 55.3 %
(Agarwal et al. 2013a) obtained using the ground wood. Compared to the observed
crystallinity in longitudinal modes, higher crystallinity in cross-sectional mode is
likely to arise from the fact that in the latter mode, the intensity ratio 380/1096 is
significantly higher. This is because the angle between the electric vector of the
laser and the fiber axis is close to 90" (Wiley and Atalla 1987).
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Fig. 2 Comparison of Raman peak intensity at 380 cm as a function of radial, tangential, and cross-
sectional sampling modes

ANOVA analysis

One-way ANOVA of the data in Table 1shows statistically significant difference in
the crystallinity data (F(11,24) = 12.89, p = 0.0000). However, when the analysis
was carried out on the subset that excluded the cross-sectional data, the results were
(F(7,16) = 3.173, p= 0.026). The p value was lower than 0.05 implying slight
significance, but it was not that much farther apart.

Paired t tests

Vertical versus horizontal vector The vertical and horizontal vectors did give
statistically significant different crystallinity measures (p < 0.05) in both heartwood
and sapwood in the tangential orientation, but not in the radial or transverse
orientation.

Impact of different sides on measured crystallinity The horizontal and vertical
vector data were pooled to yield six data points per condition. The pairedt test
results showed that the transverse orientation gives a different crystallinity reading
than the radial or tangential face, which were indistinguishable from each other.
Heartwood and sapwood gave the same result.

Segal- WAXS

Because “horizontal” and “vertical” terminology is meaningless in WAXS, the
same data are shown in both the cells in Table 1. Average diffractogams of
heartwood blocks obtained in radial, tangential, and cross-sectional sampling modes
are shown in Fig. 3. Of the three modes of sampling, highest crystallinity was
obtained for the tangential mode (79.2, 75.4, and 69.6 % for tangential, radial, and
cross-sectional modes, respectively). This compares with the value of 76.5%
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obtained from the unfractionated ground wood (<1,000 um). Or in other words,
compared to the pellet the estimated crystallinities in the tangential mode were
higher by 3.5 %, whereas both the radial and cross-sectional sampling modes gave
lower values, 1.4 and 9 %, respectively. The higher crystallinity in tangential mode
is supported by the finding of Andersson et al. (2003), who have reported that for
Norway spruce the estimated crystallinity of the 1-mm-thick tangential wood wafer
was significantly higher compared to the ground wood. In the current study, the
observed increase in crystallinity was rather limited and this may have to do with
the difference between the sample thicknesses and the fibril angles between the two
studies. The tangential samples in this study were five times thicker.

Compared to heartwood blocks, the crystallinities of sapwood blocks were
somewhat lower (Table 1, lower by 12-5%). In addition, the heartwood, tangential,
and radial blocks provided crystallinity closer to ground wood pellet (Table 2,
76.5%), and in these modes, the WAXS crystallinity estimates were minimally
influenced by fiber orientation [Segal-crystallinity for the heartwood tangential and
radial modes was 79.2 and 75.4 %, respectively (Table 1)].

Paired t tests

Within heartwood and sapwood sample sets, the crystallinities obtained in different
modes (tangential, radial, and cross-sectional) were compared. Except for the
heartwood pair tangential-cross-sectional, the values were found to be not
significantly different.

Although in both Raman and Segal-WAXS, compared to the crystallinity of the
ground wood, there are some differences in the crystallinity of blocks, the blocks
can be used to evaluate relative crystallinity and changes in relative crystallinity.
This is true as long as the composition of wood and sampling orientation do not
change. If that is not the case, more caution needs to be exercised because, in both
the methods, sample composition plays a role (Agarwal et al. 2013a).

Crystallinity of ground wood fractions
Raman

For the various sized fractions, the Raman method-based crystallinity estimations
are listed in Table 2. Here, Raman-estimated crystallinities of two delignified
fractions (420-590and <53 um) are also reported. The spectra are shown in Fig. 4,
and the crystallinity data are plotted in Fig. 5. As expected, in Table 2, the Raman
crystallinities are lower compared to the Segal-WAXS values. The latter has to do
with how the two measurements are correlated (Agarwal et al. 2013a). Except for the
<53 um fraction, the crystallinities between the fractions were similar and milling
did not have an impact. Based on the 2-tailed t test, the crystallinity of the <53 pum
fraction was indeed distinct from the values of the other fractions.

Considering that the fluorescence in the Raman spectrum of the <53 um fraction
was significantly higher compared to other fractions (not seen from Fig. 4 because
the background was subtracted), it was possible that the former impacted the Raman
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Fig. 3 Comparison of WAXS diffractograms in radial, tangential, and cross-sectional sampling modes

Table 2 Average crystallinity of milled wood fractions

Particle size, range % Raman crystallinity, £5D % Segal-WAXS crystallinity, £5D
Ground wood (<1,000 pm) 553+19 76.5 + 0.5
590-1,000 pm 496+ 14 T6.9 £ 25
420-590 pm 46.9 £ 1.0 804 +£ 1.1
250420 pm 507 +03 81.0+ 1.1
177-250 pm 496 + 0.9 803+ 1.2
149-177 pm 526+ 04 81.3 + 2.8
74-149 pm 533000 797 + 0.2
5374 pm 3.5 b 80.1 + 0.2
< 53 pm 393 ] 1 81.0 + 0.9
Delignified; 420-590 pm 58.8°4+23 NDP
Delignified; <53 pm 56.1° £ 0.8 ND

? Crystallinity estimation is higher due to fluorescence reduction upon delignification

® Not determined

estimation of crystallinity. Previously {Agarwal et al. 2013a), in the case of most
softwoods, the influence of sample fluorescence on crystallinity estimation by
Raman was found to be small provided that the sample fluorescence was low.
However, in cases where the latter contributed significantly, the crystallinity data
depended upon how the fluorescence signal impacted the intensities of the bands
involved in the crystallinity estimation (Eq. 1; namely 1,096 and 380 cm ™! bands).
Nevertheless, imrespective of the presence of the fluorescence, the nature of the
qualitative information in the spectra remains the same. In view of this, to minimize
the influence of fluorescence in the spectrum of <53 pm fraction, this fraction and
420-590-pm sieved fraction (as control) were acid chlorite delignified and the
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crystallinities were re-estimated (also reported in Table 2). The treatment by acid
chlorite was used which is a well-known method to remove lignin. Upon
delignification, Klason lignin value dropped from about 30.7 % (similar in both
the fractions) to 1.6 and 1.3% for 420-590and <53 pum delignified fractions,
respectively. Moreover, it is known that in Raman spectroscopy, lignin is primarily
responsible for laser-induced fluorescence (Agarwal 1999). The crystallinity of the
delignified fractions in Table 2 is similar but higher (significantly higher for the
<53 um case) compared to the corresponding non-delignified fractions. This is
expected because compared to the 1,096 cm: region, more fluorescence was
removed from the 380 cm region. Earlier work by the authors has shown that an
accurate estimation of the cellulose crystallinity can be obtained from the Raman
spectrum where the contribution of sample fluorescence has been mostly removed
(Agarwal et al. 2013a). Therefore, when the “fluorescence factor” is taken into
account, the Raman crystallinity of the <563 um fraction was also similar to that of

2 -

590-1,000

420-590
250-420
177-250
149-177

74-149
53-74

<53

Raman intensity, a.u.

250 350 450 550 650
Wavenumher (cm™)

Fig. 4 Comparison of Raman peak intensity at 380 cm* in the normalized spectra of various sieved
fractions. The sieved fractions are annotated in pm

S 58

2 54

£ 50

£ 46 -

'

> 42|

Q

£ 38 4

g 34

S 30
(=] (=] [ =) (=] I~ (=21 < [3r]
(=] o ™ [Te] ~ = ~ [Te]
=] [ i N - - 1 v
= I 1 1 4 o
| (=] (=] M~ (=1 n
o ~ n ~ <t ~
b= < o~ - -
un

Fractions (um)

Fig. 5 Raman crystallinity of different sire fractions of ground wood
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the other larger size fractions (however, it ought to be noted that Fig. 5 shows only
the crystallinity of the non-delignified fraction). In light of this finding, the earlier
reported result (Agarwal et al. 2013b) seems to be in error where smaller wood
particles were reported to have lower crystallinity. The reason for the erroneous
result seems to be the level of fluorescence from the smaller size particles. In
Table 2, Segal-WAXS crystallinities for the two delignified fractions are not
reported because the presence of sample fluorescence is not an issue in X-ray
diffraction.

Segal-WAXS

For the different fractions, the Segal-WAXS estimates of crystallinities are reported
in Table 2. The average diffractograms are shown in Fig. 6 and the crystallinity data
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Fig. 6 Comparison of WAXS diffractograms of various sieved fractions. The sieved fractions are
annotated in pm
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Fig. 7 Segal-WAXS crystallinity of different sire fractions of ground wood
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are plotted in Fig. 7. Based on Table 2 and Fig. 7, it is clear that there is no
significant change in the cellulose crystallinity. This further supported the finding
above that was obtained using the FT-Raman method.

Conclusion

Cellulose crystallinity of jack pine was estimated using small rectangular blocks of
wood and by fractionating the ground wood into various fractions. Near-IR FT-
Raman and Segal-WAXS methods were used to measure the Crystallinity. It was
found that if the wood blocks are used, the error in crystallinity estimation compared
to that of a milled wood pellet depended upon the blocks orientation and the
method used in the assessment. On the other hand, for the investigated size fractions
of the ground wood, both Raman and Segal-WAXS indicated that the mechanical
processing by milling did not change the cellulose crystallinity of jack pine.
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