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Abstract Terahertz time-domain spectroscopy
(THz-TDS) has expanded possibilities in cellulose
crystallography research, as THz radiation detects
most intermolecular vibrations and responds to the
phonons of crystalline lattices. In this study, we traced
the transformation of the cellulose crystalline lat-
tice from cellulose I to cellulose II by THz-TDS and
X-ray powder diffraction. Cellulose II was obtained
by treating cellulose I with NaOH of different con-
centrations (0 wt%—20 wt%, at 2 wt% intervals). The
THz absorption coefficient spectra of cellulose II
showed three characteristic peaks (at 1.32 THz, 1.76
THz, and 2.77 THz). The THz absorption coefficient
spectra of cellulose II treated with 20-wt% NaOH and
cellulose I without NaOH treatment were fitted by a
seventh-order Fourier series. Thus, the THz absorp-
tion coefficient spectra of samples treated with NaOH
of other concentrations could be considered a combi-
nation of these two fitted profiles of cellulose I and
cellulose II, multiplied by different coefficients. Fur-
thermore, the coefficients could reflect the relative
contents of cellulose I and cellulose II in the samples.
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Introduction

Cellulose II has a monoclinic crystalline sutrcture,
containg two anti-parallel independent chains (Kol-
pak and Blackwell 1976; Langan et al. 1999), which
can be obtained by mercerization (alkali treatment)
or regeneration (recrystallization after solubilization)
of native cellulose (Hermans and Weidinger 1946).
After the alkali treatment such as NaOH of cellulose,
both the crystalline lattice structure and the crystal-
linity change, therefore, tracing the transformation
of the crystalline structure is essential for a better
understanding of the processes of industry and bio-
synthesis where cellulose is involved, such as viscose
rayon manufacturing (O’sullvian 1997; Brown 2004).
Several techniques have been used to investigate
the transformation of cellulose I to cellulose II, and
X-ray diffraction (XRD) is the most widely applied
technique (El-Oudiani et al. 2011; Kafle et al. 2014).
Oh et al. observed that multiple bands of the Fourier-
transform infrared (FTIR) spectra of cellulose I shift
after NaOH treatment, and the absorbance ratios cor-
relate with the crystallinity obtained from XRD pat-
terns (Oh et al. 2005). Halonen et al. (2013) reported
on the use of solid-state cross polarization/magic
angle spinning carbon 13 nuclear magnetic resonance
(CP/MAS 13C NMR) spectroscopy to investigate this
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process, Raman spectroscopy and near-infrared (NIR)
spectroscopy have also been used in such investiga-
tion (Schenzel and Fischer 2001; Schenzel et al.
2009).

Terahertz (THz) radiation lies in the frequency of
0.1-10 THz, which corresponds to the wavelengths of
3-0.03 mm (which lie at the interval between micro-
waves and infrared radiation). with characteristics
of very low photon energy (1THz is about 4 meV),
harmless to the human body and has better transmit-
tance than infrared, visible light, etc,. Rapid progress
has been made in THz technology in the past two
decades, and one of the earliest commercial appli-
cations was THz time-domain spectroscopy (THz-
TDS). Given that THz radiation detects the vibra-
tions of many biomolecules and hydrogen bonds and
directly responds to the phonons in crystal lattices,
THz-TDS has been used in many fields which include
investigation of the pharmaceutical polymorphs and
the crystallinity (Strachan et al. 2005; Zeitler et al.
2007); quantitative characterization of paper and
wood (Reid and Fedosejevs 2006; Todoruk et al.
2012; Inagaki et al. 2014; Peccianti et al. 2017; Wang
et al. 2019); and detection of the vibrational modes of
water isotopes (Fellers et al. 1999; Yada et al. 2009),
DNA (Markelz et al. 2000; Markelz 2008; Arora et al.
2012), and protein (Ebbinghaus et al. 2007; Shiraga
et al. 2016). Some case studies have confirmed the
possibility of using THz-TDS for cellulose research,
such as studies determining the crystallinity of cellu-
lose I (Vieira and Pasquini 2014; Wang et al. 2021)
and distinguishing cellulose I allomorphs (Wang et al.
2020).

As a follow-up to a previous study (Wang et al.
2020, 2021), the current work further explores the
possibility of using THz-TDS in the research field
of cellulose crystallography. It is the first study that
traced the transformation of the crystalline lattice of
cellulose I to that of cellulose II by using THz-TDS.
The cellulose II sample was obtained by treating cel-
lulose I with NaOH of different concentrations. Treat-
ment of cellulose I with NaOH of concentrations
exceeding 10% changed the crystalline lattice struc-
ture into that of cellulose II, as confirmed by other
methods (such as XRD); the transformation was also
reflected in the THz absorption coefficient spectra.
The THz absorption coefficient spectra of cellulose
I showed two absorption peaks; the absorption peak
at 3.04 THz was shared by the allomorphs of I, and
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Ig, and the absorption peaks at 2.13 THz and 2.38
THz were characteristic absorption peaks of Iy and
I,, respectively (Wang et al. 2020, 2021). The THz
absorption coefficient spectra of cellulose II showed
a different profile of cellulose I, where the absorption
peaks were at 1.32 THz, 1.76 THz, and 2.77 THz;
the peak intensity of cellulose II was relatively small
compared with that of cellulose I. The THz absorp-
tion coefficient spectra of cellulose II and cellulose I
were fitted by a seventh-order Fourier series. The THz
absorption coefficient spectra of the samples treated
with NaOH of other concentrations could be consid-
ered a combination of the profiles of cellulose I and
cellulose II; only the multiplied coefficients were dif-
ferent, and these coefficients could reflect the change
in the relative content of the two components. Thus,
the THz absorption coefficient spectra can be used to
investigate the transformation of the crystalline lattice
during the chemical treatment and the relative content
of cellulose I and cellulose II of the mixed cellulose
samples.

Experimental
Sample preparation

For observing the transformation from cellulose I to
cellulose II, microcrystalline cellulose (MCC) pow-
ders (cellulose I, EMD Millipore 1.02331.0500) were
treated with NaOH of different concentrations (0
wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, 10 wt%, 12 wt%,
14 wt%, 16 wt%, 18 wt%, and 20 wt%) for 30 min at
room temperature. After the reaction, the sample was
washed with acetic acid and distilled water up to pH 7
and filtered. Then, the washed cellulose powders were
dried in a desiccator containing P,0Os. The NaOH,
acetic acid, and phosphorus pentoxide used here were
all purchased from KISHIDA CHEMICAL Co., Ltd.
In this study, MCC samples without NaOH treat-
ment were considered as cellulose I standard samples,
while MCC samples treated with 20% NaOH were
considered as standard cellulose II samples.

The above powders (treated with NaOH of dif-
ferent concentrations) were collected at a mass of
0.075 g by an electronic balance (+0.0001 g). All
the powders were compressed into tablets with a
diameter of 14 mm and a thickness of approximately
0.35 mm using a compact heating press (IMC-180C,
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Imoto Machinery Co., Ltd.). Three tablets were pre- ' ' T
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XRD measurement of all the tablet samples was per-
formed with Cu-Ka radiation (A=0.1542 nm) using
an X-ray diffractometer (Ultima IV, Rigaku) at a
voltage of 40 kV and a current of 40 mA. Diffracto-
grams were recorded from 5° to 40°. The scan speed
was set to 5° min~!, and the sampling step was 0.05°.
The background diffractogram was obtained from an
empty sample holder.

The THz transmission spectra of all the tablet
samples were measured by using a Tera Prospec-
tor (Nippo Precision Co., Ltd.), and the reference
signals were obtained by measurement of air before
and after sample measurement. The THz beam was
horizontally polarized with a bandwidth of about 0.1
THz to 4.00 THz, and the spectral resolution was 0.02
THz, which corresponded to the inverse of the tem-
poral scan range (50 ps). The diameter of the THz
beam spot on the sample was around 3 mm. Each
measurement was recorded by averaging 100 scans to
improve the signal-to-noise ratio. For reproducibility,
all measurements were conducted thrice. To avoid the
influence of the THz absorption of water vapor on the
measurement, we placed the whole THz optical sys-
tem in an almost-closed acrylic box, which was filled
with dry air until all the THz measurements were
completed to ensure stability of humidity. All sam-
ples were placed in the box for 24 h before measure-
ment to balance the ambient humidity.

Results and discussion

XRD pattern and THz absorption spectrum analysis
of cellulose treated with NaOH

The original XRD pattern was cut out with a scat-
tering range of 10° to 30° and processed with
background subtraction and baseline correction as
arranged in Fig. 1 with the color gradient express-
ing the different concentrations of NaOH during the
treatment. The three main crystalline peaks of cellu-
lose I had Miller indices of (1T0), (110), and (200);

peak6: (020)

intensity (a.u.)

10 15 20 25 30
20 (deg)

Fig. 1 Baseline-corrected XRD patterns of all cellulose sam-
ples (the gradient colors express the different concentrations of
NaOH during the treatment), the crystalline peaks of cellulose
I and II are denoted as numbers

for cellulose 11, the Miller indices were (110), (110),
and (020). In Fig. 1, the crystalline peaks of cellu-
lose I are denoted as peakl, peak2, and peak3, and
those of cellulose II are denoted as peak4, peaks,
and peak6. The changes in the XRD patterns after
the NaOH treatment can be easily identified; under
treatment with 0% to 8% NaOH, typical cellulose
I patterns can be observed. With the increase in
NaOH concentration, the pattern treated with 10%
NaOH showed a superimposition of the cellulose
I and cellulose II patterns, and the samples treated
with 12% to 20% NaOH showed patterns dominated
by the cellulose II pattern.

In order to obtain the crystalline index of cellu-
lose I and II which will be discussed in the next sec-
tion, the six crystalline peaks as described above,
and two amorphous intensity curves for cellulose I
and II, respectively, were deconvoluted via a curve-
fitting process using a pseudo-Voigt profile, which
has been used in many other research cases. Consid-
ering that this method is widely used, the detailed
process of this part will not be repeated here. The
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background subtraction, baseline correction and
deconvolution process of the XRD pattern are all
provided in the Supplementary Information.

The measured THz time-domain signal was Fou-
rier transformed into the frequency domain, and the
absorption coefficient o was calculated using the fol-
lowing equations:

@c

"= T 27vL +1 (1)
2 (n+1)y7>
a = —zln RT (2)

where ¢ is the phase difference between the refer-
ence and measured samples (@, ence = Psampie)s R 18
the ratio of the amplitude in the frequency domain of
the measured samples to the reference, c is the speed
of light (3% 10® m/s), v is the frequency, and L is the
thickness of the samples (Reid and Fedosejevs 2006).

The original THz absorption coefficient spectra
from 0.2 THz to 3.5 THz were shown in Fig. 2a, and
corrected for baseline fluctuations with a standard
normal variate (SNV) algorithm and then smoothed
by the application of a Savitzky—Golay filter with a
second-order polynomial and 21 smoothing points to
remove the noise, as shown in Fig. 2b, wave numbers
are also given here for comparison with the classical
vibrational spectroscopy, the used color gradient is
the same as that in Fig. 1. The THz absorption coef-
ficient spectra of all the cellulose samples (including
those treated with/without NaOH) showed a similar
change trend as that of the XRD patterns. The absorp-
tion characteristics are shown in the THz absorp-
tion coefficient spectra of cellulose I and cellulose II
totally differed from those of other spectroscopy, such
as FTIR spectra (which show a peak shift after NaOH
treatment of cellulose (Oh et al. 2005)). At NaOH
concentrations below 10%, the THz absorption coef-
ficient spectra showed the typical characteristics of
cellulose I observed in previous studies: the absorp-
tion peak at 2.13 THz corresponded to the cellulose
I type (Wang et al. 2020), and the absorption peak
at 3.04 THz correlated with the amount of cellulose
I, regardless of the I, and I allomorphs (Wang et al.
2021). The integrated intensity of this absorption
coefficient peak (3.04 THz) in can be used to evalu-
ate the crystallinity of cellulose I; (Wang et al. 2021).
For the 20% NaOH-treated cellulose samples, which
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Fig. 2 THz spectra of cellulose treated with NaOH of different
concentrations. a The original THz absorption coefficient spec-
tra, b SNV and smoothed THz absorption coefficient spectra,
¢ second derivative of the THz absorption coefficient spectra

were almost cellulose II, the absorption coefficient
spectra showed different characteristics of cellulose I;
two absorption peaks (at 1.32 THz and 2.77 THz) can
be directly observed. Given that the absorption peaks
in the THz region of cellulose II were smaller than
those of cellulose I, the Savitzky—Golay second deriv-
ative of the THz absorption coefficient spectra was
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examined to distinguish the absorption peaks clearly
as shown in Fig. 2c. The peaks at 1.32 THz, 1.76
THz, and 2.77 THz could be easily observed, whereas
the peak at 1.76 THz was almost invisible in the
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Fig.3 THz absorption coefficient spectra of cellulose treated
with 20% (blue), 10% (green), and 0% (red) NaOH that are
measured (after SNV) and curve fitted using a 7th Fourier
series

THz absorption coefficient spectra. The THz absorp-
tion coefficient spectra of cellulose treated with 10%
NaOH showed the characteristics of both cellulose 1
and cellulose II as that in the XRD patterns (Fig. 3).

The peak positions of the THz absorption coef-
ficient spectra, 26 values, and d-spacing values cal-
culated from the XRD patterns of different types of
cellulose are summarized in Table 1. The d-spacing
values were calculated as follows:

A
2sin @

3

where A is the wavelength of the X-ray radiation
(0.1542 nm) and @ is the Bragg angle (Bragg and
Bragg 1913). As shown in Table 1, the change in the
crystalline structures was reflected in the observed
d-spacing values, the 26 of the XRD patterns, and
the peak positions of the THz absorption coefficient
spectra. Generally speaking, the higher the frequency,
the greater the photon energy. Cellulose I—whether
I or I,—showed a common absorption peak at 3.04
THz. The THz absorption peak at 2.13 THz of cel-
lulose Iy was located at a lower frequency compared
with that of cellulose I, at 2.38 THz, which may be
caused by the more stable crystalline structure of

Table 1 20 and d-spacing values calculated from the XRD patterns and the peak positions of THz absorption coefficient spectra

XRD pattern THz absorption spec-
trum
260 (°) d-spacing (nm) Peak position (THz)
(110) (110) (200)/(020)" (110) (110) (200)/(020)° peakl peak2 peak3
Cellulose I, (Glaucocystis)* 1471 17.04 22.89 0.602 0.520 0.389 2.38 3.04 NaN
1458 1693 22.78 0.607 0.524 0.390 2.38 3.04 NaN
14.57 1691 22.77 0.608 0.524 0.391 2.38 3.04 NaN
Cellulose Iy (Halocynthia) * 1489 16.7 2298 0.595 0.531 0.387 2.13 3.04 NaN
1494 16.75 23.04 0.593 0.529 0.386 2.13 3.04 NaN
15.03 16.84 23.1 0.589 0.527 0.385 2.13 3.04 NaN
Cellulose Iy (without NaOH treated MCC) 14.50 17.00 22.50 0.611 0.522 0.395 2.13 3.04 NaN
1454 16.81 22.50 0.610 0.522 0.395 2.13 3.04 NaN
1454 1699 22.50 0.611 0.522 0.395 2.13 3.04 NaN
Cellulose II (20% NaOH treated MCC) 12.50 20.24 22.00 0.709 0.434 0.404 1.32 1.76 2.77
12.50 2045 21.09 0.708 0.440 0.404 1.32 1.76 2.77
12.50 20.50 22.00 0.708 0.439 0.404 1.32 1.76 2.77

*The Miller indices for cellulose I and cellulose IT were (200) and (020), respectively

4The values were adopted from Wang et al. (2020)
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cellulose I than that of cellulose I,. The THz absorp-
tion peaks of cellulose II were distributed at a lower
frequency, which may be related to the more stable
and lower overall energy of cellulose II (Langan et al.
1999, 2001). As shown in Table 1, the 26 of the same
cellulose was inconsistent in XRD patterns, on the
other hand, the position of the absorption peak of the
THz absorption coefficient spectrum is very definite,
only varying due to the crystalline form of cellulose.
However, the specific assignments of these absorp-
tion peaks at the molecular level still need further
research.

Crystallinity and relative content of cellulose
(determined by XRD and THz)

The crystallinity index (Crl) calculated from the XRD
patterns was determined by the following equation:

SCr

Crl = ——
SCr + SAm

“

where S, and S,,, are the sums of the integrated
intensity of six crystalline peaks and the amorphous

intensity curves, respectively. The detailed process of
the peak deconvolution with the pseudo-Voigt profile
is given in the Supplementary Information.

Crl was divided into Crl1 (for cellulose I) and CrI2
(for cellulose II), which were calculated as follows:

il = —2S ¢y (5)
Scr *+Scn
S
c2=—"2_.cr 6)
Scr +Sen

where S,; and S, are the sums of the integrated
intensity of the crystalline peaks of cellulose I and
cellulose II, respectively, and Cr/ is the crystallinity
index calculated by Eq. (4).

CrIl and Crl2 can be used to evaluate the relative
content of cellulose I and cellulose II in the sam-
ples to grasp the progress of the NaOH treatment.
The correlations of the concentrations of NaOH
with Crll and Crl2 are shown in Fig. 4a, b, respec-
tively. CrlIl and CrlI2 showed completely opposite
trends with the change in the NaOH concentration,
where Crll decreased with the increase in the NaOH
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Fig. 4 Correlation of the concentrations of NaOH with a CrIl and b Crl2 calculated from the XRD patterns, reversed second deriva-
tive at ¢ 3.04 THz and d 2.77 THz, and coefficients e r1 and f 2 fitted from the THz absorption coefficient spectra
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concentration, indicating a decrease in the cellulose
I in the samples. In contrast, CrI2 increased with the
NaOH concentration, which showed a transforma-
tion from cellulose I to cellulose II. Both Fig. 4a, b
showed inflection points at the 10% NaOH concentra-
tion, which indicated that the crystalline lattice trans-
formed from cellulose I to cellulose II, as shown by
the XRD patterns in Fig. 1.

As shown in Fig. 2, the THz absorption coeffi-
cient spectra of the 10% NaOH-treated sample also
showed mixed characteristics of cellulose I and cel-
lulose II, the other samples showed a characteristic
of cellulose I (treated with NaOH < 10%) and cellu-
lose II (treated with NaOH > 10%), respectively. The
changes of the intensity are more easily observed in
the second derivative of the THz absorption coef-
ficient spectra, where the troughs correspond to the
absorption peaks in the THz absorption coefficient
spectra, and the reversed second derivative value
reflects the intensity changes of the absorption peaks
directly. As shown in Fig. 4c, d, the reversed second
derivative values at 3.04 THz and 2.77 THz showed
a similar trend of change of Crll and Crl2 calculated
from XRD patterns.

Given the simplicity of the THz absorption coef-
ficient and the above identification of the absorption
peaks of cellulose I and cellulose II, the THz absorp-
tion coefficient spectra of the cellulose I without
NaOH treatment and the cellulose II with 20% NaOH
treatment can be written as two seventh-order Fourier
series (denoted as f(0) and f(20)). Furthermore, the
expression of the THz absorption coefficient spectra
of the samples treated with NaOH of other concen-
trations can be written as f =rl-f(0) + r2 - £(20),
where rl and r2 are coefficients determined by the
curve-fitting process, and r/+r2=1, since the sam-
ples only have two types of cellulose crystalline.
As shown in Fig. 3, the fitted results reproduced the
measured THz absorption coefficient spectra (only
after SNV to correct the baseline fluctuations) to a
certain degree. The specific parameters of the fitted
Fourier series (f(0) and f(20)) and the residual dis-
tribution are provided in Supplementary Information.
The residuals follow a normal distribution, indicating
the applicability of the fitting model.

The correlations of the NaOH concentrations
with the coefficients r/ and r2 are shown in Fig. 4e,
f. These correlations were highly similar with those
of Crll, CrI2 and reversed second derivative values

of THz absorption coefficient spectra. This indicated
that the coefficients obtained from the fitting of the
THz absorption coefficient can be used to evaluate
the relative content of cellulose I and cellulose II.
Furthermore, for the samples which only have two
types of cellulose crystalline components, the coeffi-
cients r/ and r2 still may give a more accurate rela-
tive content of each crystalline component, since the
integrated intensity of the THz mass absorption coef-
ficient peak was very possible to directly reflect the
amount of the cellulose crystalline without the inter-
ference of the amorphous region on the THz absorp-
tion coefficient spectra (Wang et al. 2021).

Conclusions

In this study, cellulose I was treated with NaOH of
different concentrations (from 0 to 20%) to change the
crystalline structure. XRD patterns and THz absorp-
tion coefficient spectra of samples were obtained.
The XRD patterns and the THz absorption coefficient
spectra can be divided into three types; when the con-
centration of NaOH during processing was lower than
10%, equal to 10%, and higher than 10%, the XRD
patterns and the THz absorption coefficient spectra
showed a typical profile of cellulose I, mixed char-
acteristics of cellulose I and cellulose II, and a typi-
cal profile of cellulose II, respectively. For the THz
absorption coefficient spectra of cellulose I, only two
absorption peaks (at 2.13THz and 3.04 THz) could be
observed. By contrast, three absorption peaks (at 1.32
THz, 1.76 THz, and 2.77 THz) could be observed for
cellulose II. The XRD patterns were deconvoluted
by using a pseudo-Voigt profile, and the calculated
crystalline index can be further divided into Crll
and Crl2 to indicate the relative content of cellulose
I and cellulose II in the samples, respectively. Crll
decreased as the concentration of NaOH increased,
whereas CrI2 increased with the NaOH concentra-
tion. The THz absorption coefficient spectra of cel-
lulose I without NaOH treatment and cellulose II
treated with 20% NaOH were fitted by the seventh-
order Fourier series (f(0) and f(20)). After this pro-
cess, all the THz absorption coefficient spectra could
be fitted as a mixture of these two formulae by multi-
plying two coefficients (r1 and 72), which meant that
f=rl1-f(0)+r2-f(20). The correlations between
the concentrations of NaOH and r1 and 72 showed
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similar changing trends of Crll and CrI2. Remark-
ably, the transformation of the crystalline lattice from
cellulose I to cellulose II after the NaOH treatment
can be traced by THz absorption coefficient spectra
the coefficients r1 and 2 are able to describe the rela-
tive content of cellulose I and cellulose II in a sample.
The THz signal can be measured at room temperature
and does not require sample pretreatment, the meas-
urement and analysis processes are rapid and simple
compared with the XRD patterns. Combined with the
results of previous research, we believe THz-TDS has
the potential to become a useful tool in the research
and understanding of cellulose crystallography.
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