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Correlations of Apparent Cellulose

Crystallinity Determined by XRD, NMR, IR,

Raman, and SFG Methods
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Abstract Although the cellulose crystallinity index (CI) is used widely, its limita-

tions have not been adequately described. In this study, the CI values of a set of

reference samples were determined from X-ray diffraction (XRD), nuclear magnetic

resonance (NMR), and infrared (IR), Raman, and vibrational sum frequency gener-

ation (SFG) spectroscopies. The intensities of certain crystalline peaks in IR, Raman,

and SFG spectra positively correlated with the amount of crystalline cellulose in the

sample, but the correlation with XRD was nonlinear as a result of fundamental

differences in detection sensitivity to crystalline cellulose and improper baseline

corrections for amorphous contributions. It is demonstrated that the intensity and

shape of the XRD signal is affected by both the amount of crystalline cellulose and

crystal size, which makes XRD analysis complicated. It is clear that the methods

investigated show the same qualitative trends for samples, but the absolute CI values

differ depending on the determination method. This clearly indicates that the CI, as

estimated by different methods, is not an absolute value and that for a given set of

samples the CI values can be compared only as a qualitative measure.
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1 Introduction

Cellulose is the most abundant natural polymer on the planet, and constitutes

lignocellulosic biomass along with hemicelluloses and lignin [1]. Cellulose is

produced from glucose molecules by photosynthesizing plants such as trees,

grasses, and algae as well as by bacteria, fungi, and tunicates (i.e., sea squirts)

[2]. Cellulose is a linear macromolecule of repeating 1-4-linked β-D-glucopyranose
units. In plants, individual cellulose polymer chains are produced by protein

complexes in the plasmamembrane and aggregate into microfibrils [3–5]. Hydrogen

bonding between and within cellulose chains in cellulose microfibrils leads to

formation of ordered crystal structures [6–9]. The crystal structure of cellulose

plays a key role in the mechanical strength of plant cell walls as well as decon-

struction of lignocellulose biomass [10–14].

Naturally occurring cellulose exists as two polymorphs, cellulose Iα and Iβ.

Algae and bacteria primarily produce cellulose Iα, whereas land plants tend to

produce mostly cellulose Iβ [15, 16]. Cellulose can be irreversibly converted into

cellulose Iβ by heat treatment [17]. Cellulose II is produced via mercerization with a

strong alkaline solution or precipitation from a dissolved state [18, 19]. Cellulose I

and II can be converted to cellulose III1 and III2, respectively, by treatment with dry

liquid ammonia [2]. It has been also claimed that cellulose IV1 and IV2 can be

produced simply by heating cellulose III1 or III2, but the products could be a form of
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disordered cellulose Iβ [20]. These polymorphs of cellulose differ in the size of the

unit cell, number of chains included in the crystal unit cell, and orientation of the

chains in the crystal (parallel or antiparallel).

Several techniques have been used to measure the amount of crystalline structure

and the polymorph type in cellulose samples. Although X-ray diffraction (XRD) is

the most widely used technique, infrared spectroscopy (IR), Raman spectroscopy,

nuclear magnetic resonance (NMR), and vibrational sum frequency generation

(SFG) spectroscopy are also used to investigate the crystal structure of cellulose

[21–24]. Because XRD measures coherent scattering from crystalline lattices, it is

conceptually easy to understand. However, there are several issues concerned with

the practical application of XRD to biomass [25]. In fact, XRD analysis of whole

biomass can be challenging because of interference from incoherent X-ray scatter-

ing of the amorphous phases, which include hemicelluloses and lignin. Several data

processing methods have been proposed and used to extract values for the amount

of crystalline cellulose from XRD data of biomass [26]; however, these methods

have some limitations that are often neglected in data processing or interpretation.

These issues are discussed in this study.

There are several peaks in NMR, IR, and Raman spectra that are characteristic of

crystalline cellulose. Cellulose and hemicelluloses share the same organic func-

tional groups (C–C, C–H, C–O–C, and C–O–H); the main differences between

them are the monomeric constituents and regioselectivity of glycosidic bonds,

which eventually govern the packing of these carbohydrate polymer chains. Struc-

tural constraints (such as bond distances and bond angles) imposed by specific

polymer chain packing can cause certain peaks in NMR, IR, and Raman spectra to

be different for crystalline and amorphous structures [24]. Although many studies

have shown that crystalline cellulose can be distinguished from other components

in biomass using NMR, IR, and Raman spectroscopy, quantitative analysis is still

challenging because of subtle differences between the crystalline and amorphous

phases.

Recently, vibrational SFG spectroscopy has been demonstrated to selectively

detect crystalline cellulose dispersed in amorphous phases [27, 28]. SFG is a

nonlinear optical process for the study of a noncentrosymmetric optical medium.

Crystalline cellulose has noncentrosymmetry over several orders of length scales.

At the molecular scale, all carbon centers (C1, C2, C3, C4, C5) in the

glucopyranose ring are chiral. The symmetry of the crystal unit cells are also

noncentrosymmetric (space groups P1 and P21) [9, 23]. The glucan chains in

cellulose Iα and Iβ are arranged in parallel fashion, whereas those of cellulose II

are arranged in antiparallel fashion [29]. The noncentrosymmetric crystals can be

distributed randomly, centrosymmetrically (for example, antiparallel packing), or

noncentrosymmetrically (parallel packing) within the amorphous matrices. Thus,

the dispersion pattern of cellulose crystals over the characteristic length of the SFG

process (so-called coherence length) can also affect the SFG spectra [30]. Although

individual chiral centers could generate weak SFG signals, in principle their signals

are generally much weaker or negligible compared with SFG signals from

noncentrosymmetric crystals. Thus, SFG can selectively detect multiscale
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structural aspects (such as crystal structure and mesoscale packing) of crystalline

cellulose dispersed in a whole biomass sample without interference from amor-

phous components [24, 29–33]. This selective detection of crystalline cellulose in

its native state is very important for a deep understanding of the role of crystalline

cellulose in cell wall properties, both mechanically and chemically. If the packing

of crystalline cellulose in biomass remains relatively constant, the SFG signal

intensity can be used to estimate crystallinity [28]. However, this becomes chal-

lenging if the crystal packing pattern changes drastically between samples [30].

In this paper, we compare the apparent crystallinity index (CI) obtained from

several structural characterization techniques. In the literature, the CI values

obtained from different techniques and/or samples have been compared in a

quantitative manner, and in some cases the results have been taken as “accurate”

or “absolute.” We propose that the CI value should be taken or considered only as a

qualitative index to demonstrate a trend between samples, and not as an absolute

quantity. The main purpose of this paper is to explain how the CI is obtained by

different methods and how different the results can be (even for a given technique

when the CI is calculated by different methods). We also attempt to draw a

correlation between the different methods. The data presented in this paper provide

an insight into the usefulness and limitations of CI estimation.

2 Experimental

2.1 Sample Preparation

Several types of cellulose were used in this study. Cotton linter (Justfiber C10CL

FCC) was kindly provided by the International Fiber Corporation; Avicel PH-101

and α-cellulose were purchased from Sigma-Aldrich. Fully bleached hardwood and

softwood pulps were obtained from a mill in the southeastern United States. These

pulps contained 20.0% and 16.3% noncellulosic carbohydrates, respectively.

Decrystallized samples were prepared using a modified version of the procedure

described by Schroeder et al. [12, 34]. Whatman filter paper 1 was used in this study

as a reference, highly crystalline, and purified sample. It was first soaked in water

and the fibers were dispersed under magnetic stirring overnight. The water was then

removed by vacuum filtration over a glass filter. The mat of fibers was removed and

re-suspended in a beaker filled with acetone. This dispersion was filtered using

vacuum filtration. After the third rinsing with acetone, the fiber mat was suspended

in dimethyl sulfoxide (DMSO). Following the same procedure, the DMSO was

removed via vacuum and re-suspended three times. The purpose of this solvent

exchange was to swell the cellulose fibers and make them more accessible to

reaction with formaldehyde. The cellulose and DMSO mixture was then heated to

125�C and paraformaldehyde added. As a result of the reaction, methylol-cellulose

was formed, which is soluble in DMSO, and the system became clear. Themethylol-

cellulose and DMSO solution was filtered through a glass crucible. Amorphous
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cellulose was then precipitated in a stirred bath with 0.2 M sodium methoxide in

methanol and propanol (1:1). After precipitation, the fibers were washed thoroughly

with methanol, 0.1 M hydrochloric acid, and de-ionized water, and then freeze-

dried. Partially de-crystallized samples were obtained in a similar manner but not

applying solvent exchange so that the cellulose chains only partially dissolved. In

addition, no filtration was used so that these chains were preserved. The same

procedure was followed to precipitate and wash the dissolved portion.

2.2 X-Ray Diffraction

Freeze-dried cellulose samples were placed on a low-background quartz holder and

measured using a Rigaku SmartLab X-ray diffractometer with a Cu tube

(λ¼ 1.5405 Å). The radiation was generated at 25 mA and 35 kV. A step size of

0.05� and 5 s exposure were used for measuring the scattering angle 2θ in the range
9–41�. The CI was determined by two methods, the peak height (PH) and amor-

phous subtraction (AS) methods. The PH method, also known as Segal’s method,

measures the intensity of the crystalline peak (I200–IAM) and the total intensity (I200)
after the background spectrum is removed. The ratio of the intensities of these two

peaks gives an estimate of the crystallinity of the cellulose sample [35]. The AS

method requires the amorphous spectrum to be subtracted from the sample spectrum

[36]. This method is challenging because a comparable amorphous sample should

be used as a background, and most processes to obtain such a sample (e.g., ball-

milling) produce significant modifications. The amorphous background spectrum

used here was prepared by utilizing an amorphous cellulose sample from the same

given starting material. A scaling factor was used to shift the amorphous spectrum to

fit under the sample spectra. The CI was then taken as the area of the crystalline

portion (total area minus amorphous background area) divided by the total area.

2.3 X-Ray Diffraction Simulation

To investigate the effect of cellulose crystal size on the CI value using the AS

method, simulated diffraction patterns were created from the .cif file obtained for

cellulose Iβ [9] using the Mercury program v3.3 [37], which is similar to that used in

a previous report [38]. Several powder diffraction patterns were obtained by

varying the full width at half maximum values. The CI values for each simulated

spectra were found by applying the AS method in a manner similar to that used for

the experimental spectra described earlier.

2.4 Nuclear Magnetic Resonance Spectroscopy

High-resolution solid-state 13C NMR spectra were collected at 9.4 T with cross-

polarization and magic angle spinning (CP/MAS) in a Bruker Avance 400 MHz
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spectrometer. 1H and 13C fields were matched at 53.6 kHz, and a 1 dB ramp was

applied to the proton rotating-frame during the matching period. Acquisition time

was 0.034 s and sweep-width was 30 kHz. Magic-angle spinning was performed at

7,000 Hz. The average was calculated for 3,000 scans using a 2 ms contact time and

a delay time of 4.0 s. Crystalline cellulose peaks can be found in the literature

[39]. The CI was determined by dividing the total area of crystalline peaks by the

area under C4 carbon peaks.

2.5 Fourier-Transform Infrared and Raman Spectroscopies

Fourier-transform infrared (FT-IR) spectroscopy measurements were performed

using a Nicolet 8700 FT-IR Spectrometer (Thermo Scientific) with a deuterated

triglycine sulfate (DTGS) detector. Data were collected in the region 650–

4,000 cm�1 with a 4 cm�1 resolution, averaged over 100 scans, in reflection mode

using a smart iTR diamond plate unit (Thermo Scientific). Each spectrum was

baseline-corrected and normalized to the maximum absorbance at 1,030 cm�1. Sim-

ilar to previous studies, the FT-IR relative crystallinity was calculated using the ratio

of the absorption bands at 1,315 and 1,369 cm�1 from the filter paper reference

samples [40, 41]. The absorbance of each band was measured relative to the valley

value at approximately 1,348 cm�1. These two bands were chosen because the

1,315 cm�1 peak intensity varies substantially in the reference samples and is located

close to the 1,369 cm�1 peak, which is used as an internal standard for crystallinity

calculations [41]. FT-Raman spectroscopy measurements were taken using a Nicolet

NXR Spectrometer (Thermo Scientific) using a 1,064 nm excitation source with a

beam power of 1–1.8 W and a germanium detector. Data were collected in the region

250–3,800 cm�1with an 8 cm�1 resolution, averaged over 1,000 scans. Each spectrum

was baseline-corrected and normalized to the maximum absorbance at 2,894 cm�1.

Relative crystallinity from the Raman spectra was calculated using the ratio of the

absorbance bands at 380 and 1,096 cm�1 [42]. The 380 and 1,096 cm�1 peak

intensities were measured relative to the minima at 356 and 942 cm�1, respectively.

2.6 Vibrational Sum Frequency Generation Spectroscopy

SFG spectroscopic measurements were carried out by irradiating the sample with

picosecond laser pulses in the IR and visible wavelengths and detecting the emitted

SFG signals. The SFG spectrometer (EKSPLA) was pumped by a picosecond Nd:

YAG laser (1,064 nm at 10Hz). The infrared light was generated with an optical

parameter generator/amplifier (OPG/OPA) pumped with 532 and 1064 nm and

tuned to 2.3–10 μm with <6 cm�1 bandwidth. The polarization of incident IR

and visible laser pulses were parallel (p-polarized) and perpendicular (s-polarized)

to the plane of laser incidence. The emitted SFG signal (s-polarized) was detected
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in the reflection geometry [27]. The visible (60� to surface normal) and IR (56�)
laser pulses were overlapped spatially and temporally on each sample. A beam

collimator was used to enhance the signal collection efficiency and the SFG signal

was filtered through a monochromator and detected with a photomultiplier tube

(Hamamatsu Corp.). The SFG intensity was normalized to incident IR and visible

laser intensities. SFG spectra were taken at 4 cm�1 per step in the CH stretching

region (2,700–3,050 cm�1) and 8 cm�1 per step in the OH stretching region (3,096–

3,800 cm�1). Slight variations in SFG intensity occurred at different locations on

the sample pellet, depending on the texture and packing density of the cellulose

during sample preparation. Therefore, SFG intensity at the 2,944 and 3,320 cm�1

peaks were monitored at multiple locations (n¼ 3–8) on the pellet so that each full-

scan spectra was representative of the average SFG intensity at the given locations.

No baseline corrections or normalization was performed. The relative crystallinity

was calculated by measuring the peak intensity at 2,944 cm�1 relative to the

minimum at 3,132 cm�1 [28].

3 Results and Discussion

3.1 Correlation of “Apparent” Crystallinity Estimated from
XRD, IR, Raman, and SFG Analyses of Reference
Samples

A set of reference samples with three different crystallinities was prepared as

described in the “Sample Preparation” section. We used Whatman filter paper

because it is readily and widely available and can be taken as a reference for highly

crystalline (as-received filter paper), partially crystalline (prepared by adjusting the

decrystallization process), and amorphous cellulose (precipitated from solution)

[12, 34]. These samples were analyzed using XRD, IR, Raman, and SFG, as shown

in Fig. 1. The filter paper samples were not suitable for 13C solid-state NMR

analysis, and thus comparison of CI values obtained using this technique was not

possible.

There are many different methods for calculation of the CI from XRD as shown

in Fig. 1a [43, 44]. Of the various methods, the most widely used is the peak height

(PH) method originally proposed by Segal et al. as a “time-saving empirical

measure of relative crystallinity” [35]. This method assumes the background

intensity at 2θ¼ ~18
�
to be an amorphous contribution and the peak height at

2θ¼ 22.8
�
to result from both crystalline and amorpous contributions. In order to

quantify and provide a more realistic value, alternative methods such as curve

fitting or amorphous subtraction (AS) have been suggested [26]. Depending on the

method used to analyze XRD data, the CI value can vary drastically [28]. Note that

most of the methods incorrectly assume that X-ray sensitivity to crystalline and

amorphous phases is the same. The Rietveld fitting of XRD data can resolve these
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uncertainties in the CI calculation [45]. Because these advanced methods are not

easily amenable to non-XRD experts, a more user-friendly method has been

developed [46].

Figure 1b compares the Raman spectra of the same samples. The 1,480 and

380 cm�1 peaks are known to be characteristic of crystalline cellulose [42, 47]. The

former is assigned to the CH2 bending mode of the exocyclic CH2OH side chain and

the latter is speculated to originate from one of the torsion or bending modes of the

six-membered ring with respect to the glycosidic bonds [24]. In the case of the

1,480 cm�1 peak, the peak deconvolution from the amorphous counterpart

(~1,460 cm�1) can be troublesome for calculation of CI. After proper background

Fig. 1 Characterization of cellulose reference samples using (a) XRD, (b) Raman, (c) IR, and (d)

SFG. Reference samples were prepared from filter paper and are labeled as untreated (black),
partially decrystallized (red) and amorphous (blue). All spectra are offset for clarity. Insets in (b)

and (c) show the regions used for CI calculations
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correction, good correlation between the 380 cm�1 intensity and the XRD CI value

has been demonstrated [42]. Hemicelluloses do not show a peak at 380 cm�1,

whereas they can show broad peaks in the CH2 bending vibration region. Thus, use

of the 380 cm�1 Raman peak intensity is advantageous for CI calculation [48].

Figure 1c displays the IR spectra of the same samples. There are a number of

small peaks that vary with the degree of crystallinity. Noticeable peaks are found at

706, 1,056, 1,110, and 1,315 cm�1. The intensities of these peaks are reported to

vary in accordance with the XRD CI value [41]. Although the 1,056 and

1,110 cm�1 peaks are sharp, they overap with broad and strong background peaks

in the C–C and C–O stretch vibration region. For that reason, the peaks at 706 and

1,315 cm�1 might work better for CI calculation. The peaks at 1,640 cm�1 become

larger as the degree of crystallinity decreases. This is a result of the ingress of water

into the amorphous cellulose region. For the same reason, the OH stretch peaks

(3,000–3,600 cm�1) become broader for the partially and fully decrystallized

samples. When applied directly to lignocellulose biomass, the IR method can suffer

from peak overlap from noncellulosic components.

Figure 1d exhibits the SFG spectra of the same samples. Although there are

many peaks characteristic for crystalline cellulose in the lower wavenumber region,

their peak assignment is not straightforward because of substantial coupling

between various vibrational modes [31]. The C–H and O–H stretching vibration

region alone can provide rich information about the polymorphism (Iα, Iβ, II, III)

and mesoscale packing pattern of celluose microfibrils [29, 30]. A strong SFG peak

at 2944 cm�1 and a weaker peak at 3,320 cm�1 are characteristic features of

antiparallel-packed cellulose Iβ microfibrils [30]. The intensities of these peaks

decrease in a nonlinear fashion as the crystalline cellulose portion in the sample

decreases [28]. The additional peak at 2,968 cm�1 for the partially decrystallized

sample might be a result of some changes in the cellulose crystal packing [30],

which could have occurred during the partial decrystallization process involving

incomplete dissolution of cellulose crystals. For the fully decrystallized sample

(precipitated from fully dissolved cellulose chains), the OH stretch peak is

completely missing and the CH peak is shifted to 2,960 cm�1 and is weaker. This

implies that a small amount of cellulose II is formed during the precipitation

process, because amorphous cellulose chains do not produce measureable SFG

signals [29].

Figure 2 presents the correlations between CI values calculated from the data

shown in Fig. 1. The XRD data were processed using the PH and AS methods. For

the AS method, the XRD data of the fully depolymerized sample (blue curve in

Fig. 1a) was used as a reference for CI¼ 0%. Note that the PH method always gives

higher CI values than the AS method. This is an artifact and limitation of the PH

method caused by simply reading the height at 2θ¼ 22
�
as total diffraction, even

though the amorphous phase alters the baseline. For the fully depolymerized

sample, the PH method gives 34% CI whereas the AS method gives 0% CI (simply

because it is the reference for CI¼ 0%). The difference between the two methods

becomes smaller for samples of higher crystallinity (CIPH¼ 94% versus

CIAS¼ 78% for the as-received filter paper). It should be noted that both methods
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ignore the fact that XRD sensitivity to the amorphous background and crystalline

peaks are different.

Because there are peaks characteristic for crystalline cellulose in IR, Raman, and

SFG spectra, the intensities of these peaks can be correlated with the absolute

amount of crystalline cellulose in the sample. However, it is difficult to know the

absolute value unless the sample is prepared by mixing known amounts of fully

crystalline and fully amorphous cellulose [28]. Thus, we simply compared their

intensities with the XRD CI values. Figure 2 shows nonlinear but reasonably good

correlation between the CI values obtained using the different techniques. In the

case of IR and Raman data, the crystalline peaks appear above the nonzero

background or sometimes overlap with the amorphous peaks. Thus, proper back-

ground subtraction and intensity normalization using an internal reference (the peak

that is not sensitive to crystallinity) is necessary [41, 42]. The nonlinearity of the

correlations in Fig. 2 could be a result of improper baseline correction or

nonlinearity of the relationship between XRD CI and the true crystallinity of the

sample [28]. In the case of SFG, the background from amorphous cellulose is

typically zero; thus, the absolute intensity can be used for CI calculations. However,

because of the nonlinear nature of the SFG process and scattering of the incident

and emitted light from rough samples, as well as birefringence of crystalline

cellulose, it is difficult to obtain theoretical predictions of SFG intensity [28].

3.2 Simulation of X-Ray Diffraction Data for Cellulose
Crystals of Different Sizes

In plant cell walls, cellulose microfibrils are synthesized by cellulose synthase

complexes (CSCs). The CSC consists of a rosette of six subunits, and each subunit

Fig. 2 Correlation between crystalline peak intensities in (a) Raman, (b) IR, and (c) SFG

vibration spectroscopy of reference samples with respect to XRD crystallinities calculated using

the peak height method (circles) and amorphous subtraction method (triangles)
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contains putatively six cellulose synthesis proteins. If all units are active in cellu-

lose synthesis, then cellulose microfibrils would contain 36 chains [49]. However,

some models assumed microfibrils with 18 chains [6]. The cross-sectional shape of

a cellulose microfibril and the exact number of cellulose chains it contains are

difficult to determine [50]. Based on the average cross-section of a glucose chain,

the diameter of a microfibril containing 36 chains is estimated to be ~3.8 nm

(Fig. 3a). The exact diameter is dependent on an assumption of the shape of the

microfibril cross-section. As the number of chains in the crystalline microfibrils

varies, the size of the coherent lattice that produce XRD peaks also varies. In plant

cell walls, several individual microfibrils have been observed to bundle into larger

aggregates called macrofibrils [51]. Some algae and tunicates produce much thicker

cellulose crystals (up to 15–20 nm in diameter).

In XRD, the crystal size affects the width of the diffraction peak. The mathemat-

ical relationship between the peak width (full width at half maximum, FWHM) of

the diffraction peaks and the crystal size (d ) is known as the Scherrer equation [52]:

FWHM ¼ kλ

d cos θ
;

where k is the proportionality constant, λ is the X-ray wavelength, and θ is the

Bragg diffraction angle. Note that the proportionality constant k has been derived to
be about 0.9, assuming Gaussian line profiles of XRD and small perfect cubic

crystals of uniform size without any distortion of the lattice [53]. This value is

widely used for estimation of cellulose crystal size because it is not sensitive to

crystallite shape and symmetry.

Fig. 3 (a) Estimation of the diameter (d ) of a cellulose microfibril with circular cross-section (A)
as a function of the number of chains in the microfibril. (b) Simulated XRD diffractograms using

the Mercury program at different peak input values of full width at half maximum (FWHM). Inset
in (b) shows the calculated CI value from the amorphous subraction (AS) method versus FWHM

value
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In the literature, it is often assumed that the CI and crystal size are independent

of each other and are calculated as separate quantities. However, these two terms

may not be totally independent but are coupled. In order to demonstrate their

dependency, XRD diffractograms were simulated using the Mercury software for

the unit cell of cellulose Iβ crystal with different FWHM settings (Fig. 3b)

[38]. Thus, this data could be considered as 100% crystalline samples with different

crystal sizes. In Fig. 3b, the background region close to the assumed amorphous

phase rises as FWHM increases. The inset of Fig. 3b shows the CI values calculated

for the data in Fig. 3b using the AS method. The CI value decreases in proportion to

the FWHM value. This simulation clearly shows that, as cellulose microfibril

diameter decreases, the calculated CI values also decrease although the true crys-

tallinity does not change. For a 36-chain cellulose microfibril, the Scherrer equation

predicts the FWHM to be around 2.3�, which sets the maximum CI value calculated

from the AS method at ~78%. Should 78% CI from AS analysis be taken to

correspond to a 100% crystalline sample? To consider the aggregation of individual

cellulose microfibrils in plant cell walls, pristine samples of high uniformity are

needed [54]. More in-depth analysis with independent experimental design is

needed to address this question.

3.3 Comparison of “Apparent” Crystallinity Estimated from
XRD, NMR, IR, Raman, and SFG of Isolated
and Natural Cellulose Samples

Five different samples containing cellulose were analyzed using XRD, NMR, IR,

Raman, and SFG. Cotton linter is one of the purest native (biologically intact)

sources of cellulose and contains the highest amount of cellulose (>95% by dry

mass). Avicel and α-cellulose are commercially available purified celluloses.

Avicel is produced via acid hydrolysis of pulp or cotton linter; thus, the degree of

polymerization of cellulose in Avicel is low. α-cellulose is produced via base-

catalyzed hydrolysis of wood pulp. Thus, commercial α-cellulose contains mostly

cellulose Iβ, which should not be confused with cellulose Iα. Bleached hardwood

(HW) and softwood (SW) pulps were included in this analysis for comparison with

commercial cellulose samples.

Figure 4 and Table 1 compare the XRD, NMR, IR, Raman, and SFG intensity

data of the five samples tested. The CI values from XRD were calculated using both

PH and AS methods. For the IR, Raman, and SFG data, the signal intensities were

converted to values equivalent to the XRD CI values using the calibration curves

shown in Fig. 2. In 13C ss-NMR, the C4 peak chemical shifts of amorphous and

crystalline cellulose phases were 80–85 ppm and 85–89 ppm, respectively. Thus,

their relative intensity can be taken as the CI. The processed CI values are plotted in

Table 1. It is clear that all methods show the same qualitative trends for samples

(e.g., CI is the highest for cotton linter and lowest for α-cellulose) but that the
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Fig. 4 Characterization of isolated and natural cellulose samples using (a) XRD, (b) 13C NMR,

(c) Raman, (d) IR, and (e) SFG. Samples are cotton linter (black), Avicel (red), α-cellulose
(green), hardwood (HW) pulp (blue), and softwood (SW) pulp (orange). In (a) the amorphous

standard is plotted as a dotted line. Insets in (c) and (d) show the spectral regions used for CI

calculations. All spectra are offset for clarity

Table 1 Cristallinity index values obtained for various cellulose-containing samples using

different methods

Sample

Calculated crystallinitya (%)

XRD(PH) Raman IR SFG XRD(AS) Raman IR SFG NMR

Cotton linter 85 94 95 93 72 78 80 77 65

Avicel 81 94 93 90 70 77 75 71 58

α-cellulose 65 88 89 86 48 65 67 65 44

Hardwood fiber 84 92 91 90 81 73 72 71 45

Softwood fiber 84 93 92 91 84 76 73 73 52
aValues obtained from Raman, IR, and SFG were correlated relative to the XRD values obtained

using the peak height method (PH) and amorphous subtraction method (AS)
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absolute values are different, depending on the method. This indicates that the CI

values estimated using different methods are not “absolute” and should not be

compared directly. The CI values obtained for different samples using one method

can be compared only qualitatively.

There are a few details that deserve further discussion. First, NMR CI values are

much lower than the values calculated from XRD data, even those determined by

the AS method. As pointed out earlier, XRD is sensitive to the crystalline phase, but

less sensitive to the amorphous phase. Thus, the XRD analysis inevitably discrim-

inates between amorphous and crystalline phases. In contrast, NMR is equally

sensitive to both crystalline and amorphous phases. This fundamental difference

in detection sensitivity of these two methods might be responsible for the discrep-

ancy between the CI values determined using these methods.

Second, XRD CI values calculated for hardwood and softwood fiber samples

with the AS method are high, close to those calculated using the PH method. The

source for this high value can be seen in Fig. 4a, which shows the amorphous

background portion determined using the AS method. The reference diffractogram

used as the amorphous background (blue curve in Fig. 1a) has low intensities at 2θ
above 25�, but the hardwood and softwood fiber samples show high background in

this region (Fig. 4a). Thus, the AS method cannot properly subtract the background

portion in this high 2θ region, adding this difference into the crystalline portion.

Figure 3b shows that the background intensities in the 2θ> 25
�
and 2θ¼ 18

�

regions rise as the FWHM increases. However, the reference sample for the

amorphous phase demonstrates negligible intensities at 2θ> 25
�
. This makes the

CI values calculated using the AS method for the fiber samples much higher than

the true mass fraction of crystalline cellulose over the total mass.

4 Conclusions

The apparent CI values of cellulose and biomass samples were evaluated using

XRD, solid-state NMR, IR, Raman, and SFG. For a set of filter paper samples, the

CI calculated from IR, Raman, and SFG spectra were compared with values from

XRD and a nonlinear, positive correlation was observed. The size of cellulose

crystals is a factor that can affect the XRD CI value. When different types of

cellulose were used, it was clear that all characterization methods show similar

trends; but the absolute values are quantitatively different. This indicates that the CI

value determined using a given method can be used only as a qualitative and

relative measurement.
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