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Abstract Cellulose crystallinity assessment is impor-1

tant for optimizing the yield of cellulose products, such2

as bioethanol. X-ray diffraction is often used for this3

purpose for its perceived robustness and availability.4

In this work, the five most common analysis methods5

(the Segal peak height method and those based on peak6

fitting and/or amorphous standards) are critically re-7

viewed and compared to two-dimensional Rietveld re-8

finement. A larger (n = 16) and more varied collection9

of samples than previous studies have presented is used.10

In particular, samples (n = 6) with low crystallinity and11

small crystallite sizes are included. A good linear corre-12

lation (r2 ≥ 0.90) between the five most common meth-13

ods suggests that they agree on large-scale crystallinity14

differences between samples. For small crystallinity dif-15

ferences, however, correlation was not seen for samples16

that were from distinct sample sets. The least-squares17

fitting using an amorphous standard shows the smallest18

crystallite size dependence and this method combined19

with perpendicular transmission geometry also yielded20

values closest to independently obtained cellulose crys-21

tallinity values. On the other hand, these values are22

too low according to the Rietveld refinement. All anal-23

ysis methods have weaknesses that should be considered24

when assessing differences in sample crystallinity.25
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Introduction29

Cellulose makes up the largest biomass portion of all30

organic matter. In wood, cellulose comprises up to 5031

% of the dry mass. Wood and paper-making indus-32

tries naturally have strong interest in cellulose prod-33

ucts. More recently, byproducts from these industries34

have also been suggested as a renewable energy source35

that does not compete with food production (Himmel36

et al. 2007). Developing enzyme mixtures that are opti-37

mized for cellulose hydrolysis requires knowledge of the38

cellulose crystallinity since different enzymes are used39

for crystalline and amorphous cellulose (Thygesen et al.40

2005).41

Crystallinity of cellulose also affects the mechanical42

properties, such as strength and stiffness, of both nat-43

ural and man-made cellulosic products. The strength44

of a biocomposite material can be increased by the in-45

clusion of highly crystalline cellulose (Siró and Plackett46

2010).47

X-ray diffraction (XRD) has also been used to study48

cellulosic materials — for over 80 years (Sisson 1933) —49

and it is still a prominent method of determining crys-50

tallinity of these materials due to its perceived robust-51

ness, non-destructive nature and accessibility (Zavad-52

skii 2004; Driemeier and Calligaris 2010; Kim et al.53

2013; Lindner et al. 2015). In addition to XRD, crys-54

tallinity in cellulose samples can be determined with55

many other methods, such as Raman spectroscopy (Schen-56

zel et al. 2005; Agarwal et al. 2013; Kim et al. 2013),57

infrared spectroscopy (Kljun et al. 2011; Chen et al.58

2013; Kim et al. 2013), differential scanning calorime-59

try (Gupta et al. 2013; Kim and Kee 2014), sum fre-60

quency generation vibration spectroscopy (Barnette et al.61

2012; Kim et al. 2013), and solid state nuclear magnetic62
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resonance (NMR) (Davies et al. 2002; Liitiä et al. 2003;63

Park et al. 2009; Kim et al. 2013).64

In contrast to NMR, XRD cannot yield the cellulose65

crystallinity directly, but rather the mass fraction of66

crystalline cellulose among the entire sample. The lat-67

ter is referred henceforth as sample crystallinity. In this68

article cellulose crystallinity refers to the mass fraction69

of crystalline cellulose among the total cellulose con-70

tent. It follows that the values for sample crystallinity71

and cellulose crystallinity are directly comparable only72

if the sample is pure cellulose. Otherwise, the cellulose73

content of the sample should be determined using in-74

dependent methods if cellulose crystallinity should be75

obtained from XRD measurements. Furthermore, sam-76

ple crystallinity may include crystalline contribution77

from other crystalline material besides cellulose. In this78

case the crystalline contributions need to be separated79

before cellulose crystallinity can be evaluated. Cellu-80

lose exists in several polymorphs (French 2014) but81

this study focuses on cellulose I, which is the promi-82

nent polymorph in unprocessed wood and other higher83

plants.84

In XRD crystallinity studies, many authors do not85

attempt to obtain an absolute value for cellulose crys-86

tallinity but rather discuss only a crystallinity index or87

refer to relative crystallinity values. In some cases, the88

absolute sample crystallinity may be a more useful met-89

ric. Absolute crystallinity is obtained for isotropic sam-90

ples by calculating the area under the intensity curve91

for the crystalline contribution relative to the combined92

areas of crystalline and amorphous contributions. How-93

ever, there are various methods of performing this cal-94

culation and different models for amorphous material95

have been used. For samples with preferred orienta-96

tion, the used measurement geometry also affects the97

obtained crystallinity values. As there is no standard98

method to determine sample crystallinity from XRD99

data, comparing results from different literature sources100

is challenging.101

A literature survey of 244 articles published between102

2010 and 2014 (inclusive) that discussed cellulose crys-103

tallinity determination with XRD was conducted. The104

most common method was the Segal peak height method105

(Segal et al. 1959), which was used in 64% of these106

articles. The second most common method was peak107

fitting (25%, sometimes referred to as peak deconvolu-108

tion), which was performed either with an amorphous109

standard or using a mathematical model for the amor-110

phous contribution. The third most common method,111

amorphous subtraction, was used in 2.0% of the arti-112

cles. These three methods were also found to be the113

most common by Park et al. (2010) for the crystallinity114

analysis of commercial cellulose.115

Recently there has been a vivid discussion on com-116

parisons between the XRD crystallinity analysis meth-117

ods (Thygesen et al. 2005; Park et al. 2010; Bansal et al.118

2010; Terinte et al. 2011; Barnette et al. 2012). Most119

of these articles discuss the Segal method, an amor-120

phous subtraction method and a peak fitting method121

and find differences between the methods. Park et al.122

(2010) concluded that the Segal method gave values123

that were too high and recommended the use of other124

methods. Bansal et al. (2010) also showed that the Se-125

gal method performed poorly with samples with known126

crystallinity, showing a mean error of over 20%-point127

for crystallinity values. Terinte et al. (2011) found that128

values obtained by a peak fitting method by different129

experts were consistent.130

This article includes the Segal method (method131

1), the amorphous subtraction method (method 4) and132

three different peak fitting method implementations.133

Peak fitting methods vary in the choice of the amor-134

phous model, which is here modeled with a wide Gaus-135

sian peak (method 2), with a combination of a linear136

fit and a wide Gaussian peak (method 3) or with an137

amorphous standard (method 5). Another peak fitting138

method, which originates from crystallography, is Ri-139

etveld refinement (Rietveld 1969; De Figueiredo and140

Ferreira 2014), which focuses on fitting the crystalline141

contribution accurately and includes all crystalline diffrac-142

tion peaks. Rietveld refinement has been recently ap-143

plied for the analysis of plant cellulose samples by Oliveira144

and Driemeier (2013). Although this method is not as145

common as the other methods considered here, it is very146

promising for the accurate analysis of two-dimensional147

(2D) scattering data. Thus, a 2D Rietveld method is148

included here as a comparison method.149

The purpose of this article is to compare the chosen150

sample crystallinity determination methods and to see151

under which conditions—if any—comparisons could be152

made. The recent literature (Bansal et al. 2010; Park153

et al. 2010; Terinte et al. 2011) on this topic has focused154

on highly crystalline and pure cellulose samples. The155

samples compared here vary in degree of crystallinity,156

average crystallite size, degree of preferred orientation,157

and cellulose content. In particular, a collection of sam-158

ples with small crystallite sizes and lower crystallinities159

were chosen for this study. These samples are more chal-160

lenging to analyze than the samples in the previously161

cited crystallinity analysis comparison articles due to162

extensive peak overlap.163

Although the Segal method is the most commonly164

used, criticism towards it is on the rise (Park et al.165

2010; Terinte et al. 2011; French and Santiago Cintrón166

2013; Nam et al. 2016). A secondary aim of this study167

is to further quantify this critique, in particular with168
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respect to the effect of the crystallite size and the un-169

realistic cellulose crystallinity values obtained with the170

Segal method.171

Materials and methods172

Samples173

Three forms of commercial microcrystalline cellulose174

(MCC) were selected to represent standard cellulose175

samples. MCC1 is known as Avicel PH-102, MCC2 as176

Vivapur 105 and MCC3, which was measured earlier177

(Tolonen et al. 2011), is from Merck (No. 1.02330.0500).178

Commercial (Milouban) cotton linter pulp (CLP) was179

also used. These cellulose samples were pressed in the180

shape of a disc into metal holders. Sample thicknesses181

were 0.95 (CLP), 1.4 (MCC1) and 1.1 mm (MCC2).182

Wood with a high average microfibril angle was repre-183

sented by a juniper sample (Hänninen et al. 2012) of184

1.4 mm thickness.185

Additionally, XRD data was obtained from recent186

publications. Samples of low- and medium-density balsa187

(86 and 159 g/cm3, respectively) (Borrega et al. 2015),188

spruce-pine sulphite pulp and nata de coco (Parviainen189

et al. 2014), birch pulp (Testova et al. 2014), bam-190

boo (Dixon et al. 2015), and MCC from birch sulphite,191

poplar kraft and cotton linters (Leppänen et al. 2009)192

were analyzed. The published properties of these sam-193

ples are summarized in Online Resource 1. The bamboo194

samples represent values calculated as averages from195

three replicates.196

Experimental set-up197

MCC1, MCC2, CLP and the juniper sample were mea-198

sured using both perpendicular transmission (PT) ge-199

ometry and symmetrical transmission (ST) geometry.200

Set-up 1 is based on a rotating anode source (Kontro201

et al. 2014) and was used for the PT measurements us-202

ing a mar345 image plate detector. Set-up 2 is a four-203

circle goniometer (Andersson et al. 2003) that was used204

for all ST measurements. For the ST measurements the205

samples were rotated to reduce preferred orientation206

effects. All measurements were done using copper Kα207

energies (wavelength λ = 0.154 nm) and for compati-208

bility with the Segal method scattering angles (2θ) are209

discussed.210

Data analysis211

The XRD data was corrected for read-out noise (set-212

up 1) and normalized with the transmission calculated213

from the primary beam before air scattering was sub-214

tracted. After this, polarization correction was applied215

(taking into account the monochromator angle of 28.44◦216

for set-up 1). Geometrical corrections were applied for217

set-up 1. After this angle-dependent absorption (irradi-218

ated volume) correction was applied. For set-up 1 the219

diffraction data was averaged radially before data anal-220

ysis in MATLAB. From the samples with published221

data, original corrected intensities were used if they222

were available.223

A total of five different analysis methods were used224

to determine sample crystallinity for each of the 23 mea-225

surements included in this study. All five analysis meth-226

ods are visualized in Fig. 1 for an MCC standard sam-227

ple (high crystallinity) and a wood sample (low crys-228

tallinity). For comparison, 2D Rietveld refinement was229

included for the samples with 2D data available.230

Method 1: Segal peak height231

In the Segal peak height method (Segal et al. 1959)232

a maximum intensity value I200 is found between the233

scattering angles of 2θ = 22◦ and 23◦. The region be-234

tween the cellulose Iβ 200 diffraction peak and the 110235

and 110 peaks is assumed to have very little crystalline236

contribution and is approximated as comprising of only237

an amorphous contribution. The minimum value Imin238

is taken using a minimum in the data, typically between239

2θ = 18◦ and 19◦. The sample crystallinity (usually re-240

ferred to as the crystallinity index) is then calculated241

as242

C =
I200 − Imin

I200
. (1)243

Method 2: Gaussian peak fitting without a linear back-244

ground (Gaussian peaks)245

In method 2 a relatively small 2θ range between 2θ1 =246

13◦ and 2θ2 = 25◦ is used and four cellulose diffraction247

peaks, corresponding to reflections 110, 110, 102 and248

200 are fitted with Gaussian peaks. A fifth Gaussian249

is fitted as the amorphous contribution. Peak positions250

for cellulose reflections are limited here to within 0.3◦ of251

the literature values (Nishiyama et al. 2002) in the least252

square fit except for the 200-diffraction peak, which is253

fitted to the right of the observed 200-peak maximum.254

The amorphous peak maximum is limited between 18◦255

and 22◦. The area of the crystalline peaks (Acr) is used256

to calculate crystallinity as257

C =
Acr

Asample
=

∫ 2θ2
2θ1

Icrd2θ∫ 2θ2
2θ1

Isampled2θ
, (2)258

where Asample is the area under the sample intensity259

curve.260
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Fig. 1: Crystallinity determination with the five chosen methods for (a) the MCC2 (Avicel PH-102) sample and (b)

the juniper sample, both measured with perpendicular transmission (two-dimensional scattering pattern shown in

top left of each subfigure). The asterisks denote the positions of the fitted Gaussian crystalline peaks.

Method 3: Gaussian peak fitting with a linear background261

(Gaussian+linear)262

Method 3 includes a larger scattering angle region (from263

2θ1 = 13◦ to 2θ2 = 50◦) than method 2 and corre-264

spondingly more reflections (18 reflections of cellulose265

Iβ (Nishiyama et al. 2002)). In this method the amor-266

phous model is also more sophisticated since it is rep-267

resented by a superposition of a linear fit and a wide268

Gaussian peak, with a peak maximum between 18◦ and269

22◦ and peak full width at half maximum between 10◦270

and 22.5◦. The linear fit is assumed to be part of the271

amorphous model since the scattering intensities are al-272

ready corrected before the crystallinity analysis.273

The peak positions in this model are allowed to vary274

by 0.3 degrees, whereas peak widths and peak heights275

are taken essentially as free fitting parameters, with the276

starting values taken from a 36-chain crystallite model277

(Ding and Himmel 2006). The 200-diffraction peak po-278

sition is fitted to the right of the observed 200-peak279

maximum instead of the exact literature position. The280

crystallinity is calculated with Eq. 2.281

Method 4: Amorphous subtraction282

In the Amorphous subtraction method an amorphous283

standard is chosen that should fit the amorphous con-284

tribution from the sample. The shape of the model is285

taken from a measured amorphous sample and may286
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thus be more complicated and asymmetric than the287

ones of methods 2 and 3.288

Before analysis the experimental data is smoothed289

with a Gaussian filter. The amorphous curve is then fit-290

ted to the data using a constant scaling factor so that291

it touches the experimental data in at least one point292

but does not surpass it. The area under the amorphous293

curve (Aam) is then taken as the amorphous contribu-294

tion and crystallinity is then calculated as295

C = 1 − Aam
Asample

= 1 −
∫ 2θ2
2θ1

Iamd2θ∫ 2θ2
2θ1

Isampled2θ
. (3)296

The scattering angle range used to calculate the area297

is chosen to include a large wide-angle X-ray scattering298

region. Here the values of 2θ1 = 13.5◦ and 2θ2 = 49.5◦299

are used for the Amorphous subtraction method.300

Method 5: Gaussian peak fitting with an amorphous stan-301

dard (Amorphous fitting)302

Similarly to method 4, the Amorphous fitting method303

uses also an experimental amorphous standard obtained304

from a chosen amorphous sample. The crystalline model305

is the same as in method 3 and the crystallinity is cal-306

culated using Eq. 3 with 2θ1 = 13◦ and 2θ2 = 50◦. A307

linear superposition of the crystalline and amorphous308

models is used in the least squares fit. In contrast to309

method 4, method 5 features fitting which allows the310

amorphous model to surpass the measurement intensi-311

ties slightly at some scattering angles if this improves312

the fit. This can happen due to differences in the actual313

shape of the amorphous contribution and the selected314

amorphous standard.315

Comparison method: Two-dimensional Rietveld refine-316

ment317

Rietveld refinement (RR) represents a more sophisti-318

cated method of fitting crystalline cellulose peaks to319

the experimental data. RR was conducted using the320

Cellulose Rietveld analysis for fine structure (CRAFS)321

software (Oliveira and Driemeier 2013; Driemeier 2014)322

using corrected two-dimensional scattering data. The323

standard CRAFS background model was replaced with324

the linear+Gaussian amorphous model of method 3.325

Otherwise the fitting algorithm and the fitting model326

was the same as explained in Oliveira and Driemeier327

(2013). Because the samples represent cellulose from328

different sources, all the parameters for unit cell, crys-329

tallite size and diffraction peak shape were refined. The330

starting values and upper and lower boundaries for all331

these parameters were from Oliveira and Driemeier (2013)332

except for the parameters that account for differences333
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Fig. 3: Fully crystalline cellulose Iβ models (top) con-

structed from the unit cell parameters of Nishiyama

et al. (2002). Arrows on bottom right indicate direc-

tions perpendicular to the lattice planes (hkl). Models

with equal number of glucose chains (n = 6...13) in the

[110] and [110] directions were created and the calcu-

lated scattering intensities are shown.

in the 110 and 110 peak intensities1. The amount of334

preferred orientation in the samples varied from weak335

(powder-like samples) to very strong (wood and bam-336

boo) and an orientation distribution was fitted to all337

the samples using a single Gaussian peak and a positive338

smoothly-varying background described with Legendre339

polynomials. Refined models for a microcrystalline cel-340

lulose standard and for two highly oriented samples are341

shown in Fig. 2. The 2D RR sample crystallinity was342

calculated using Eq. 3.343

Fully crystalline models: the crystallite size effect344

Fully crystalline cellulose models were constructed from345

the unit cell parameters of Nishiyama et al. (2002) for346

the purposes of seeing if the size of the crystallites af-347

fects the crystallinity values obtained with the chosen348

methods. These idealized crystallite models contain no349

surface, or other, disorder. Each model represents an350

ideal cellulose crystallite with both the cellulose and351

the sample crystallinity of 100%. Any variation from352

this value in sample crystallinities reported in the Re-353

sults section is due to the systematical error in the fit-354

ting method. Scattering intensities were calculated us-355

ing the Debye formula (Debye and Bueche 1949) for the356

models shown in Fig. 3. The length of each model was357

1 The nata de coco sample could not be fitted without in-
creasing the upper boundaries of the Lδ and pδ parameters of
Oliveira and Driemeier (2013). These parameters model the
differences in the crystallite size and diffraction peak shape
corresponding to the 110 and 110 peaks.
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Fig. 2: Rietveld refinement done with the CRAFS software (Oliveira and Driemeier 2013) shows how the exper-

imental data (top row) is fitted with the Rietveld model (middle row). The residual (bottom row) is relatively

small for the highly oriented Moso bamboo sample (left column), medium-density balsa (middle column) and

the microcystalline cellulose standard Avicel PH-102 (right column). All intensities are given as relative to the

maximum intensity of the corresponding experimental scattering data.
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Fig. 4: Effect of the crystallite size on the sample crys-

tallinity value for artificial, fully crystalline cellulose

data. A third order fit is plotted for each data set for vi-

sualization purposes. Crystallite size is given along the

[110] and [110] directions (Fig. 3).

20 glucose residues. The size of the models were cho-358

sen to represent typical cellulose crystallite sizes (3 to359

7 nm). The size was calculated in the [110] and [110]360

directions from atomic coordinates.361

Results362

Crystallinity values363

Ideally, the crystallinity value should not depend on the364

crystallite size. However, looking at the values of the365

fully crystalline models (Fig. 4), the values of the Segal366

peak height method show a positive linear correlation367

(r2 = 0.92) with the crystallite size, as does the Amor-368

phous subtraction method (r2 = 0.92). The largest vari-369

ation as a function of the crystallite size was seen in the370

Gaussian+linear method, whereas the Amorphous fit-371

ting showed the least variation as a function of crystal-372

Table 1: Statistics of sample crystallinity values of dif-

ferent analysis methods for the fully crystalline models.

All values are percentage-points.

Method Mean STD Max. diff.
1: Segal 93 3.7 10.3
2: Gaussian peaks 77‡ 2.8 6.6
3: Gaussian+linear 84† 4.3 13.3
4: Amorphous subtraction 82† 4.0 10.8
5: Amorphous fitting 80†‡ 1.3 3.8
Ideal values 100 0 0

Standard deviation (STD); Difference between the lowest and
highest crystallinity values (Max. diff.)
†‡ No statistically significant difference, based on a two-sided
t-test with a significance level of 0.01.

lite size (Table 1). The linear component of the Gaus-373

sian+linear model increases for the larger crystallite374

sizes resulting in larger amorphous contributions. All375

methods yield crystallinity values significantly2 below376

the ideal value of 100%. The Segal method values at377

the largest crystallite sizes are closest to the correct378

values whereas the average crystallinity value for the379

other methods ranges from 77 to 84%.380

For the real samples, a complete list of sample crys-381

tallinity values obtained with the considered analysis382

methods are shown in Table 2. The average sample crys-383

tallinity values for the Segal method are higher than for384

the other methods (66% higher than Gaussian peaks,385

63% higher than Gaussian+linear, 52% higher than Amor-386

phous fitting and 40% higher than Amorphous subtrac-387

tion).388

2 Statistical significance based on a one-sided t-test with a
significance level of 0.01.
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Table 2: Sample crystallinities (%) by different crystallinity analysis methods. Values more than one standard

deviation lower than the mean crystallinity value of that sample are shown in bold face whereas those more than

one STD above are shown in italics.

Sample and geometry Segal Gaussian
peaks

Gaussian+
linear

Amorphous
subtraction

Amorphous
fitting

2D
Rietveldb

PL Moso bamboo PT 46 22 24 20 21 28
PL Tre Gai bamboo PT 45 22 23 22 22 36
PL Guadua bamboo PT 49 24 23 29 28 37
WD Juniper ST 34 18 19 22 23
WD Juniper PT 38 21 22 23 23 36
WD Medium-density balsa PT 46 24 24 32 26 43
WD Low-density balsa PT 46 25 26 32 27 41
WD Medium-density balsa ST 48 23 22 27 28

Low crystallinity: mean ± STD 44±5 22† ± 6 23† ± 5 26† ± 2 25† ± 3 37±5b

WD Medium-density balsa SR 71 50 50 58 48
PP Spruce-pine sulph. PT 77 49 50 48 42
PP Nata de coco PT 77 47 44 52 49 61
PP Birch PT 73 45 43 54 50
PP Cotton linter ST 76 41 47 55 50
PP Cotton linter PT 86 55 56 67 62

MCC 1: Vivapur 105 ST 74 47 48 56 52
MCC 1: Vivapur 105 PT 80 51 49 63 58 66
MCC 2: Avicel PH-102 ST 76 51 49 57 52
MCC 2: Avicel PH-102 PTa 76 47 49 58 54
MCC 2: Avicel PH-102 PT 82 53 50 65 60 67
MCC 3: Merck PT 80 50 51 58 52
MCC Poplar kraft ST 73 43 45 56 53
MCC Birch sulphite ST 73 43 40 57 54
MCC Cotton linter ST 87 54 56 67 61
High crystallinity: mean ± STD 77±5 48† ± 5 49† ± 5 58±4 53±5 65±3b

All samples: mean ± STD 66±17 39† ± 13 40† ± 14 47† ± 16 43† ± 15

Standard deviation (STD), Plant material (PL), Unprocessed wood material (WD), Processed pulp (PP), Microcrystalline
cellulose (MCC), Perpendicular transmission (PT), Symmetrical transmission (ST), Symmetrical reflection (SR).

a Measured with the four-circle diffractometer.
b Rietveld refinement could only be carried out to samples for which two-dimensional scattering data was available.
† No statistically significant difference in mean values, with a significance level of 0.05 of a two-sided t-test.

The values of sample crystallinities obtained can389

also be compared to NMR crystallinity results if the390

cellulose content is available. For the samples where this391

information was available, cellulose crystallinity was cal-392

culated as C/cc, where cc is the cellulose content and C393

is the sample crystallinity. The values in Table 3 show394

that the Segal method produces unrealistically high val-395

ues, over 100% for samples with low cc. Results from396

methods 4 and 5, based on an amorphous standard,397

correspond best with the NMR results.398

The unprocessed plant and wood material have strong399

preferred orientation. The effects of the orientation can400

be assessed by measuring the same sample using mul-401

tiple measurement geometries. For the medium-density402

balsa sample that was measured with three measure-403

ment geometries, only the symmetrical reflection geom-404

etry produces systematically cellulose crystallinity val-405

ues of over 100%. This can be explained by the optimal406

scattering orientation of the cellulose Iβ 200 reflection407

for wood samples, which causes overestimation of its408

contribution in the scattering pattern (Paakkari et al.409

1988) and leads to too high cellulose crystallinity val-410

ues. Thus for samples with wood-like texture, PT and411

ST geometries yield more realistic cellulose crystallinity412

values. Samples (n=5) that were measured with both413

of these geometries showed on average higher sample414

crystallinity values with PT than with ST (Table 2;415

6%, 8%, 14%, 9%, 14% and 12% higher, with methods416

1 through 6, respectively).417

Correlation between the methods418

If all the crystallinity analysis methods correlate with419

the actual sample crystallinity, there should be a lin-420

ear correlation between the values of different methods.421

The linearity of other methods relative to the Amor-422

phous fitting method is shown in Fig 5a. The strongest423

linear correlation (r2 = 0.98) is seen with the Amor-424

phous subtraction method and the weakest with the425

Gaussian+linear method (r2 = 0.90). The two Gaus-426
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Table 3: Cellulose crystallinity (%) determined with different analysis methods

based on obtained sample crystallinity and measured cellulose/glucose content (cc).

High sample crystallinities yield unrealistically high cellulose crystallinity values and

further indicate that the analysis method values in question should not be consid-

ered to be reasonable absolute crystallinity values. Values of over 100% are shown

in italics. Values less than 10% different from NMR results are shown in bold face.

Analysis method
Sample cc 1 2 3 4 5 NMR

PL Guadua bamboo 42.9a 114 56 54 68 66
PL Moso bamboo 37.1a 123 61 64 55 56
PL Tre gai bamboo 37.4a 121 58 61 59 59
WD Low-density balsa 40.1b 116 62 65 80 66
WD Medium-density balsa (PT) 41.5b 111 59 58 76 62
WD Medium-density balsa (SR) 41.5b 172 120 121 139 116
WD Medium-density balsa (ST) 41.5b 116 55 52 66 66
PP Spruce-pine sulphite 89.9c 86 55 56 53 47 61c

PP Birch 94.3d 77 47 46 57 53 53d

MCC Birch sulphite 97.6e 75 44 41 58 55
MCC Poplar kraft 99.8e 73 43 45 56 53
MCC Cotton linter 97.3e 89 56 58 69 63
MCC 2: Avicel PH-102 (PT) 100.0f 82 53 50 65 60 62g

Cellulose/glucose content (cc), Nuclear magnetic resonance (NMR), Plant material (PL),
Unprocessed wood material (WD), Processed pulp (PP), Microcrystalline cellulose (MCC),
Perpendicular transmission (PT), Symmetrical transmission (ST), Symmetrical reflection
(SR).

a Dixon et al. (2015) b Borrega et al. (2015) c Parviainen et al. (2014)
d Testova et al. (2014) e Leppänen et al. (2009) f Approximate cellulose content
g Jeoh et al. (2007)

sian peak fitting methods show a similar linear trend.427

The Gaussian+linear model shows large scatter at higher428

crystallinity values.429

To see if the correlations hold at smaller crystallinity430

differences the data was divided into two data sets (Ta-431

ble 2), those with low crystallinity (n=8) and those with432

high crystallinity (n=15). For the Amorphous fitting433

method low crystallinity samples vary in sample crys-434

tallinity from 20.7% to 28.1% and the high crystallinity435

ones from 42.3% to 61.9%. The linearity between the436

methods diminishes or disappears compared to Fig 5a437

as can be seen in Fig. 5b. Only the Amorphous subtrac-438

tion method shows a linear correlation with the Amor-439

phous fitting method.440

The samples compared in Fig. 5b are not from a sin-441

gle sample set of similar samples. An analysis of a set of442

bamboo samples is shown in Fig. 5c. These nine bamboo443

samples were measured in the same conditions, with the444

same measurement geometry and data-corrected in the445

same way. A good linear correlation was seen with the446

Segal method (r2 = 0.91) and the Amorphous subtrac-447

tion method (r2 = 0.97), compared to the Amorphous448

fitting method. The other methods did not show signif-449

icant linearity. The sample crystallinity values for the450

bamboo samples were between 20% and 30%, according451

to the Amorphous fitting method.452

Comparison to Rietveld refinement453

In order to further evaluate the chosen crystallinity fit-454

ting methods, a 2D RR was carried out on the samples455

with 2D data (Fig. 2). RR yielded higher sample crys-456

tallinity values than the methods 2 to 5 (especially for457

the low crystallinity samples with a strong preferred458

orientation) and lower values than those of the Segal459

method (Table 2).460

Discussion461

A good linear correlation (r2 ≥ 0.90) was found be-462

tween all crystallinity fitting methods. This suggests463

that the choice of the analysis method will usually not464

affect the relative differences between samples (i.e. rel-465

ative crystallinities), as long as the relative differences466

are large. If the relative differences are small, however,467

the methods will not show the same differences in rel-468

ative crystallinity. This negative result stands for dis-469

similar samples, measured with different measurement470

geometries.471

As shown in the result section, differences in sample472

crystallinity values obtained with the Segal method can473

also be due to differences in crystallite sizes. A positive474

correlation between the crystallite size and the Segal475



Comparison of sample crystallinity determination methods by X-ray diffraction for challenging cellulose I materials 9

Crystallinity (Amorphous fitting)

0 0.2 0.4 0.6 0.8 1

C
ry
s
ta
lli
n
it
y
(o
th
e
rs
)

0

0.2

0.4

0.6

0.8

1

0.93

0.91
0.90
0.98

Segal

Gaussian peaks

Gaussian+linear

Amorphous subtraction

r
2

(a) All samples in one group.

Crystallinity (Amorphous fitting)

0 0.2 0.4 0.6 0.8 1

C
ry
s
ta
lli
n
it
y
(o
th
e
rs
)

0

0.2

0.4

0.6

0.8

1

0.64 0.88

Segal

Gaussian peaks

Gaussian+linear

Amorphous subtraction

low

r
2

high

(b) Samples divided into two groups.

Crystallinity (Amorphous fitting)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
ry
s
ta
lli
n
it
y
(o
th
e
rs
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.91
0.50

0.97

Segal

Gaussian peaks

Gaussian+linear

Amorphous subtraction

r
2

(c) Individual bamboo samples (n=9).

Fig. 5: Sample crystallinity values of methods 1 to 4

relative to those of method 5, the Amorphous fitting

method. Solid line indicates one-to-one correspondence.

Possible linear correlation of the methods is assessed

with the r2 value. Methods without such value show no

statistically significant linear correlation.

crystallinity value has also been shown by Nam et al.476

(2016).477

The Segal method also produced too high sample478

crystallinity values (Table 3). It did, however, have a479

linear correlation with the values obtained from the480

amorphous standard methods when a single sample set481

(n=9, Fig. 5c) was considered. When a sample set (n=8,482

Fig. 5b) consisted of different types of samples, the lin-483

earity was no longer present. This is consistent with484

the fact that the Segal method is an empirical method485

which was not meant to be used to compare different486

types of samples but rather quantify changes within a487

single sample set.488

The Gaussian fitting methods 2 and 3 give the low-489

est crystallinity values, possibly due to over-fitting of490

the amorphous components. These methods may yield491

unrealistic amorphous contributions if fitting limits are492

too loose. On the other hand if the limits are too strict493

they may lead to wrong crystallinity values. For ex-494

ample, if the lower limit for the width of the amor-495

phous Gaussian peak is too low, there is a risk of fit-496

ting crystalline contribution with this peak and thus497

over-fitting the amorphous contribution, especially for498

the Gaussian+linear method. Publishing the enforced499

fitting limits along with the obtained crystallinity val-500

ues will make these results more comparable with other501

research. The 2D Rietveld method was used with the502

same amorphous model as the Gaussian+linear model,503

but yielded higher crystallinity values. This further sug-504

gests that the simpler Gaussian+linear method might505

overestimate the amorphous contribution.506

Methods 4 and 5, Amorphous subtraction and Amor-507

phous fitting, are closely related to each other. Amor-508

phous subtraction is more sensitive to the exact shape509

of the amorphous standard than the Amorphous fit-510

ting method. In the Amorphous subtraction method511

the amorphous model cannot surpass the sample inten-512

sity even if the shape of the model is wrong in some513

part of the selected scattering angle range. Since the514

Amorphous subtraction method does not model the515

crystalline contribution it is also difficult to quantify516

how well the chosen amorphous standard fits the data.517

Method 5, the Amorphous fitting, is not as vulnera-518

ble to crystallite size effects as other methods. How-519

ever, direct comparisons between crystallinity values520

obtained by it for different data can be difficult due521

to factors such as the choice of the scattering angle522

region, the choice of the amorphous model and the dif-523

ferent corrections and background subtractions. Since524

the Amorphous fitting method gave values below 80%525

even for the computational models that were 100% crys-526

talline, it is not a good method for determining whether527

a sample is fully crystalline or not. Furthermore, the528

crystalline model of methods 3 and 5 includes only the529

18 most significant peaks. This can cause a systematic530

underestimation of the crystalline component. However,531

for samples with 60% cellulose crystallinity, the values532

obtained by Amorphous fitting were similar to those533

obtained by NMR.534

One of the biggest challenges in using the Amor-535

phous fitting method and the Amorphous subtraction536

method is to find an appropriate amorphous model.537

Ideally the amorphous component should be measured538
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Fig. 6: Scattering intensities from materials considered

for an amorphous model, vertically shifted for clarity.
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Fig. 7: The crystallinity determined using different

amorphous backgrounds as a function of correspond-

ing crystallinity values using the sulphate lignin back-

ground. All results are from the Amorphous fitting

method.

separately and then used in the fitting process. As the539

choice of an amorphous model affects the absolute val-540

ues of sample crystallinity values obtained, amorphous541

standards should be freely available.542

In this paper, different standards were considered543

for the amorphous component of the Amorphous fit-544

ting method (Fig. 6). A two-sided t-test showed no dif-545

ferences (for significance level α = 0.05) in the means546

of obtained crystallinities for the amorphous standards.547

The exception was the crystallinity obtained with the548

ball-milled cellulose (Avicel), which yielded statistically549

significantly (α = 0.01) lower crystallinity means than550

all the other curves. Also an excellent linearity r2 ≥551

0.94 was found for all the other amorphous standards552

except for the ball-milled cellulose (r2 = 0.82, Fig. 7),553

where the variation from linearity was the highest for554

the low-crystallinity samples. The sulphate lignin data555

has been used extensively for wood and wood-like sam-556

ples (Andersson et al. 2003; Leppänen et al. 2011; Bor-557

rega et al. 2015; Dixon et al. 2015) and was chosen558

here as well for the low crystallinity samples, which559

had high non-cellulosic content. In this approach, the560

sulphate lignin is used as a model for all amorphous561

material in the sample: for example lignin, xylan and562

amorphous cellulose. For samples of high cellulose con-563

tent and samples of highly processed cellulosic materi-564

als, the ball-milled cellulose model was chosen because565

these samples contain little or no lignin.566

In Rietveld refinement, the crystalline contribution567

contains more fitting parameters (18) than the amor-568

phous contribution (5). The crystalline contribution may569

then be over-fitted and the sample crystallinity values570

overestimated. On the other hand, since the RR is done571

in 2D, it takes into consideration the preferred orien-572

tation. Assuming that the amorphous contribution is573

isotropic and the crystalline cellulose has a strong pre-574

ferred orientation, a more accurate upper limit for the575

amorphous contribution can be obtained from the 2D576

diffraction pattern than from the averaged one-dimensional577

data. Both of these factors explain why the RR yields578

higher sample crystallinity values than methods 2 to579

5. De Figueiredo and Ferreira (2014) have used a one-580

dimensional RR with a corundum calibration standard581

to assess the crystallinity of Avicel PH-102 (MCC2).582

Their symmetrical transmission geometry measurement583

resulted in a crystallinity value of 51 % (compare with584

Table 2).585

Careful crystallinity analysis should also account for586

other factors that may have a measurable effect on ob-587

tained crystallinity values. These include the contri-588

bution from non-cellulosic crystalline material, water589

background, effects from sample texture and measure-590

ment geometry. Different devices and geometries can591

result in peak shapes that are different from the Gaus-592

sian shape used here. Several different peak shapes have593

been suggested (Wada et al. 1997) and each user should594

check with a calibration sample which peak shape fits595

best to the data from their device. Other factors such596

as inelastic scattering and paracrystallinity can be in-597

cluded in a more sophisticated model if the data qual-598

ity is high. The lack of features in challenging cellulose599

samples measured with tabletop devices calls for a sim-600

plified model, such as the two-phase model used in this601

article.602

Information on sample paracrystallinity can be ob-603

tained with NMR by separating the signal into multiple604

components (Larsson et al. 1997). NMR yields informa-605

tion on the physical and chemical environment of indi-606

vidual atoms whereas XRD is sensitive to long-range607

order. Due to these underlying differences between the608

measurement modalities, NMR-crystallinity should not609

be expected to be identical with XRD-crystallinity. How-610

ever, both methods can be interpreted with a simpli-611

fied two-phase model in which a material consists of612

only purely crystalline and amorphous components. In613
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this model the paracrystalline contribution is included614

in the NMR-crystallinity (Tolonen et al. 2011). This615

streamlined model is used in this article when NMR-616

and XRD-crystallinities are compared.617

This study assumed that contribution from water618

background is negligible. As moisture content was not619

measured separately for all samples used in the anal-620

ysis, no direct correction could be made. For the case621

of wood samples, zero moisture content is a reasonable622

approximation for low humidity (equilibrium moisture623

content (EMC) 2.4% at 298 K and 10% humidity), but624

not for high humidity conditions (EMC 10.8% at 50%625

humidity) (Simpson 1998). For bamboo samples simi-626

lar to the ones used in this study (measured at relative627

humidities between 35.8% and 39.3%) a mass drop of628

(4.6 ± 0.2)% was experienced when the samples were629

heated in oven at 50 ◦C for 98 h. These values sug-630

gest that in the general case the water background is631

not negligible and careful analysis should consider also632

the water background. If the measurement cannot be633

performed under low humidity conditions and absolute634

crystallinity values are of interest, water background635

should be subtracted from the measured intensities. In636

any case, all samples should be measured under similar637

humidity conditions.638

Finally, for non-powder samples, different measure-639

ment geometries result in different sample crystallinity640

values due to texture effects. Using the peak weight641

parameters from Paakkari et al. (1988) and the relative642

peak heights for cellulose Iβ from French (2014), the dif-643

ference in total intensity of the major diffraction peaks644

(110, 110, 102, 200 and 004) between symmetrical re-645

flection and symmetrical transmission is approximately646

40%. Values obtained with perpendicular transmission647

were found to fall between the values obtained with the648

two other geometries. The texture effects can be re-649

duced to some extent by using multiple measurement650

geometries (Paakkari et al. 1988) or by choosing the651

most appropriate measurement geometry. However, nei-652

ther of these approaches work for 2D diffraction, where653

the measurement geometry is effectively limited to per-654

pendicular transmission. For samples with strong pre-655

ferred orientation, 2D diffraction is therefore more suit-656

able for determining differences in sample crystallinity657

values rather than for assessing absolute crystallinity658

values. In this case only samples with similar preferred659

orientation should be compared as preferred orientation660

affects the crystallinity values.661

Conclusions662

In order to avoid crystallite size effects it is better to663

use area-based fitting methods than peak height based664

methods. The Amorphous fitting method showed the665

least variation with respect to the crystallite size for666

fully crystalline cellulose models and thus it should be667

used when comparing samples of different crystallite668

sizes. That method also showed the best correspon-669

dence with the available NMR crystallinity results. The670

values obtained from the Segal peak height method671

should be considered relative values and comparisons of672

values obtained from different studies should be avoided.673

An ideal, fully quantitative and optimized assess-674

ment of cellulose crystallinity should include the con-675

tribution of all diffraction peaks. For samples with pre-676

ferred orientation, this requires the use of at least two677

measurement geometries and is more reliably performed678

using two-dimensional scattering data. Although the679

choice of refined parameters and their fitting limits af-680

fects the obtained crystallinity values, the 2D Rietveld681

method is a promising method for evaluating sample682

crystallinity.683

Relative differences in crystallinity within a sam-684

ple set can be distinguished with many different crys-685

tallinity analysis methods. Comparison between results686

from different research groups is more challenging and687

the availability of good, open-access amorphous stan-688

dards would be beneficial to the field. We include the689

amorphous sulphate lignin model in Online Resource 2690

for this purpose. Comparing the crystallinity of differ-691

ent samples by their XRD-crystallinity values is prob-692

lematic unless identical measurement and analysis pro-693

tocols have been used.694
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