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Abstract Sugarcane bagasse was selected as resid-

ual feedstock to investigate the effects of an acid/

peroxide-alkali (APA) combined pretreatment on the

extraction of cellulose and on its applicability for

producing cellulose acetate. The pretreatment was

effective in disrupting the recalcitrant lignocellulose

structure and isolating cellulose (SBC), which reached

85.67% purity. High performance liquid chromatog-

raphy, 1H and 13C nuclear magnetic resonance,

Fourier transform infrared spectroscopy, thermo-

gravimetry, calorimetry, X-ray diffractometry

(XRD), scanning electron microscopy and elemental

analysis were applied to characterize the materials.

Crystallinity and accessibility were evaluated by Segal

and deconvolution crystallinity indexes, full-width at

half maximum, crystallite size (L), total crystalline

index and lateral order index parameters. SBC cellu-

lose presented lower crystallinity and was classified

after XRD peak deconvolution as a mixture of

cellulose II polymorph with considerable amorphicity

and some features of remaining cellulose Ib from

sugarcane bagasse, while CC was labeled type Ib,
indicating that the sustainable material is more

susceptible to chemical modifications. The degrees

of substitution of acetylation products showed that

both celluloses have satisfactory reactivity and

reached mono, di and triacetylation in different

reaction conditions. SBC cellulose is presented as an

efficient and renewable alternative to commercial

cellulose for producing chemicals, and it is proposed

that the APA pretreatment had a significant influence

on the low crystallinity and high accessibility of this

material.
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Introduction

Lignocellulosic biomass is a renewable, abundant and

widely distributed source composed of cellulose,

lignin and hemicellulose, which may replace petro-

leum derivates in the production of some petrochem-

ical-based products and is the main raw material used

in biorefineries (Wright et al. 2006). Therefore, this

sustainable material can be applied to generate power,

fuels, chemicals and new materials (Diep et al. 2012).

The main sources used in the studies of lignocellulose

are wood, cotton, jute, hemp, corn, flasks, rice, wheat

straw, sisal and sugarcane bagasse (Lavanya et al.

2011).

Cellulose is a polymer whose repeating unities (the

monomers) consist of two anhydroglucose rings

linked by a b-1,4 glycosidic bonding (Ciolacu et al.

2012). Its fibers are composed of crystalline regions

where cellulose chains are aligned parallel to the axis,

along with amorphous regions where cellulose chains

are unordered. Cellulose is one of the most abundant

materials on earth and it is found as cellulose I

(parallel chains) form naturally, while cellulose II

(antiparallel chains) is found after chemical modifica-

tions (Cheng et al. 2011). Recently, lignocellulosic

residues are being investigated as cellulose sources in

order to reduce industrial costs when compared to the

use of other raw materials (El Nemr et al. 2015; Fan

et al. 2013). Sugarcane bagasse stands out as an

abundant, eco-friendly and low-cost cellulosic source,

since the sugar and alcohol industry generates a huge

amount of this residue. Although some of this bagasse

is burned to produce energy for the sugarcane mills, a

significant amount is still not used (Cerqueira et al.

2007). Moreover, bagasse is composed of 20–30%

lignin, 40–45% cellulose and 30–35% hemicellulose

(Cardona et al. 2010), being substances that may be

used as raw materials for biorefinery.

Researchers have recently focused on the fraction-

ation of residual biomass from sugarcane bagasse

(Kalogiannis et al. 2015), where the main problem is

the very low reactivity of cellulose stemming from its

complex and rigid crystalline structure. Cellulose

pretreatment is necessary, and various techniques to

disrupt the recalcitrant lignocellulose structure have

been reported to separate the cellulose, lignin and

hemicellulose fractions. Some examples are steam

explosion (Vochozka et al. 2016), acid pretreatment

(Kumar et al. 2014), ionic liquid (Endo et al. 2017),

organosolv (Kautto et al. 2013), acid/peroxide-alkali

process (Assumpção et al. 2016) and soda/an-

thraquinone (soda/AQ) pulping (Jahan et al. 2015).

The combined method using acid and alkaline perox-

ide is an emerging technique and a potential candidate

for improving pretreatment of lignocellulose. The

diluted sulfuric acid is advantageous for removing the

hemicellulosic fraction with low degradation of cel-

lulose (Chandel et al. 2014); the sodium hydroxide

(Ramadoss and Muthukumar 2015) and hydrogen

peroxide (Testova et al. 2014), respectively, present

selectivity for the removal and oxidation of lignin,

thus reducing the formation of solid residues (Rabelo

et al. 2014). These fractions can be separately

converted into industrial derivatives such as cellulose

acetate (Cerqueira et al. 2007), ethanol (Kautto et al.

2013), carboxymethyl cellulose (Singh and Singh

123

5670 Cellulose (2018) 25:5669–5685



2013) and 5-hydroxymethylfurfural (Wei and Wu

2017), among several other value-added chemicals.

Instrumental analysis such as the high performance

liquid chromatography (HPLC), nuclear magnetic

resonance (NMR) and Fourier transform infrared

spectroscopy (FTIR) are performed in order to deter-

mine the purity of the cellulose (Brodeur-Campbell

et al. 2012; Popescu et al. 2012). A methodology

developed by the National Renewable Energy Labo-

ratory (NREL) and optimized by the National

Bioethanol Science and Technology Laboratory (Lab-

oratório Nacional de Ciência e Tecnologia do

Bioetanol—CTBE) involves HPLC analysis, among

other techniques, in order to infer the detailed

chemical composition of sugarcane bagasse and straw

by determining monomers and other products con-

centrations in the hydrolyzed sample (Rocha et al.

2014). Moreover, some techniques allow for calculat-

ing the crystallinity index (CrI) of cellulose, of which

the X-ray diffractometry (XRD) is the most simple and

available (Agarwal et al. 2017).

The crystalline cellulose fraction is insoluble in

most traditional organic solvents and presents low

reactivity due to the chain alignment (Endo et al.

2017). In order to increase its applicability, an

alternative path is chemical conversion and incorpo-

rating chemical groups into the hydroxyl groups of the

glycosidic unit. A chemical modification of cellulose

is typically obtained by acetylation reaction, replacing

the hydrogens of the hydroxyl groups with acetyl

substituents to produce cellulose acetate (Cerqueira

et al. 2007). This product is widely applied in many

industrial fields such as oil absorption, metal adsorp-

tion, matrices for controlled incorporation of drugs,

cigarette filters and raw materials for the textile

industry (Rodrigues Filho et al. 2000).

This work aimed to investigate the effects of an

acid/peroxide-alkali (APA) combined pretreatment on

sugarcane bagasse (SB), followed by optimized soda/

AQ pulping and bleaching processes on isolating the

cellulosic fraction and on the characteristics that affect

the accessibility of the obtained sugarcane bagasse

cellulose, named SBC. Microcrystalline Avicel com-

mercial cellulose (CC) was used as a model cellulosic

material. The reactivity of SBC and CC celluloses

were evaluated in terms of accessibility and acetyla-

tion susceptibility, as observed by the obtained

acetylation degrees under several reaction conditions.

Elemental analysis (CHNS), thermogravimetry and

calorimetry (TG/DTG/DSC), scanning electron

microscopy (SEM), NMR, FTIR, HPLC and XRD

were applied to identify the properties of cellulose and

cellulose acetates, thus elucidating experimental

results using purity and crystallinity index data. HPLC

analysis was performed on the hydrolyzed cellulosic

samples, with their concentrations of sugar, acids and

other substances being inferred and mathematically

correlated with mass percentages of cellulose, hemi-

cellulose and lignin (NREL/CTBE methodology).

XRD parameters such as crystallinity index by Segal

and deconvolution methods, full-width at half maxi-

mum (FWHM) and crystallite size (L), as well as FTIR

ratios of total crystalline index (TCI) and lateral order

index (LOI) were determined to evaluate SBC crys-

tallinity and accessibility. This information is crucial

to discuss the reactivity and applicability of the

cellulose isolated in this study.

Materials and methods

Feedstock data

Microcrystalline cellulose Avicel PH-101 (CC) was

purchased from Sigma-Aldrich�. The sugarcane

bagasse (SB) used in this work was kindly donated

by LCD Bioenergia SA, a subsidiary of the Estivas

sugar plant (Ares/RN, Brazil). Drying was performed

at 100 �C for 24 h. A knife mill (Willy TE-648 –

TECNAL) was used to grind the dried biomass to an

appropriate range of sizes. A screening apparatus

(BERTEL) was used in the particle size differentia-

tion. The particle size used in these experiments was

between 42 and 60 mesh (Tyler Mesh). A simplified

process flow diagram for the overall methodology

described in this work is found below in Fig. 1.

Isolation of SBC cellulose by APA combined

pretreatment

After washing and drying at 100 �C for 3 h to constant

weight the in natura SB, 20 g of the material were

added into a flask with 1.45% (v/v) H2SO4 solution in

1:10 (w/v) ratio (fiber:liquor), at 105 �C for 75 min of

constant stirring in a 802 D Fisatom rotary evaporator.

Then, the bagasse was transferred to another flask with

7.5% (v/v) H2O2 in 1:20 (w/v) ratio, at 80 �C for more

3 h of stirring. During this second step, the pH was
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adjusted to 11.5 by adding a 4.0% (v/v) NaOH

solution. Finally, the remaining solid fraction was

washed until neutrality with distilled water and dried

at 100 �C in a stove until its weight was stabilized.

After this procedure approximately 10 g of pretreated

bagasse (PB) was obtained (54.48% mass yield).

Next, the pulping with soda/AQ was performed in a

Teflon covered reactor with stainless steel autoclave

(Phoenix) containing 10 g of pretreated bagasse and

an alkaline load solution with 10% (w/v) NaOH and

0.1% (w/v) AQ in 1:13 ratio (w/v) (fiber:liquor),

heated for 1 h at 160 �C. After the reaction time, the

cellulosic pulp was filtered and washed with 80 mL of

NaOH 1% (w/v) aqueous solution, obtaining 45.45%

mass yield. The pure SBC cellulose was obtained after

the bleaching step of the cellulosic pulp using a

methodology where crude pulp and distilled water

were mixed at a 1:40 (w/v) ratio under stirring at

70 �C. The product was treated with sodium chlorite

(NaClO2) and glacial acetic acid under stirring and

heating for 1 h. The SBC obtained after cooling was

then filtered and washed up to neutral pH. Finally, the

solid material was dried at 80 �C to a constant weight

(41.51% mass yield).

Chemical composition analysis

Sample composition analyses were performed in

accordance with NREL/TP-510-42618 procedure,

adapted by CTBE (Rocha et al. 2014). Initially, the

samples were hydrolyzed with 72% H2SO4, at 45 �C
for 7 min. Afterwards, the acid was diluted to 4% (w/

w) with distilled water, and the mixture was auto-

claved for 1 h at 121 �C. The residual material was

cooled and filtered. Solids were dried to constant

weight at 105 �C and classified as insoluble lignin.

Fig. 1 Process flow diagram of this study
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Soluble lignin was determined by measuring the

absorbance of the solution at 280 nm, using UV

spectroscopy (Agilent CARY 60) (Sluiter et al. 2016).

Total lignin was calculated as the sum of insoluble and

soluble lignin.

Cellulose and hemicellulose contents were calcu-

lated as a weighted sum between the concentrations of

specific hydrolysis products such as sugars and

organic acids. Celobiose, glucose, xylose and arabi-

nose sugars, besides acetic, galacturonic and formic

acids quantification was performed using a Chromas-

ter 600 Merck-Hitachi HPLC with refractive index

detector (RI 5450- Hitachi) on an Aminex� column

(HPX-87H, Bio-Rad, USA), with 0.5 mL/min flow

rate and the oven at 35 �C, using H2SO4 (5 mM)

mobile phase. Other substances such as hydrox-

ymethylfurfural (HMF) and furfural are also formed

by the subsequent degradation of sugar monomers

(Gouveia et al. 2009). The quantification of these

products was performed by the same HPLC cro-

matograph coupled with UV–VIS detector (UV-5410

– Hitachi) on a C18 column (RP-18 Purospher�

STAR, Merck, USA) with 0.8 mL/min flow rate and

the oven at 35 �C, using acetonitrile:water 1:8 (v/v)

mobile phase. All HPLC analysis were performed in

triplicate. Calibration data, sugar content and equa-

tions used to calculate the mass content of lignocel-

lulosic fractions are described in the Online Resource

1.

Synthesis and degree of substitution (DS)

of cellulose acetates

Pure SBC and CC were used as raw material for the

synthesis of acetates. The reaction system was com-

posed of 2 g of cellulose, 40 mL of glacial acetic acid

and a solution of 0.3 mL of concentrated H2SO4 and

17.5 mL of acetic acid. The cellulose-acetic acid

system was initially stirred for 30 min at 25 �C, and
then for 15 more min when the solution was added.

The mixture was filtered under vacuum and 40 mL of

acetic anhydride was added to the filtrate. This

solution was placed back into the recipient containing

cellulose and stirred for 30 min in order to obtain a

homogenous system. After this time, the reaction

mixture was kept for different time intervals (8, 12, 16,

20 and 24 h) and temperatures (25 and 50 �C) for

evaluating the influence of these variables in the

acetylation process. Water was added in each system

to stop the reaction and to precipitate the cellulose

acetate. The cellulose acetates were washed with

distilled water up to a neutral pH and dried at 45 �C.
The acetylation degree, or DS, was used to discuss

the accessibility of celluloses and to characterize the

cellulose acetates in mono, di or triacetates. DS is the

average value of acetyl groups (AG) which replaced

the hydroxyl groups in the glycosidic units (Puleo

et al. 1989). The DS was determined by a saponifica-

tion reaction by adding 5 mL of NaOH (0.25 mol L-1)

and 5 mL of ethanol to about 0.1 g of cellulose

acetate. This mixture was kept for 24 h. Next, 10 mL

of HCl (0.25 mol L-1) was added to the system, which

was left undisturbed for 30 more min. Finally, the

mixture was titrated using a standard 0.25 mol L-1

NaOH solution and phenolphthalein as indicator. This

procedure was repeated in triplicate and the average

values were used in Eqs. 5 and 6, respectively, to

calculate the percentage of AG and the DS of CCA

(from CC) and BCA (from SBC) cellulose acetates

(Samios et al. 1997; Daud and Djuned 2015).

%AG ¼ 4:3 A� Bð ÞNb � C � Dð ÞNa½ �f g=W ð1Þ

DS chemicalð Þ ¼ 3:86�%AGð Þ= 102:40�%AGð Þ ð2Þ

where%AG is the percentage of acetyl groups; A is the

volume of NaOH (mL) added to the sample; B is the

volume of NaOH (mL) added to the control; C is the

volume of HCl (mL) added to the sample; D is the

volume of HCl (mL) added to the control; Na is the

HCl normality; Nb is the NaOH normality; W is the

weight of cellulose acetate sample (g) and DS is the

degree of substitution. Solubility tests were used to

confirm the classification of the produced cellulose

acetates.

Material characterizations

The samples were dried in a stove at 40 �C to constant

weight before all characterizations performed in this

research. The FTIR spectra were recorded using a

Spectrum 65 FTIR spectrometer with a universal

attenuated total reflectance (ATR) sampling accessory

(Perkin Elmer). The samples were blended with KBr at

2% (w/w) concentration and the obtained material was

hydraulically pressed for producing pellets. Twelve

scans were carried out for each pellet of cellulose and

cellulose acetate in the 650–4000 cm-1 range.

123

Cellulose (2018) 25:5669–5685 5673



The thermal properties were analyzed by thermo-

gravimetry (TG), derivative thermogravimetry (DTG)

and differential scanning calorimetry (DSC) tests

performed in SDTQ 600 equipment (TA Instruments)

in a simultaneous analysis (TG/DTG/DSC). Five

milligrams of each sample were placed in a 90 lL
alumina crucible and heated from 25 to 600 �C at a

rate of 20 �C min-1 under 100 mL min-1 nitrogen

flow. Materials morphology was investigated using a

Shimadzu SSX-550 scanning electron microscope

(SEM). The samples were fixed in a support with a

double-sided adhesive carbon tape and submitted to

metallic coating with gold before analysis.

The 1D and 2D NMR spectra were acquired in an

Avance DRX-500 spectrometer (Bruker), using

DMSO-d6 as solvent at 343 K. All standard pulse

sequences were provided by TopSpin software

(Bruker). All samples (20 mg) were dissolved in

0.5 mL of DMSO-d6 and inserted into 5 mm NMR

tubes. The 1H and 13C chemical shifts were expressed

in d scale and were referenced to residual DMSO-d6 at

d 2.49 for proton and at d 39.5 for carbon. The scalar

coupling constants are reported in hertz. The DS was

calculated by Eq. 3, as described by Goodlett et al.

(1971).

DS NMRð Þ ¼ 7� ICH3;H

� �
= 3� IAGU;H

� �
ð3Þ

where ICH3,H is the integration of the resonances

assigned to the three methyl protons of acetyl group

(d * 1.6–2.3 ppm) and IAGU,H is the integration of the

resonances assigned to the seven protons in the

glycose ring (d * 2.8–5.5 ppm, except the residual

water signal at around 3.2 ppm). The distribution of

acetyl unities among the three OH groups in the

cellulose acetate chains was calculated by integrating

the spectra of a cellulose ester solution in DMSO-d6
from the 13C NMR spectra.

Crystallinity of samples was determined by one-

dimensional wide-angle X-ray diffraction (XRD)

patterns in a 1�–60� 2h range and 2� min-1 rate. The

patterns were obtained using a Bragg–Brentano

geometry X-ray diffractometer XRD-6000 (Shi-

madzu) with CuKa radiation (k = 1.5406 Å), 30 kV

filament, 30 mA current and Ni filter. Deconvolution

was performed with PeakFit 4.12 software (Systat

Software, Inc.) assuming Lorentzian functions for

each characteristic peak of the samples. Moreover,

broad bands at around 21� 2h were considered as the

amorphous contributions to peak broadening, accord-

ing to Park et al. (2010) paper (except for BCA).

Iterations were repeated until high F numbers

([ 10,000) and R2 values ([ 0.993) were obtained

without overfitting the models. The deconvolutions for

CC, SB, PB and BCA samples are depicted in the

Online Resource 2. The crystallinity index by decon-

volution method (CrId) was determined for the cellu-

loses and the lignocellulosic feedstock by Eq. 4 (Park

et al. 2010):

CrId ¼ Acryst=Atotalð Þ � 100 ð4Þ

where Acryst is the sum of deconvoluted crystalline

band areas and Atotal is the total area under the

diffractogram.

Crystallinity index following the method proposed

by Segal et al. (1959) (CrIs) was calculated as shown in

Eq. 5:

CrIs ¼ It � Ia=Itð Þ � 100 ð5Þ

where It represents the maximum intensity of the

crystalline reflection at * 22.7� 2h for cellulose I

and * 21.7� 2h for cellulose II, and Ia is the

diffraction intensity of the amorphous band at 18� 2h
for cellulose I and 16� 2h for cellulose II (Nam et al.,

2016).

The full-width at half maximum (FWHM) and

crystalline peak position for the (200) lattice plane of

cellulose I and the (020) lattice plane of cellulose II

were inferred using XRD data plotted with PeakFit

4.12 software. The crystallite size L (nm), was

calculated by the Scherrer equation (Scherrer, 1918):

L ¼ K � k=b � Coshð Þ ð6Þ

where K is the correction factor (0.9), k is the

wavelength of the X-ray radiation (1.54056 A), b is

the FWHM of the diffraction peak in radians, and h is

the half of the Bragg diffraction angle in radians.

Elemental chemical analysis was performed with a

LECO CHNS 932 analyzer to determine the carbon,

hydrogen, nitrogen, sulfur and oxygen contents pre-

sent in the materials through the combustion of 2 mg

of sample placed in a silver capsule at 1100 �C in pure

oxygen.
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Results and discussion

Composition analysis by HPLC

Components mass percentages were measured for

bagasse, celluloses and the cellulosic pulp which are

summarized in Table 1, along with the estimated

compositions of lignin, cellulose and hemicellulose.

The yield of substances was seen to vary according to

the use of pretreatment in the biomass. The total sum

of lignocellulosic fractions is below 100% due to the

content of extractives and the cumulative errors in the

characterization process. The mass percentage of

cellulose in the pretreated bagasse increases in com-

parison with the untreated material due to the decrease

in Klason lignin and hemicellulose fractions, showing

that the APA combined pretreatment is efficient for

removing the recalcitrant barrier and exposing the

cellulose structure, thus making it more susceptible to

the chemical attack promoted by the hydrolysis.

Therefore, it is proposed that this procedure is going

to increase the yield of extracted cellulose in the

subsequent pulping and bleaching processes.

Moreover, SBC presented lower concentration of

hemicellulose than CC, and the percentage of cellu-

lose in the bagasse cellulose is higher than that in SB

and cellulosic pulp. The results indicate that due to the

high content of cellulose present in the sugarcane

bagasse, it can be used to obtain the cellulose acetate.

This sustainable cellulosic source provides cellulose

with purity close to that of the commercial material.

However, the quality and applicability of cellulose is

not only associated to its cellulosic yield, but also to

the susceptibility of its chains to chemical modifica-

tions for the production of value-added products,

which is a factor mainly related to the crystalline

structure (Endo et al. 2017).

Cellulose assessment

The micrographs of the materials used in this work are

associated with the respective XRD spectra in Fig. 2 in

order to evaluate the effects of the APA combined

pretreatment on the morphology and crystallinity of

SB bagasse and its SBC cellulose and BCA cellulose

acetate derivates.

In natura SB bagasse micrograph presented a

typical structure for this material, in which a well-

organized vegetable structure with smooth, compact

fibers with no rupture is observed, as described in the

literature (Corrales et al. 2012). After the combined

acid/alkali pretreatment, PB presented two types of

modifications: the opening of cracks or channels and

the formation of a stratified cell wall. The various

layers formed indicate a fiber with greater surface

area, while the cracks characterize greater porosity,

contributing to greater physical disorganization of the

fibers (Rezende et al. 2011). This behavior could

improve the reactivity of this material during a

chemical attack and the subsequent extraction of

cellulose (Assumpção et al. 2016). Then, the SBC

cellulose obtained after soda/AQ pulping and bleach-

ing processes showed an organized fibrillar structure.

After the acetylation reaction, BCA acetate presents

fine and short fibers of different lengths, as disclosed

by Abdelwahab et al. (2015), and unorganized struc-

ture with network arrangements, forming a spongy

material.

The X-ray diffractograms for the cellulosic mate-

rials shown in Fig. 3, associated to CrId, CrIs, FWHM

and L parameters obtained from its XRD patterns

depicted in Table 2, indicate high amorphicity of the

SBC cellulose extracted in this work.

The deconvoluted XRD pattern of SBC (Fig. 4)

reveals a mixture of two cellulose polymorphs: the

Table 1 Compositional

information of cellulosic

materials

Sample Description Mass content (%)

Hemicellulose Klason lignin Cellulose

CC Commercial cellulose 4.92 ± 0.49 1.68 ± 0.14 88.71 ± 3.03

SB Sugarcane bagasse 20.50 ± 0.04 24.57 ± 0.01 39.58 ± 0.02

PB Pretreated bagasse 7.48 ± 0.86 11.91 ± 0.02 71.04 ± 0.30

CP Cellulose pulp 1.89 ± 0.32 9.26 ± 0.95 69.13 ± 4.77

SBC Sugarcane bagasse cellulose 1.70 ± 0.00 6.89 ± 0.46 85.67 ± 0.19
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predominant cellulose II and remaining cellulose Ib
from in natura sugarcane bagasse. Moreover, unlike

what is seen in an ideal cellulose II XRD pattern

(French 2014), the cellulose Ib (200) peak contribu-

tion makes the cellulose II (020) peak look more

intense than the (110) peak, thus being an indicative

for the existence of a mixture of polymorphs. The

native crystalline structure of cellulose I found in

biomass was changed due to the chemical attacks of

the extraction and purification steps (Cheng et al.

2011), and SBC presented mainly characteristic

cellulose II polymorph crystallographic planes

(1–10), (110) and (020) at 12.3�, 20.3� and 21.9� 2h,
respectively, which is more reactive than cellulose I

(French 2014; Ciolacu and Popa 2010). The deviation

at around 37.5� 2h can be related to some interference

due to the sample preparation process before analysis.

According to French and Santiago Cintrón (2013),

the Segal CrI method by peak height measurement

cannot be applied to mixtures of I and II since the

crystalline peaks (1–10) and (110) of polymorph I are

Fig. 2 SEM micrographs for in natura sugarcane bagasse (a), pretreated bagasse (b), sugarcane bagasse cellulose (c) and bagasse

cellulose acetate (d) samples

Fig. 3 XRD spectra and Segal CrI parameters for the cellulosic

materials
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superposed to the 16� 2h, and the (110) cellulose II

peak is close to the * 18� 2h point for the amorphous

cellulose I intensity. Thus, the CrI deconvolution

method (CrId) is more adequate for these calculations,

considering crystalline and amorphous contributions

for both polymorphs and producing a more accurate

crystallinity evaluation of chemically treated renew-

able celluloses.

The results of CrI and the broad band at 21.1� 2h
related to amorphous phase contribution (Agarwal

et al. 2010; Park et al. 2010), confirm its low

crystallinity in comparison to CC, which presented

higher crystallinity indexes and crystallite size, as well

as XRD patterns corresponding to the crystal structure

planes (1–10), (110) and (200) of cellulose Ib with

peaks at 14.1�, 15.7� and a sharp peak at 21.9� 2h seen
in Fig. 3 (French 2014). As described in literature, the

peaks at * 14� and 16� often cannot be dissociated

due to the presence of the amorphous phase in a

typically crystalline material (El Oudiani et al. 2011).

Cellulose accessibility usually follows the trend

amorphous[ II[ I (Ciolacu and Popa 2010), there-

fore SBC could have the highest accessibility based on

its lower crystallinity (Table 2). It is proposed that the

chemical attack promoted by the APA pretreatment

system is able to interfere in the polymer crystalline

structure and make the produced SBC more

amorphous

SBC and CC celluloses presented deviations from

the characteristic crystalline peak position for cellu-

loses I (* 21.7� 2h) and II (* 22.7� 2h) reported in

literature (Nam et al. 2016). This displacement occurs

since both celluloses – and the other cellulosic

materials evaluated in this work—are not 100% pure

(see Table 1), and not only the crystallite size and

conformation are responsible for these results, but the

Table 2 XRD parameters for the cellulosic materials

Sample CrIs (%) CrId (%) Crystalline peak position (2h) FWHM (�) L (nm)

PB 73.9 62.1 21.79 2.19 3.65

SBC 69.4 41.7 21.93a 1.84a 3.96a

22.57b 1.32b 4.78b

CC 85.5 60.6 21.94 1.54 5.14

aSBC cellulose II; bSBC cellulose Ib; CrId: Deconvolution crystallinity index; CrIs: Segal crystallinity index

Fig. 4 Deconvolution of SBC cellulose XRD pattern
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overall contribution of species contained in the

samples—hemicellulose, lignin, amorphous cellu-

lose—influences the XRD parameters (Agarwal

et al. 2016; Carrillo et al. 2018). Furthermore, some

studies in literature suggest that FWHM is inversely

related to CrI and crystallite size (L) (Nam et al. 2016),

but also can be taken as a measure of the disorder of

cellulose chains in a sample, considered as the degree

of lateral order (DOLO) (Agarwal et al. 2016),

meaning that the other non-crystalline aggregates

can affect cellulose diffraction data.

Fig. 5 FTIR spectra for the cellulosic materials and respective

bands used in TCI and LOI

Table 3 FTIR parameters for crystallinity assessment

Sample A1372 A2900 TCI

A1372/A2900

A1430 A897 LOI

A1430/A897

SB 0.81 ± 0.03 0.65 ± 0.03 1.25 ± 0.11 0.76 ± 0.03 0.59 ± 0.08 1.29 ± 0.12

PB 0.70 ± 0.01 0.58 ± 0.01 1.20 ± 0.01 0.68 ± 0.02 0.65 ± 0.01 1.06 ± 0.00

CC 86.42 ± 0.80 85.85 ± 0.00 1.00 ± 0.01 89.28 ± 0.00 81.85 ± 0.81 1.09 ± 0.01

SBC 73.57 ± 1.44 80.56 ± 0.00 0.91 ± 0.02 87.72 ± 1.44 65.41 ± 1.43 1.34 ± 0.01

BCA 5.59 ± 0.69 18.25 ± 0.69 0.30 ± 0.05 11.04 ± 0.19 16.33 ± 0.65 0.67 ± 0.02

Fig. 6 TG/DTG (a) and DSC (b) analysis for SBC and CC

celluloses
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XRD parameters (crystallinity indexes, FWHM and

L) presented in Table 2 also depict the increasing

crystallinity of sugarcane bagasse after the APA

pretreatment (PB) due to the removal of recalcitrant

hemicellulose and lignin fractions with exposure of

cellulosic chains. These data were applied to evaluate

the efficiency of the pretreatment by comparing SB

and PB, since the diffractogram parameters of these

materials may present several interferences, and

therefore are not comparable with isolated cellulose.

The peak at 8.6� in the XRD patterns of BCA

(Fig. 3) is the main characteristic of the amorphicity

generated by adding acetyl groups, causing an increase

in interfibrillar distance and the rupture of the micro

fibrillar structure (Shaikh et al. 2009). In addition, the

appearance of some small peaks between 10� and 20�
2h confirms the formation of triacetate polymorph II in

the modified product (Kono et al. 1999). The peak

around 17.5� is known as the Van der Waals area,

corresponding to the presence of amorphous regions

containing clusters of parallel chain segments (Daud

and Djuned 2015). Since BCA XRD pattern have lost

any contribution of the initial SBC cellulose, its XRD

crystallinity parameters were not calculated.

FTIR spectra for the materials are shown in Fig. 5.

The SB and PB bagasse spectra presented the same

vibration bands, with absorption features referring to

functional groups of cellulose, hemicellulose and

lignin. The bands that characterize the presence of

cellulose in the materials remained after APA pre-

treatment and are presented in 3414 cm-1, referring to

OH axial deformation; 2900, 1372 and 897 cm-1

corresponding to CH2 and CH3 axial deformation; and

at 1121 cm-1, attributed to the stretching of glycosidic

bonds. The bands of hemicellulose at 1663 cm-1

related to C=O axial deformation, and 1135 cm-1

assigned to acetate groups, were significantly reduced

after the pretreatment due to the removal of hemicel-

lulose after the pretreatment. Likewise, the lignin

characteristic spectral band ascribed to the aromatic

skeleton vibrations of C=C at 1520 cm-1 was reduced,

indicating that there was also effective removal of this

contaminant and cellulose was mostly isolated (Sil-

verstein et al. 2005; Cheng et al. 2011).

The FTIR spectra of SBC and CC celluloses also

showed similar absorption features. The broad absorp-

tion band at 3400 cm-1 corresponds to OH stretching,

and the absorptions at 2910 cm-1 and 1375 cm-1 are

related to CH deformations, as seen in SB and PB

spectra. The band at 1160 cm-1 refers to the C–O–C

asymmetric vibration, and at 903 cm-1 there is a band

related to the stretching of b-glycosidic linkages

between glycan units, typical of cellulose (Popescu

et al. 2012; Horikawa 2017). These features and the

absence of bands referent to hemicellulose and lignin

structures demonstrate that the APA pretreatment

followed by soda/AQ pulping and bleaching processes

was effective in extracting these materials to produce

high purity cellulose, according to the compositions

observed in Table 1 (HPLC). The main features in

BCA and CCA spectra are at 1756 cm-1, attributed to

C=O stretching, and at 3490 cm-1 corresponding to

OH stretching. The intensity of the OH band signif-

icantly reduces in comparison with the SBC spectra,

showing the substitution of hydroxyl groups by acetyl

groups in the reaction (Sun et al. 2004).

The infrared ratios of total crystalline index (TCI)

and lateral order index (LOI) were determined

(O’Connor et al. 1958; Nelson and O’Connor 1964).

TCI is proportional to the crystallinity degree of

cellulose and is calculated as the ratio between the

absorbance of the bands at 1372 and 2900 cm-1

(A1372/A2900). LOI is correlated with the overall

degree of order in cellulose and is taken as the ratio

between the absorbance of the bands at 1430 and

897 cm-1 (A1430/A897). These results and their

respective absorbances are reported in Table 3. Usu-

ally, less crystalline celluloses present lower TCI and

LOI values; however, CC presented lower LOI than

SBC due to the more intense absorbance at 897 cm-1

observed in its spectra. This can be related to the

amorphous cellulose phase identified in XRD patterns

(Fig. 3) and the higher mass percentage of hemicel-

lulose of this material (Table 1), since both of these

Table 4 Results for CHNS

analysis
Sample C (%) H (%) O (%) H/C O/C Font

Avicel cellulose 42.21 6.79 51.00 1.93 0.90 This work

SBC cellulose 40.54 6.09 53.06 1.80 0.97 This work

Merck cellulose 42.60 6.20 51.20 1.75 0.90 Kono et al. (2015)
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species may present vibrations at this wavenumber

and interfere in the measurements (Thakur et al. 2017).

Although TCI and LOI parameters can undergo

interference referent to sample composition and

crystallite size (Nelson and O’connor 1964), this

empirical method is useful to provide qualitative

information for discussing cellulose crystallinity in

conjunction with XRD CrI by evaluating its chemical

composition (Carrillo et al. 2018).

Thermogravimetric and calorimetric analysis

(Fig. 6) were used to study the thermal properties of

celluloses. TG and DTG profiles obtained from SBC

and CC are shown in Fig. 6a. Water loss was observed

at the range 25–100 �C for both samples. The first step

of thermal degradation took place at 267–380 �C,
when cellulose structures undergo depolymerization,

dehydration and decomposition reactions. Then, the

second step of weight loss occurred at 380–530 �C and

corresponds to the formation of gases and a carbonized

residue (Barud et al. 2008). In cellulose DSC curves

(Fig. 6b), the shoulder related to water loss is an

endothermic step with a peak at 70 �C. The two-step

degradation shows the first endothermic step with a

peak at 322 �C, while the second exothermic step is

seen with a peak at 358 �C (Rodrigues Filho et al.

2008). The TG/DTG and DSC for SBC cellulose

presented similar results of thermal resistance in

comparison with commercial cellulose.

Table 4 shows the elemental contents measured by

CHNS analysis. It is seen that SBC and CC presented

similar elemental composition and molar ratios to

another commercial cellulose found in the literature

(Kono et al. 2015). This result, as well as other results

mentioned above, confirms the high purity of SBC

cellulose after all treatments used in its extraction. The

content of N and S in the samples was negligible.

Acetylation process

The main results of degree of substitution (DS) for the

acetates produced in the acetylation reactions of SBC

and CC are depicted in Table 5. These values show the

influence of the reaction conditions and the nature of

cellulose in the accessibility and reactivity. Moreover,

the solubility of cellulose acetates in acetone and

dichloromethane was investigated and then associated

to DS data in order to obtain a more accurate

classification for the products.

The DS value increases by increasing time and

temperature conditions, where the highest DS values

are seen in BCA-VI and CCA-VI triacetates (20 h,

50 �C). Furthermore, it was possible to produce

triacetates with softer temperature conditions in the

case of BCA-III and CCA-III (20 h, 25 �C). The

BCAs and CCAs presented similar acetylation

degrees, presenting satisfactory DS values according

to literature (Cerqueira et al. 2007; Fan et al. 2013);

however, in tests V and VI it is seen that SBC reached

tri-substituted acetate at the same reaction conditions,

while CC was converted into a diacetate, which may

be related to the lower CrI and higher accessibility of

SBC cellulose.

Table 5 Acetate

classification performed by

DS and solubility tests

*Triplicate test. a(?) stands

for soluble and (-) stands

for insoluble. CH2Cl2:

dichloromethane;

(CH3)2CO: acetone

Samples Time (h) T (�C) DS* (%) Solubilitya Acetate

CH2Cl2 (CH3)2CO

BCA-I 8 25 1.22 ± 0.03 (-) (-) Mono

BCA-II 16 25 2.33 ± 0.04 (-) (?) Di

BCA-III 20 25 2.57 ± 0.04 (?) (-) Tri

BCA-IV 8 50 2.49 ± 0.04 (-) (?) Di

BCA-V 12 50 2.61 ± 0.04 (?) (-) Tri

BCA-VI 20 50 2.78 ± 0.04 (?) (-) Tri

CCA-I 8 25 1.55 ± 0.03 (-) (-) Mono

CCA-II 16 25 2.30 ± 0.04 (-) (?) Di

CCA-III 20 25 2.58 ± 0.04 (?) (-) Tri

CCA-IV 8 50 2.20 ± 0.03 (-) (?) Di

CCA-V 12 50 2.41 ± 0.04 (-) (?) Di

CCA-VI 20 50 2.75 ± 0.03 (?) (-) Tri
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In the solubility tests, the replacement of hydroxyl

groups by acetyl groups caused a decrease in the

polarity of these compounds and consequent varia-

tions in solubility (Fan et al. 2014). Thus, triacetates

are more readily solubilized in non-polar solvents as

dichloromethane, and diacetates are soluble in sol-

vents with medium polarity such as acetone. In the

case that the acetylation product does not solubilize in

any of these solvents, it can be classified as a

monoacetate (Cerqueira et al. 2007). The DS values

had a significant influence on the solubility of the

cellulose acetates and the classifications provided by

both tests are in accordance.

The FTIR spectra of the BCA and CCA acetates are

shown in Fig. 7. It is seen that the characteristic C=O

band of acetates at 1756 cm-1 is more intense

according to the increase in the acetylation degree of

the sample, since more OH groups are replaced by

acetyl groups. The spectra confirm the classifications

attributed to the acetates in Table 5.

The thermal characteristics of the CCAs were used

as standard for comparison with BCAs. The DSC

analysis data depicted in Fig. 8 shows that the DSC

steps essentially had similar characteristics for BCAs

and CCAs triacetates III and VI. The endothermic

peak at 55 �C is associated with water loss (Rodrigues

Filho et al., 2000) and the exothermic step around

200 �C is associated to the crystallization of the

acetates (He et al., 2009). The melting point of the

triacetate chains is around 300 �C, and the degradation

Fig. 7 FTIR spectra of the main BCA (a) and CCA (b) acetates

Fig. 8 DSC analysis for BCA (a) and CCA (b) triacetates III
and VI
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process through decomposition and deacetylation

reactions takes place between 380 and 600 �C (Can-

dido et al. 2017; Shaikh et al. 2009). The conversion of

both CC and SBC celluloses into cellulose acetates is

observed with the extinction of the peaks at 322 and

355 �C ascribed to cellulose structure in the DSC of

the acetylation products (Fig. 8a, b).
1H and 13C NMR spectra of BCA-VI and CCA-VI

shown in Fig. 9 were used in order to determine the

structures and DS of the samples. The resonance lines

for BCA and CCA acetates 13C NMR assigned to three

C=O (168.5, 168.9 and 169.8 ppm) and three CH3

(20.1, 19.8 and 19.7 ppm) carbons sugest the triacetate

structure. In addition, the methyl carbons signals

present correlation with the hydrogens at 2.06, 1.94

and 2.89 ppm in the 1H NMR spectra. The spectra for

acetylated samples showed a set of peaks that confirms

the formation of triacetates in comparison to the

results reported by Kono et al. (2015) (Table 6), and

the NMR profiles for the samples evaluated in this

work were compatible with 2,3,6-tryacetyl-cellulose

derivatives.

The DS values were also calculated using Eq. 3

with 1H NMR data for the resonance lines ascribed to

the protons of the glucose ring and to the methyl

protons of the acetate group, described in Table 6. The

calculated DS values for BCA-VI and CCA-VI were

2.87 and 2.76, respectively, confirming the production

of cellulose triacetates and corroborating the results

discussed for FTIR and DSC analysis, along with DS

and solubility tests for these samples in Table 5.

Conclusion

Cellulose was isolated from sugarcane bagasse (SBC)

by a combined acid/peroxide-alkali pretreatment,

followed by soda/AQ pulping, and then evaluated

along with a standard commercial cellulose (CC). The

correlations applied to the yield of components

measured by HPLC analysis were able to provide the

cellulose, hemicellulose and lignin contents in each

cellulosic material, and the data showed that lignin and

hemicellulose were considerably removed after the

combined pretreatment, thus providing SBC cellulose

with high purity (85.67% cellulose). The removal of

these contaminants from the sugarcane bagasse (SB) is

also seen in the SEM, XRD and FTIR results.

Fig. 9 13C (a) and 1H (b) NMR spectra for BCA-VI and CCA-

VI celluloses

Table 6 Resonance lines

for CCA-VI and BCA-VI in

comparison to literature

Position CCA-IX BCA-IX Kono et al. (2015), triacetate

1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR

1 4.67 98.9 4.66 99.0 4.67 98.8

2 4.56 71.2 4.56 71.3 4.58 71.3

3 5.06 72.0 5.05 72.1 5.07 72.0

4 3.70 75.6 3.69 75.6 3.72 75.7

5 3.81 71.5 3.79 71.5 3.75 71.7

6 4.27/4.04 61.9 4.26/4.04 61.9 4.28/4.07 61.8
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The cellulose obtained from a sustainable source

presented lower crystallinity than the commercial

material according to the crystallinity parameters of

CrId, CrIs, FWHM, L, LOI and TCI, thus being

classified after XRD peak deconvolution as a mixture

of cellulose II polymorph with some features of

remaining cellulose Ib from sugarcane bagasse, with

significant amorphous characteristics. These data

indicate higher accessibility of the chains and suscep-

tibility to chemical modifications for generating

several value-added products. CrI deconvolution

method (CrId) made possible a more accurate crys-

tallinity assessment of the chemically treated SBC

cellulose, considering crystalline contributions for

both polymorphs.

SBC and CC were further acetylated by homoge-

neous acid reaction in order to evaluate the reactivity

of these materials. The DS and solubility test data for

the acetylated samples presented variations due to the

different reaction conditions, as expected, and the

celluloses presented satisfactory reactivity results,

reaching triacetylation at various conditions. The

acetylation degrees for the main acetates were con-

firmed by FTIR, DSC and RMN analyses, and were

found to be in accordance with the literature.

Therefore, it is possible to state that the combined

acid/peroxide-alkali pretreatment was efficient in

removing the recalcitrant lignocellulose and for opti-

mizing the isolation of highly pure and low crys-

tallinity cellulose from residual sugarcane bagasse.

SBC cellulose presented great thermal resistance,

purity and accessibility properties in comparison to the

Avicel commercial cellulose, showing that it has

satisfactory quality and applicability, in addition to

potentially being used to totally or partially replace the

non-sustainable material with a renewable and effi-

cient alternative.
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