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Abstract Orange bagasse in natura and industrial

orange bagasse were investigated as starting materials

for the production of nanocellulose under moderate

chemical sequential extraction conditions. The latter

accounted for acid (5% v v-1 and 100 �C) and/or

alkaline conditions (NaOH 1.6–4.0% m v-1, 120 �C);

and bleaching with NaClO2 (1–3% m v-1, 80 �C).

Ultrasound treatment yielded very similar cellulose

nanofibers with 60–70% of crystallinity and highly

pure (over 98%). As seen by field emission scanning

electron microscopy, cellulose nanofibers showed

mean diameters of 18.4 nm ± 6.0 nm from bagasse

in natura, while 20.5 nm ± 7.0 nm mean diameters

were observed for the nanofibers isolated from the

industrial bagasse. Crystallinity indices were deter-

mined using X-ray diffraction and solid-state nuclear

magnetic resonance (CP–MAS 13C NMR) data. The

obtained materials have numerous potential applica-

tions and represent a green alternative for the

treatment of orange fruit biomass.
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Introduction

Orange bagasse (OB) is a global agroindustry by-

product from the juice processing companies and a

common type of biomass generated even in our day-

to-day routine. Brazil, China, United States, European

Union (Mediterranean countries), and Mexico (USDA

2017) are the leading countries in orange production.

This common biomass presents low lignin (3–5%, on a

dry basis) and high pectin contents (up to 25%, on a

dry basis), besides hemicellulose and cellulose (up to

20%, on a dry basis) in its composition. After juice

extraction or processing, the biomass contains peel,

seeds and pulp, and the industrial one is subjected to

filtering, pressing and drying, which result in a

compact residue (citrus pulp-pellets, CPPs) used as

supplement for animal feed.

Research on exploitation of orange bagasse (OB)

has been dedicated to sugar recovery, fermentation,

polysaccharide recovery (pectin), essential oils or/and

flavonoids extractions (Rezzadori et al. 2012). Among

OB fermentation products, metabolites such as ethanol

(Nigam and Pandey 2009), citric acid (Rivas et al.

2008), L-lactic acid (Ge et al. 2014) and succinic acid

(Li et al. 2010) are highlighted. OB has also been

investigated as a substrate for production of pectinases

(Nigam and Pandey 2009; Ahmed and Mostafa 2013)

and xanthans (Bilanovic et al. 1994). After a mild

chemical sequential extraction of lignocellulosic

components, solid residues usually contain cellulose

and lignin remnants. These residues could be burned

for heat, electricity generation (Nigam and Pandey

2009) or could be a source of cellulose, which has

multiple applications (Kalia et al. 2011). However, for

the former purpose, the high moisture content of OB

(up to 80%) is an important impediment to energy

generation. For the latter purpose, the hydrolysis of

cellulose is usually performed at high acid concentra-

tion to remove the amorphous cellulose fractions and

obtain cellulose nanocrystals (CNCs) or cellulose

nanofibers (CNFs). The strong acid treatment depoly-

merizes the cellulose and the CNCs have a needle-like

morphology and narrow size distribution (Habibi et al.

2010) while CNFs with a high degree of polymeriza-

tion are produced in several ways, including less-

strong acid, alkaline solution, enzymatic hydrolysis, or

mechanical grinding (Mariño et al. 2015; Mittal et al.

2011). However, the enzymatic hydrolysis involves

high production cost because it requires the use of

purification techniques for enzymes’ concentration

(Campos et al. 2013). Therefore, mild chemical

treatments (Duchemin 2015) might be considered as

cheaper options for CNF production. Dry orange peel

suffers saccharification when treated with sulfuric acid

and an increase in cellulose crystallinity, while

alkaline treatment (low concentrations of NaOH) can

be used for cellulose recovery (Bicu and Mustata

2013). These nanocellulose materials—cellulose
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nanofibers (CNFs) and cellulose nanocrystals

(CNCs)—might have many interesting applications

among which we can cite their potential use in water

purification (Voisin et al. 2017), drug delivery (Rao

et al. 2017), tissue engineering (Kumar et al. 2014),

composite preparations (Habibi et al. 2010) and

others.

Our research is focused on a sequential extraction

of orange bagasse for CNF preparation. Two types of

biomasses were investigated: (1) a biomass obtained

after juice squeezing, which was named orange

bagasse in natura (OBN), and (2) a biomass of the

citrus pulp-pellets (CPPs) that were obtained after

pressing the OBN treated with the calcium oxide

before being pelletized and dried, which was named

industrial orange bagasse (IOB). The biomasses

processing started with a NaOH treatment at mild

pressure, combined with an acid or a base extraction

and a high-pressure defibrillation (ultrasonication).

Particular emphasis was given on the characterization

of CNFs obtained at different physical–chemical

conditions.

Experimental section

Materials

Cellulose nanofibers were extracted from two different

sources of OB. The first source was an orange waste

from the production of orange juice (bagasse in

natura) obtained after squeezing the oranges. The

second one was the citrus pulp pellet biomass, which

was obtained after OB pressing, drying and pelletiz-

ing. These residues were obtained from a Brazilian

orange-juice processing industry (Citrosuco, Matão,

São Paulo, Brazil). Both biomasses correspond to the

same species (Citrus sinensis (L) osbeck, variety).

OBN and IOB were cut into small pieces (1–3 cm) and

OBN was oven-dried at 100 �C. Dry bagasse was

ground and sieved to a fraction with particle sizes

smaller than 1 mm. The ground bagasse was further

boiled with a hydrochloric acid solution at pH 2.00

(ratio 1:30 biomass/solution, w v-1) and filtered until

the fibers were pectin-free and sugar-free. The result-

ing fibers were once again oven-dried at 100 �C and

used for CNF extraction.

Methods

Extraction of cellulose and preparation of cellulose

nanofibers

OB was treated with NaOH 1.6%, 2%, 3% and 4%

(w v-1) solutions, at 120 �C under an autoclave

pressure (around 1 atm) for 20 min to remove hemi-

celluloses. Afterward, the bleaching process of the

insoluble residue was carried out at 80 �C, pH 4.5 for

30 min. For OBN this step was successful when

sodium chlorite 1% m v-1 (1:10 fibers to volume

mass ratio) was used. However, the bleaching treat-

ment for IOB was performed with a concentration

3.0% m v-1 of sodium chlorite and an additional step

using 6.5% v v-1 of H2O2 at pH 10.0 and 80 �C for

30 min. All residual reagents were removed by

filtration with hot water.

The treated material underwent an additional

extraction step using: (a) sulfuric acid

(5–10% v v-1) or (b) NaOH solution under the

aforementioned conditions. The conditions for the

acid step were boiling solution for 30 min and ratio 1:8

w v-1 (biomass residue: acid solution) and dialysis

against deionized water after washing and filtration

(3.5 kDa cut-off, Fisher Sci).

An aqueous suspension of the obtained cellulose

fibers was sonicated for 5 min (Misonix, Ultrasonic

Liquid Processors with a tip). The homogenization

process by sonication was performed three times for

OBN.

Characterization methods

Compositional analysis on dry matter basis

The hemicellulose and the cellulose extractions from

raw materials were evaluated according to the proto-

cols of ANKOM technology (USA) after removal of

pectin and water-soluble fractions. The difference

between acid detergent fiber (ADF) and acid detergent

lignin (ADL) filter bag techniques were reported as

cellulose content (AOAC 2000). The pectin extraction

and quantification were carried out using the method

of Sudhakar and Maini (2000). The water-soluble

fraction was extracted using deionized water at 80 �C.
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Fourier transform infrared (FTIR) spectroscopy

The chemical structures of the nanocellulose samples

were studied by FTIR ATR spectroscopy using oven-

dried samples (CARY 630 Spectrophotometer-Agi-

lent Technologies, USA). Each spectrum was obtained

by accumulating 128 scans at a resolution of 4 cm-1 in

the 4000–400 cm-1.

XRD analysis

Lyophilized nanocellulose samples were analyzed

using XRD. A Shimadzu XRD-7000 X-ray diffrac-

tometer (USA) operating at 40 kV and 30 mA was

used to obtain the diffraction profile at 2� per min, and

data were recorded using a copper (Ka) radiation

source. Diffraction patterns were scanned over a 2h
range of 5.00�–50.00�, and the CI were calculated

using the following equation, according to Segal

empirical formula (1962):

CI ¼ I � Ia

I
ð1Þ

where I is the total intensity value at 22.7� 2h and Ia is

the minimum intensity value at 18� 2h depicted in

figures as IAM that accounts for intensity of the

amorphous cellulose (Nam et al. 2016; Park et al.

2010; Peng et al. 2013; Terinte et al. 2011).

NMR spectroscopy analysis

A Bruker AMX-300 MHz instrument, operating at

7.05 T, with cross-polarization and magic angle

spinning (CP/MAS) was used for recording the 13C

NMR spectra at 75.47 MHz. We have used a 90� pulse

for 1.5 ms and an 800-ms contact pulse sequence at

3000 Hz MAS rate. Spectra were recorded with

10,000 scans and 3.0 s delays between each repetition.

Multiple peak fitting was done using the deconvo-

lution method and assuming a Gaussian line shape for

the cellulose C-4 peaks to determine the CI. The C-4

peak area from 86 to 92 ppm was assigned to

crystalline cellulose and the total area comprised the

region from 79 to 92 ppm (Vanderhart and Atalla

1984).

Morphological analysis

The morphological characteristics of CNFs were

investigated using a Quanta field emission scanning

electron microscope (FESEM-FEI 250 QuantaTM) and

transmission electronic microscope (TEM, Libra 120,

Carl-Zeiss). The sonicated nanocellulose dispersion

was dropped onto a sample holder, covered with

porous carbon film, dried at room temperature and

coated with a gold layer of 3–4 nm using a MED 020

Sputter (BalTech). Images were obtained using a

10 kV accelerating voltage and a secondary electron

detector during FESEM analyses. For TEM a drop of a

diluted suspension of nanocellulose was deposited on

carbon-coated grids and let dry at room temperature.

The fiber mean diameters were measured in TEM and

FESEM images using the ImageJ 1.50 software

(National Institute of Health-NIH, USA). For this

purpose, 20 segments were randomly selected.

Samples were also analyzed by scanning probe

microscopy (SPM, Shimadzu WET-SPM) in the non-

contact and phase modes. The suspensions prepared from

the products of OBN and IOB were air-dried at 40 �C and

the resulting film was then analyzed at room temperature.

Commercial Si nanoprobe tips (NCHR-20, Nano

World) with a resonance frequency of 320 kHz and force

constant of 42 N m-1 were used to scan the samples. At

least three different regions for each sample were

scanned and twenty images per sample were analyzed.

Results and discussion

Chemical composition

The results of the chemical composition for the

comparative analysis between OBN and IOB are shown

in Table 1. OBN was considered as a biomass more

Table 1 Chemical composition of orange bagasse (OBN) in

natura and industrial orange bagasse (IOB)

Source OBN IOB

Water-soluble fraction (%) 48.11 ± 2.11 42.04 ± 4.78

Pectin (%) 24.46 ± 5.38 27.16 ± 1.39

Cellulose (%) 11.85 ± 2.73 21.04 ± 7.43

Hemicellulose (%) 15.58 ± 2.07 9.75 ± 1.07

Lignin (%) 1.67 ± 0.88 3.50 ± 0.09
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amenable to fermentation due to its higher water-soluble

fraction. However, IOB has higher cellulose and lower

hemicellulose contents. Results for OBN were consistent

with the ones reported in the literature (Rezzadori et al.

2012; Oberoi et al. 2010; Bicu and Mustata 2013), in

which cellulose contents laid within 10–15%, hemicel-

luloses contents within 10–13% and lignin contents in

the 0.6–1.0% range. While higher cellulose and lignin

contents of IOB might be associated with the presence of

leaves and branches in the biomass.

FTIR spectroscopy of cellulosic materials

Figure 1 shows FTIR ATR spectra of CNFs obtained

after a sequential extraction of OBN and IOB.

The FTIR data of CNFs from OBN or IOB are

similar. The most important cellulose bands correspond

to intermolecular hydrogen bonding between the hydro-

xyl groups on C-2 and C-6 of the pyranose ring at

3330 cm-1, C–H and C–O–C motions of the pyranose

ring at 2870–2920 cm-1 and 1160–1030 cm-1, respec-

tively. Minor bands correspond to the –CH2– symmetric

and wagging bending of C-6 that were observed between

1380 and 1310 cm-1, while the characteristic band for

the b-glycosidic linkages between glucose units was

observed at 900 cm-1 (Alemdar and Sain 2008; Cherian

et al. 2008).

Spectral bands that reflect the presence of other

remaining components were observed in the

1400–1750 cm-1 region. It was possible to elucidate

the presence of lignin; hemicelluloses or pectin by the

stretching vibration of C-O bond for esters at 1730 cm-1,

although the presence of the latter should be discarded

due to the acidic pre-treatment. A more specific charac-

teristic for lignin is the stretching vibration of aromatic

rings, at 1440–1600 cm-1, which was considered as a

fraction of insoluble lignin. However, these peaks are

present in low intensity, which supports the idea of

detaching mainly cellulosic products from both samples.

A variation observed in these spectra was a sharper

peak at 3330 cm-1 of the product from IOB, which is

related to a more intense disruption of the hydrogen

bonds at the C-3 and C-6 positions in the cellulose.

Therefore, a higher capacity to absorb water is

expected for this source material due to a higher

NaOH concentration used during its sequential extrac-

tion (Cherian et al. 2008; Abraham et al. 2011).

Cellulose extraction analyzed by XRD

Figures 2 and 3 show the XRD patterns obtained for

the best CNF products obtained from OBN and IOB,

respectively. Peaks 1�10, 110, 200 (22.7� 2h), 004 (35�
2h) were depicted. Peak broadening and overlap was

probably caused by reduction in crystallinity of CNFs

(Thygesen et al. 2005) when compared to cellulose

nanocrystals (CNCs).

Tables 2 and 3 show CI values for CNFs from OBN

and IOB, respectively. Two of the CNF samples from

each OB were also analyzed by CP-NMR 13C NMR.

The higher lignin content in IOB, which might act as

an adhesive agent, was a probable cause of poorer

results in extracting cellulose nanofibers from this

biomass (French 2014), as indicated by the lower CI for

CNFs when 2% NaOH was used. Nevertheless, a-aryl

ether linkages between hydroxyl lignin groups and

hydroxyl groups from polysaccharides (hemicelluloses

and cellulose), as well as ester bonds from the uronic

acid (hemicelluloses) with lignin hydroxyl groups

(Peng et al. 2012; Cherian et al. 2011) were disrupted

during the 2% alkaline treatment repeated twice.

The CI values for CNFs obtained herein were

similar to some published data. For instance, banana

cellulose nanofibers obtained with a 2% NaOH

solution and treated with 5% and 11% of oxalic acid

solution resulted in fibers with 68% and 74% of

crystallinity, respectively. Pineapple leaves were

treated with the same process using solution of oxalic

acid (11%) after mercerization in a 2% NaOH

solution, and the cellulose fibers obtained had a CI
Fig. 1 FTIR attenuated total reflectance (ATR) spectra of

CNFs obtained after sequential extraction of orange bagasse in

natura (OBN, black) and industrial orange bagasse (IOB, gray)
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Fig. 2 XRD patterns for

CNFs resulting from

sequential extraction of

orange bagasse in natura

(OBN)

Fig. 3 XRD patterns for CNFs resulting from sequential extraction of industrial orange bagasse (IOB)

Table 2 Crystallinity indices (CI) for cellulose nanofibers obtained from OBN after sequential extraction and bleaching with

NaClO2 (1% m v-1)

Sample CI by XRD CI by NMR

CNF-NaOH (1.6%) 0.70 –

CNF-NaOH (2.0%) 0.71 –

CNF-NaOH (3.0%) 0.71 –

CNF-NaOH (2.0%) and H2SO4 (5.0%) 0.79 0.58

CNF-NaOH (1.6%) twice 0.73 0.52
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around 74%. In other report, wheat straw and soy hulls

were treated with a 1 mol L-1 HCl solution after

mercerization with NaOH 17.5% and resulted in

products with 78% and 70% crystallinity, respectively.

Considering these values, it is easy to notice a

significant difference regarding the NaOH concentra-

tion used in the aforementioned studies (Abraham

et al. 2011).

High NaOH concentrations are generally used for

biomasses with high lignin levels or for alkaline

treatment at atmospheric pressure. Therefore, it is

essential to determine the adequate NaOH load

(liquid-to-solid ratio) and choose the best condition

for the process of extracting the CNFs from each

biomass (Bicu and Mustata 2013). Few studies (Bicu

and Mustata 2013; Zuluaga et al. 2009) have reported

on the influence of the NaOH load for non-cellulosic

components removal from a specific biomass. Never-

theless, at high-pressure conditions, it is better to use a

low NaOH concentration to avoid cellulose degrada-

tion (Cherian et al. 2011).

In this study, a two-step alkaline sequential extrac-

tion with low NaOH load (1.6 or 2%) against OB was

the best option for producing the cellulose nanofibers

with the high CI (70%). In quantitative terms, the yield

of the nanocellulose from IOB (18.40%) was higher

than from OBN (10.78%), and these were values close

to the cellulose contents in the respective raw mate-

rials (21.00% and 11.90%, respectively).

CP/MAS 13C NMR data

CP/MAS 13C NMR spectra of freeze-dried CNFs after

two-step sequential extraction with NaOH and bleach-

ing are shown in Fig. 4 and reveal only variations in

the peak intensities characteristic for cellulose. Peaks

C-2, C-3 and C-5 are overlapping (72–76 ppm) and

peaks C-6 and C-4 correspond to crystalline and

amorphous fractions of cellulose.

The ratio of areas at the C-4 crystalline fraction of

cellulose and total line-fit area gave the following CI

values: 0.60 for CNFs from OBN treated with 1.6%

NaOH solution (twice) and 0.60 for CNFs from IOB

treated with 2.0% NaOH solution (twice). These

values are somewhat lower in comparison to the ones

obtained with XDR (70%). Just a few studies used CP/

MAS 13C NMR for quantitative characterization of

cellulosic materials (Zhao et al. 2006; Hult et al. 2002;

Chimentão et al. 2014; Mariño et al. 2015). CI values

Table 3 Crystallinity indices for nanocellulose fibers obtained from the IOB in sequential extraction and two-steps bleaching using

NaClO2 (3% m v-1) and H2O2 (6.5% v v-1)

Sample CI by XRD CI by NMR

CNF-NaOH (2.0%) 0.55 –

CNF-NaOH (3.0%) 0.72 –

CNF-NaOH (1.6%) (4.0%) 0.72 –

CNF-NaOH (3.0%) and H2SO4 (5.0%) 0.72 –

CNF-NaOH (3.0%) and H2SO4 (10%) 0.77 0.60

CNF-NaOH (2.0%) twice 0.77 0.58

Fig. 4 CP/MAS 13C NMR

spectra of cellulose

nanofibers (CNFs) obtained

from OBN (red) and IOB

(black) after NaOH

sequential extraction (two-

step process before the

bleaching process).

Cellulose structure and

C-atoms numbering are

given in upper left corner.

(Color figure online)
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obtained from earlier reports using acid-diluted

hydrolysis of microcellulose (Zhao et al. 2006; Hult

et al. 2002) were similar to the obtained in this

research. However, a higher crystallinity (70%) was

obtained by Chimentão et al. (2014) by hydrolysis

with a 3% wt oxalic acid solution. It’s worth noting

that the crystallinity gain was slight in both studies

(around 3–4%); while the hydrolysis with H2SO4 had a

particular effect on the cellulose, once its crystallinity

suffered a decrease with a 6% solution and an increase

with a 3% solution at 120 �C. OBN hydrolysis with

enzymes from Xanthomonas axonopodis pv. citri

(Mariño et al. 2015), reported on lower CNF

crystallinity.

Morphology of nanocellulose fibers

The nanostructure and size of the CNFs homogenized

by ultrasonication were investigated by FESEM and

by SPM after sonication and air-drying. The micro-

graphs in Figs. 5 and 6 show that the nanofibers of

interest were obtained from the micrometer-length

hydrolyzed material after the mechanical treatment

applied. The mean diameter and length of the fibers

were calculated by an image processing software

(ImageJ 1.49�).
Both CNF samples showed a narrow diameter

distribution. The fiber diameters obtained from the

Fig. 5 Upper panels: photographs of orange bagasse from the

beginning to the end of processing into cellulose nanofibers

(CNFs). From left to right are shown: raw materials, raw

materials after milling and oven-drying, fiber residues after

pectin removal, NaOH-treated fibers and final products after

bleaching processes for: a IOB and b OBN. Lower panels:

FESEM micrographs showing the CNFs

Fig. 6 Morphology of the sonicated CNFs from IOB repre-

sented by transmission electron micrograph (TEM)
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OBN, were 18.40 nm ± 5.88 nm; and, from IOB

mean diameters were 20.50 nm ± 7.20 nm.

The fiber aspect ratio (fibril length to diameter

ratio) was difficult to be calculated, due to the web-like

network distribution of the microstructure, where

there is an invisible portion of the fiber total length,

which is usually covered by other fibers. Presumably,

the other samples possess a similar aspect ratio and

this result is in accordance with CNFs produced in an

earlier study (Mariño et al. 2015).

A large aspect ratio is related to an enhanced

reinforcement capacity compared to cellulose

nanocrystals. In spite of that, a nanofibril with large

length obtained by mild or moderate hydrolysis

involves a reduced crystallinity. Both cellulose

nanofibers and cellulose nanocrystals acting as rein-

forcement nanofillers improve the mechanical prop-

erties of polymeric matrices (Xu et al. 2013).

When air-dried from concentrated suspensions,

cellulose nanofibers form a film that was imaged by

SFM. Figures 7 and 8 show topography images on the

left and phase images on the right, obtained in OBN

and IOB samples, respectively. Fiber relief is very

clear in phase images, showing their packed arrange in

the film.

Conclusions

Citrus cultivation is one of the most important

agricultural activities in Brazil and is usually charac-

terized by two or three flowering seasons per year

(March-December). After harvest, a by-product—

orange bagasse (OB)—is obtained as � of all fruit.

It contains free sugars, such as fructose and glucose

(16–25%), lignin, pectin, hemicelluloses, cellulose

Fig. 7 Scanning probe micrographs of nanofibers in a film prepared by air-drying of the cellulosic material obtained from OBN:

topography on the left and phase images on the right
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and might be valued for bioethanol production and

cellulose extraction. Two orange bagasse sources were

exploited for cellulose recovery, orange bagasse in

natura (OBN) and industrial orange bagasse (IOB).

Chemical sequential extraction was conducted in mild

conditions with diluted acid or alkaline solutions. A

two-step alkaline (2% NaOH) sequential extraction

was shown to be the most successful for cellulose

nanofibers (CNFs) production with high yields of

10.78% (OBN) and 18.4% (IOB). The OBN was more

susceptible to sequential extraction, but the IOB

presented higher yield and needed lower energy

consumption for the preparation of cellulose nanofi-

bers. Both OB cellulose nanofibers showed crys-

tallinity of around 60–70%, and mean diameters of

around 20 nm. The obtained CNFs have numerous

potential applications and might add value to this

common agroindustry waste that pollutes our

environment.
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