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Abstract Cocoa shell (CS) is a by-product of the

chocolate industry with limited economic benefit and a

high environmental impact. In this study, a new

material for the food industry that consists of

nanocellulose fibers with CS fat was successfully

isolated (yield of approximately 7.12%). The material

was characterized with attenuated total reflection–

Fourier transform infrared spectroscopy (ATR–FTIR),

solid-state 13C nuclear magnetic resonance (13C

NMR), X-ray diffraction (XRD), fluorescence and

atomic force microscopy (AFM). The XRD, 13C

NMR, and ATR–FTIR results suggest that the struc-

ture of the cellulosic CS fibers can be interpreted as

cellulose Ib. The crystallinity index (CrI) of an isolated

sample was investigated by different methods with

ATR–FTIR, 13C NMR, and XRD. According to the

results, 13C NMR and XRD are the most adequate

methods for quantifying the CrI of cellulosic samples

in the presence of fat. In addition, the XRD results

indicate that approximately 65 to 70% of the sample

was crystalline. According to the fluorescence micro-

scopy results, the cellulosic sample formed a suspen-

sion with fat, and the AFM results show that the

cellulosic part of the sample had nanometric diameters

between 30–80 nm with high aspect ratios. Conse-

quently, a suspension of nanocellulose, hemicellulose,

and fat was isolated from CS by chemical and

mechanical treatments. The new material can be

called a ‘‘suspension of holocellulose nanofibers and

fat’’ owing to its composition and fiber diameters. The
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high aspect ratio of the nanocellulose fibers in the

suspension resulted in an entangled network that

stabilized the CS fat.

Keywords Cocoa shell � Nanocellulose � Cellulose
crystallinity index � Cocoa shell fat � Holocellulose
nanofibers

Introduction

Cacao (Theobroma cacao L.) is the fruit of the cacao

tree. Its seeds are commonly called ‘‘cocoa beans’’ and

consist of two cotyledons and a small germ. This fruit

has been a social and economic alternative to illicit

crops in Colombia. Its growing cultivation has been

promoted by the global cocoa deficit, caused by the

growing demand in Europe and Asia and the climatic

changes in African countries. Between 2007 and 2017,

the cocoa harvesting area in Colombia increased by

approximately 40%, thereby generating employment

for 38,000 farming families and 100,000 employments

in other sectors of the productive chain (FEDECA-

CAO 2019).

Despite its economic and social benefits, the

industry uses only 10 wt% of the fresh fruit and

produces over 40,000 t waste monthly (Campos-Vega

et al. 2018; Lu et al. 2018). For instance, the cocoa

shell (CS) represents 12 wt% of the raw material. It is

removed together with the germ before or after

roasting and is considered an industrial by-product

of the cocoa production. Because the Colombian

production of cocoa beans was 56,808 t in 2017

(FAOSTAT), Colombia generated approximately

6816 t of this waste type during that year FAO

(2019). The waste has been mainly used as fuel for

boilers, in the formulation of animal food, and in the

manufacture of fertilizers (Okiyama et al. 2017).

Some published studies and patents have suggested

alternative applications for this material, which con-

tains very interesting compounds from a nutritional

point of view: for instance, phenolic compounds,

fibers, and a significant fat content with a lipid profile

very similar to that of cocoa butter (El-Saied et al.

1981; Serra Bonvehı́ and Ventura Coll 1999; Lecum-

berri et al. 2007; Okiyama et al. 2017). These

applications may improve the efficiency of the

chocolate productive chain. Furthermore, CS can be

used to produce nanostructures such as veg-

etable nanocellulose fibers (Souza et al. 2019).

Nanocellulose is a nanomaterial extracted from wood,

cotton, natural fibers, and different agricultural by-

products, such as bananas (Zuluaga et al. 2009), cotton

(Chanzy et al. 1978), walnut shells (Hemmati et al.

2018) and tunicate (Jonoobi et al. 2015).

Researchers that study the nanocellulose isolation

process form different vegetables resources usually

investigate its properties and the influence of the non-

cellulosic polysaccharides and their composition.

However, they have not considered other important

components of vegetable structures (Nelson and

O’Connor 1964b; Chanzy et al. 1978; Sugiyama

et al. 1991a; Evans et al. 1995; Newman 2004; Sun

et al. 2004; Zuluaga et al. 2009; Poletto et al. 2012).

Owing to its composition, CS (Theobroma cacao L.)

might be an alternative source for expanding the

sources of nanomaterials: flavonoids, antioxidants, fat,

and polyphenols can be added to nanocellulose to

provide novel functionalities for food formulations

(Donkoh et al. 1991; Martı́n-Cabrejas et al. 1994;

Bonvehı́ and Jordà 1998; Karim 2014; Okiyama et al.

2017; Lu et al. 2018). Considering the high number of

recent publications about the use of nanocellulose as

an ingredient in food products, the material could

become an active topic in the nanocellulose research

field (Gómez et al. 2016). Nanocellulose has been

widely used in oil–water emulsions (Dickinson 2012;

Winuprasith and Suphantharika 2015) and as a

functional ingredient (Gómez et al. 2016), food

stabilizer (Ström et al. 2013), and rheological modifier

in ice cream (Velásquez-Cock et al. 2019).

To investigate the potential of nanocellulose fibers

isolated from CS as a food ingredient, the effects of

chemical and mechanical treatments on the nanocel-

lulose composition, structure, and morphology were

investigated in this study. The chemical modifications

in the sample generated by isolation treatment were

analyzed with attenuated total reflection–Fourier

transform infrared spectroscopy (ATR–FTIR) and

solid-state 13C nuclear magnetic resonance (13C

NMR). In addition, X-ray diffraction (XRD) was

applied to assess the fiber crystalline structure, while

its crystallinity index (CrI) was investigated by

different methods with ATR–FTIR, 13C NMR, and

XRD. Finally, fluorescence and atomic force micro-

scopy (AFM) was applied to study the morphology of

the obtained suspension of nanocellulose and fat.
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Materials and methods

The CS of the main varieties of cocoa beans (Theo-

broma cacao L.) cultivated in Colombia were supplied

by Compañı́a Nacional de Chocolates after the

roasting process. The CS were ground with a Resch

mill such that they could pass through a 1 mm screen

(Mesh No. 18). Table 1 presents the most relevant

chemical components of the CS.

Isolation of cellulose nanofibers

The CS was chemically treated according to the KOH-

5 procedure developed by Zuluaga et al. (2009) to

remove non-cellulosic components. First, the CS was

vigorously stirred at room temperature for 14 h with

5 wt% KOH solution. Then, the insoluble residue was

delignified with 1 wt%NaClO2 at pH 5.0 and adjusted

with 10 wt% acetic acid at 70 �C for 1 h. A second

treatment with KOH solution under the same condi-

tions as in the first step was used. Finally, a 1 wt%HCl

solution was added and treated at 80 �C for 2 h to

remove mineral traces. In each treatment step, the

insoluble residue was extensively washed with dis-

tilled water until the pH was neutral. Finally, the

cellulosic material (2 wt%) was passed 30 times

through a grinder (Masuko Sangyo, Supermasscolloi-

der) according to the G30 procedure developed by

(Velásquez-Cock et al. 2016). The overall process has

a yield of approximately 7.12%.

Finally, suspensions of 0.1 wt% CS nanocellulose

(CSNC) were vacuum-filtered through a 0.2 lm nylon

membrane. The resulting films were oven-dried at

40 �C for 72 h and stored for the ATR–FTIR, 13C

NMR, TGA, and XRD analyses.

Characterization of CS

Scanning electron microscopy (SEM)

The morphological features of the CS were deter-

mined by scanning electron microscopy (SEM) with a

JEOL JCM-6000 scanning electron microscope at an

acceleration voltage of 15 kV. Before the analysis, the

samples were coated with gold.

Attenuated total reflection–Fourier transform

infrared spectroscopy (ATR–FTIR)

The ATR-FTIR spectroscopy analysis of the CS was

performed with an FTIR spectrometer (Nicolet IS50)

with a single-reflection ATR and type-IIA diamond

crystal mounted on tungsten carbide. The diamond

ATR had a sampling area of approximately 0.5 mm2,

and a consistent reproducible pressure was applied to

every sample. The ATR-FTIR spectra were collected

at 4 cm-1 resolution with 64 scans. Each spectrum

corresponds to five averaged spectra, and all spectra

were corrected with the advanced ATR correction of

OMNIC 9 to eliminate the diamond crystal effect and

enable a comparison with the transmission spectra.

The ATR-FTIR spectroscopy analysis of the CSNC

films was performed by following the same procedure

as that for the CS.

Table 1 Chemical

composition of cocoa shell
Component Value Method

Moisture (wt%) 2.6 ± 0.3 AOAC 931.04 (Official Methods of Analysis of AOAC

INTERNATIONAL 2002)

Crude fat (wt%) 1.8 ± 0.1 AOAC 920.39 (Official Methods of Analysis of AOAC

INTERNATIONAL 2002)

Total fat (wt%) 3.6 ± 0.9 AOAC 922.06 (Official Methods of Analysis of AOAC

INTERNATIONAL 2002)

Cellulose (wt%) 27.7 AOAC 973.18, AOAC 2002:04 (Official Methods of Analysis

of AOAC INTERNATIONAL2002)

Hemicelluloses

(wt%)

11.1 AOAC 973.18, AOAC 2002:04 (Official Methods of Analysis

of AOAC INTERNATIONAL 2002)

Lignin (wt%) 15.6 AOAC 973.18, AOAC 2002:04 (Official Methods of Analysis

of AOAC INTERNATIONAL 2002)
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Characterization of CSNC

Moisture and crude fat

To determine the moisture of the CSNC films,

3.0 ± 0.2 g of the sample was treated in a conven-

tional oven at 100 ± 5 �C for 3–4 h and dried to a

constant weight ( Association of Analytical Chemists

Inc 2002). The crude fat content was determined

according to the AOAC Official Method 963.15. After

the moisture determination, the CS fat was extracted

with hexane for 6 h with a Soxhlet apparatus. The

crude fat content was determined as the difference

between the weights of the dried samples before and

after the extraction.

CP/MAS 13C nuclear magnetic resonance (13C

NMR)

The 13C NMR solid-state spectrum was recorded with

a Bruker 400 WB Plus spectrometer at room temper-

ature, and the spectra were collected with a 4 mm CP/

MAS probe at 10,000 Hz. The CP/MAS 13C NMR

spectra of the solid samples were collected for 12 h

with the standard pulse sequence at 100.6 MHz, a time

domain of 2 K, spectral width of 29 kHz, contact time

of 1.5 ms, and inter-pulse delay of 5 s at 25 �C.

X-ray diffraction (XRD)

The samples were X-rayed with the Panalytical X’Pert

ProMPD equipment with Ni-filtered Cu Ka1 radiation
(k = 1.540 nm) at 40 kV and 40 mA. The data were

collected in the reflection mode at a diffraction angle

2H from 10� to 40� in steps of 0.026�.

Crystallinity index (CrI) calculation

The CrI of the CSNC films was determined by three

different methods with ATR–FTIR, 13C NMR, and

XRD. The FTIR method (also known as ‘‘Nelson and

O’Connor method’’) uses the ratio between the bands

at 1372 and 2900 cm-1 to determinate the total CrI

(Nelson and O’Connor 1964a, b). The 13C NMR C4

peak separation or Newman method uses the peak at

89 ppm (C4 carbon in ordered cellulose structures)

and the peak at 84 ppm (C4 carbon of disordered

cellulose). Moreover, the CrI was calculated by

dividing the area of the crystalline peak (integrating

the peak from 87 to 93 ppm) by the total area assigned

to the C4 peaks (integrating the region from 80 to

93 ppm) (Newman 2004). Finally, in the XRD Seagal

method, the CrI was calculated based on the height

ratio of the intensity of the crystalline peak (I200-IAm)

and total intensity (I200) after subtracting the back-

ground signal measured without the cellulosic sample

(French 2014).

Fluorescent microscopy

The fat and cellulose phases in the CSNC suspension

were investigated by fluorescence microscopy (Zeiss

Axio Observer, Zeiss, Germany) with 10 9 and

63 9 oil immersion objectives. In the sample prepa-

ration, 1 mL nanocellulose was stained with 8 lLNile

red (for the oil phase) and then with 6 lL of Calcofluor

white (for the cellulose nanofibers); 4 lL of the

prepared samples was used for the study (Bai et al.

2019a, b).

Atomic force microscopy (AFM)

The morphology of the CSNC was studied with AFM.

The samples were imaged in the tapping mode with a

Nanoscope IIIa microscope (MultimodeTM Digital

Instruments) with a multimode head at 180 kHz. In

addition, a cantilever of 125 mm length and 5–10 nm

tip radius was used. The nanocellulose samples were

diluted in distilled water and sonicated (Ultrasons

P-Selecta sonicator) at room temperature to achieve a

good dispersion of the nanocellulose. Subsequently, a

fine layer of the sample was deposited on a mica

substrate with a spin-coater (2 min at 2000 rpm).

Before the morphological analysis, the samples were

stored in a vacuum desiccator for three days.

Results and discussion

To determine the CS morphology, a longitudinal

section of the sample was studied by SEM before the

milling procedure. As shown in Fig. 1a and b,

sclerenchyma cells fibers, and tracheid elements are

observed (Dickison 2000). Furthermore, a tracheid

element is a type of xylem conductive cell through

which plant nutrients can circulate, was found next to

sclerenchyma cells fibers (Dickison 2000). The
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sclerenchyma cells fibers and tracheid element have a

cell wall (composite material), where semi-crystalline

components (cellulose) interact with the amorphous

matrix; its major components are hemicelluloses and

lignin (Table 1) (Gañán et al. 2004; Gañan et al. 2008;

Gorshkova et al. 2010).

As shown in Table 1, the CS is also composed of fat.

In vegetable materials, it resides inside the cell or is

deposited on vegetable tissues in the form of fat

globules (arrows in Fig. 2b). The cell wall encloses

several structures composed of different biomole-

cules; one of these are triacylglycerides, which are

confined to discrete spherical organelles (oil bodies),

which consist of a triglyceride matrix surrounded by a

monolayer of phospholipids linked together by pro-

teins (Passos et al. 2009). In both cases, the fat is

bonded to proteins (hydrogen bonds, covalent bonds),

carbohydrates (covalent bonds), and other lipids

(covalent bonds and van der Waals interaction)

(Domı́nguez et al. 1994).

Moreover, ATR–FTIR was used to complement the

information obtained by SEM and determine the

chemical structures in the CS. The vegetable fat,

lignin, hemicellulose, and cellulose in the CS deter-

mined by ATR–FTIR are listed in Fig. 2, and Table 2

summarizes the main vibrations of the CS and CSNC

Fig. 1 SEM images of cocoa shell: a longitudinal section cut showing elementary fiber and tracheid, b longitudinal section cut showing
elementary fiber and fat globules; inset of each figure shows digital images of sample

Fig. 2 ATR–FTIR spectra of cocoa shell and cocoa shell nanocellulose films for a 3700–2800 cm-1 and b 1800–400 cm-1
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according to literature. ATR–FTIR spectroscopy is a

suitable technique for determining the variations in

chemical structures introduced by isolation treatments

(Zuluaga et al. 2009). The changes introduced by the

chemical and mechanical treatments were evaluated

by comparing four regions: (1) from 3600 to

3000 cm-1, associated with OH stretching vibrations

(hydrogen bonding pattern in cellulose; (Sugiyama

et al. 1991b), (2) from 3000 to 2800 cm-1, related to

C–H vibrations in vegetable fat, cellulose, and lignin

(Marchessault et al. 1960; Safar et al. 1994; Zuluaga

et al. 2009), (3) from 1500 to 1200 cm-1, associated

with CH2 wagging and COH in-plane bending

(Sugiyama et al. 1991a), and (4) from 1180 to

800 cm-1, related to polysaccharides (Velásquez-

Cock et al. 2016).

Several absorbance peaks related to the functional

groups in lignin (e2853 cm-1, g1590 cm-1, h1510

cm-1, and k1235 cm-1) decreased significantly after

the chemical and mechanical treatments. In addition,

the vibration at f1743 cm-1 related to hemicelluloses

functional groups decreased; nevertheless, it is still

Table 2 Characteristic bands in ATR–FTIR spectra of cocoa shell and cocoa shell nanocellulose and their assignments according to

literature

Wavenumber

(cm-1)*
Group** Band assignment Cell component Reference

a3335 O–H O(3)H….O(5) intramolecular hydrogen bonds in cellulose Cellulose (Popescu et al.

2007)
b3285 O–H O(6)H….O(3) intermolecular hydrogen bonds in cellulose Cellulose (Popescu et al.

2007)
c2953 C–H Asymmetric stretching of aliphatic –CH3 in fatty acids Triacylglycerides of

vegetable fat

(Safar et al.

1994)
d2922 C–H Symmetric stretching of aliphatic –CH2 in fatty acids Triacylglycerides of

vegetable fat

(Safar et al.

1994; Che Man

et al. 2005)
e2853 C–H Symmetric stretching of aliphatic –CH2 in fatty acids and

lignin

Triacylglycerides of

vegetable fat and

lignin

(Safar et al.

1994; Che Man

et al. 2005)
f1743 C = O vibrations of acetyl and uronic ester groups of hemicelluloses

or ester linkage of fatty acid and carboxylic group of the

ferulic and p-coumaric acids of lignin

Hemicelluloses and

lignin

(Safar et al.

1994; Che Man

et al. 2005)
g1590 C = C C = C stretching of the aromatic ring (S) Lignin (Popescu et al.

2007)
h1510 C = C C = C stretching of the aromatic ring (G) Lignin (Popescu et al.

2007)
i1462 C–H Scissoring of aliphatic –CH2 in fatty acids Triacylglycerides of

vegetable fat

(Safar et al.

1994; Che Man

et al. 2005)
j1377 C–H Symmetric deformation of aliphatic –CH3 in fatty acids Triacylglycerides of

vegetable fat

(Safar et al.

1994)
k1235 C–O Syringyl ring breathing and C–O stretching in lignin and

xylan

Hemicelluloses and

lignin

(Safar et al.

1994; Popescu

et al. 2007)
l1162 C–O–C C–O–C asymmetric stretching in cellulose I and cellulose II Cellulose (Popescu et al.

2007)
m1043 C–O–C stretching of C–O–C in xylans associated with

hemicelluloses and cellulose

Hemicelluloses and

cellulose

(Safar et al.

1994; Popescu

et al. 2007)
n711 Ib cellulose Cellulose (Zuluaga et al.

2009)

*superscripts represent locations in ATR–FTIR spectra in Fig. 2
** vibrational modes are associate to components in cocoa shell and cocoa shell nanofibers according to literature
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observable in the CSNC spectrum. Several researchers

have related this band to the presence of hemicellu-

loses after an alkali treatment because it has different

mechanisms through which it binds to cellulose

(Zuluaga et al. 2009). Hemicelluloses is one of the

most difficult components to remove from cell walls

owing to its strong interaction with cellulose (Zuluaga

et al. 2009; Gorshkova et al. 2010; Velásquez-Cock

et al. 2016). It could be physically interwoven into the

cell wall (easily extractable by treatments with

xyloglucanendoglucanase), form hydrogen bonds with

polymers (extracted by alkali), or be tightly bonded to

nanocellulose (extractable by treatments with cellu-

lase) (Zuluaga et al. 2009; Gorshkova et al. 2010).

This suggests that the isolation treatment possibly

cleaved the two first types of interactions between

xyloglucans and cellulose.

The ATR–FTIR spectra of the CSNC films in

Fig. 2a and b exhibit the characteristic peaks of

cellulose. The OH stretching vibrations occur at

3000–3650 cm-1, and the peaks at a3335 and b3285

cm-1 are related to O(6)H…O(3) intermolecular

bonding (Popescu et al. 2007). The vibrations at
a3335 and b 3285 cm-1 in the CSNC are increased

compared to those in CS. As mentioned in the previous

paragraph, the chemical treatment partially eliminated

the non-cellulosic components lignin and hemicellu-

lose, thereby enhancing the intermolecular interac-

tions between the cellulose chains (Popescu et al.

2007; Zuluaga et al. 2009). In addition, the absorption

band at n711 cm-1 is related to Ib cellulose (Fig. 2b).

Thus, the isolated cellulosic samples are rich in Ib
phase (Zuluaga et al. 2009).

Figure 2a and b show that the CSNC films exhibit

several vibrations that are related to functional groups

of the main components of vegetable shell fat (oleic,

palmitic, and capric fatty acids) (El-Saied et al. 1981).

In addition, vibrations at c2953 cm-1, d2922 cm-1,
e2853 cm-1, i1462 cm-1, and j1377 cm-1 were

observed (Safar et al. 1994; Che Man et al. 2005).

Hence, the cell wall cleavage promotes the liberation

of other components, for instance triacylglycerides.

The modification of cell wall polymers (e.g., pectic

polysaccharides and hemicelluloses) increases the

extraction of oil or fat in grape seed (Passos et al.

2009), almonds (Femenia et al. 2001), olives, avoca-

dos, and coconuts (Domı́nguez et al. 1994). To

separate fats from vegetable tissues, several treatments

with organic solvents, enzymes, or acid hydrolysis are

required because of the complex interactions between

fats, polysaccharides, and other biomolecules (Passos

et al. 2009). Finally, the ATR–FTIR spectra of the

CSNC films indicate that the chemical and mechanical

treatments partially removed hemicelluloses and

lignin (the CSNC film is a cellulosic sample with fat

(7.81 ± 1.8 wt%) and hemicelluloses content).

Furthermore, functional groups of fatty acids,

hemicelluloses, and cellulose were identified by 13C

NMR. Figure 3a shows the solid-state 13C NMR

spectrum of the CSNC film. The spectrum is domi-

nated by signals associated with cellulose: C1,

anomeric carbon: 104.71 ppm; C4: 88.43 ppm; C4:

83.79 ppm; cluster C2–C3–C5: 80–69 ppm; C6:

Fig. 3 (a) Solid-state CP/MAS 13C NMR spectrum of cocoa shell nanocellulose; (b) parts of spectra from 95 to 115 ppm and (c) 80 to

92 ppm
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64.65 ppm; C6: 61.91 ppm (Newman 1997, 2004).

Figure 3b shows that the C1 region is dominated by a

signal at 104.7 ppm, which is primarily related to the

Ib form of cellulose. Hence, the isolated cellulosic

sample is Ib phase-rich (Newman 1997), as confirmed

by the ATR–FTIR results (Fig. 2).

The other components (e.g., hemicelluloses and fat)

showweaker signals than cellulose. The weak signal at

approximately 175 ppm in Fig. 3a contains all the

peaks generated from carboxyl carbons of fatty acids

or hemicelluloses (Pollesello et al. 1996). In particular,

the carboxyl groups of fatty acids generated peaks at

173.2 and 173.1 ppm (Pollesello et al. 1996). Other

researchers have reported that the signals at 171 ppm

are related to carboxylic carbons of acetyl groups

attached to hemicelluloses, and a similar signal has

been observed in the 13C NMR spectrum of cellulose

from a silver tree fern (Cyathea dealbata), thereby

indicating the presence of hemicelluloses. The other

signals of methyl and methylene carbons of oleic acid

occur at 32.61 ppm (Seino et al. 1984). As previously

mentioned, oleic acid is the principal fatty acid in CS

fat (El-Saied et al. 1981).

Both ATR–FTIR and solid-state 13C NMR results

were used to determine the dominant crystalline

structure of the isolated cellulose (Ib). The XRD

pattern of the CSNC film presented in Fig. 4 is similar

to that of laterally disordered cellulose Ib (Chanzy

et al. 1978; Zuluaga et al. 2009) because of the general

aspect of the spectra and, in particular, the overlap of

1�10 and 110 reflections. The peak at the lowest angle

can be described as the overlap of 1�10 and 110

reflections, and 102, 200, and 004 reflections occur

with increasing diffraction angle (Sugiyama et al.

1991c).

The CrI in Table 3 is one of the most important

crystalline structure parameters. It is commonly used

to quantify the amount of crystalline cellulose in

cellulosic materials and to interpret changes in the

cellulose structures after physicochemical and biolog-

ical treatments. However, the CrI varies significantly

depending on the measurement method because each

method evaluates crystalline and less-ordered materi-

als differently (Evans et al. 1995). For example, the

XRD Segal and 13C NMRmethods are sensitive to the

long- and short-range order, respectively, while the

FTIR method is sensitive to the short-range order and

composition (Evans et al. 1995). In addition, solid-

state 13C NMR and FTIR spectroscopy determine the

CrI and the XRD Segal method the crystallinity

percentage (Nelson and O’Connor 1964b; Newman

2004). Nevertheless, the three methods exhibit excel-

lent correlation (Evans et al. 1995).

Choosing the technique that provides the most

accurate evaluation of the cellulose crystallinity is not

trivial. As shown in Table 3, the Nelson and O’Connor

method results in the lowest CrI. This method provides

only relative values because the spectrum always

contains contributions from different sample compo-

nents. Therefore, for cellulose with a significant

content of fat as CSNC film, the band at 2900 cm-1
Fig. 4 XRD profiles of cocoa shell nanocellulose film. The

indexation is based on Sugiyama et al. (1991c)

Table 3 Crystallinity index of cocoa shell nanocellulose film determined by different methods

Method Crystallinity index (CrI) Technique Reference

Nelson and O’Connor 0.45 ATR–FTIR (Nelson and O’Connor 1964a, b)

Newman 0.65 13C NMR (Newman 2004)

XRD Segal 71.36% XRD (Park et al. 2010)
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is also associated with the symmetric or asymmetric

stretching vibrations of aliphatic -CH3 and -CH2 in

fatty acids (Safar et al. 1994; Che Man et al. 2005).

These can mask the results of the Nelson and

O’Connor method (Poletto et al. 2014; Ornaghi et al.

2014).

The CrI determined by the Newman method uses

the C4 peak cluster, which is only assigned to carbon

in ordered cellulose structures. Therefore, the func-

tional groups of fat do not affect this method. Thus, the

most suitable methods for determining the CrI of

cellulosic samples from CS are the Newman and XRD

deconvolution methods. Additional treatments for

removing non-cellulosic components and fat can be

implemented; however, they can change the structure

of the cellulosic sample and reduce its crystallinity

(Zuluaga et al. 2009). Literature provides the CrI of

cellulosic samples with various compositions of

polysaccharides (Nelson and O’Connor 1964a, b; Park

et al. 2010). However, no publication that provided the

CrI of cellulose samples with vegetable fat was found.

Furthermore, fluorescent microscopy was used to

study the distribution of cellulose and vegetable fat in

the samples. This technique has been commonly used

to identify nanofibers and oily phases on Pickering

emulsions with nanocellulose or nanocellulose whis-

kers (Bai et al. 2018, 2019b). As shown in Fig. 5a and

b, when the sample is illuminated with fluorescent

light, the stained cellulosic material (blue) and veg-

etable fat (red) appear as two different components in

the sample (cellulosic component exhibits higher

percentage). Cellulose is hydrophilic; therefore, it

presents a lower compatibility with lipids and fats.

However, as shown in Fig. 5a, the suspension is

homogeneous.

According to Fig. 5a, the cellulosic components

and vegetable fat do not form separated phases; they

are homogeneously distributed. Cellulose can stabilize

oil in water emulsions because it interacts directly with

the fat structures, thereby forming Pickering emul-

sions (Winuprasith and Suphantharika 2013, 2015;

Cunha et al. 2014). The fluoresce images do not show

any evidence of an emulsion. However, owing to the

large aspect ratio, the CSNC forms an entangled three-

dimensional network that traps fat globules, as shown

in Fig. 5b (Cunha et al. 2014; Velásquez-Cock et al.

2019). Other authors have reported that, cellulose is an

excellent suspension medium for other solids and an

emulsifying base for organic liquids, for example, oil/

water emulsions (Turbak et al. 1983; Winuprasith and

Suphantharika 2013, 2015; Cunha et al. 2014; Bai

et al. 2018).

The entangled network formed by the CSNC is

clearly visible in the AFM images in Figs. 6a and b.

The cellulosic material isolated from the CS is

nanocellulose with fibrillar morphology (diameters

below 100 nm). In addition, nanofibers with diameters

between 30 and 80 nm and lengths of fewmicrometers

can be seen. Hence, the chemical and mechanical

treatments promoted the fibrillation process.

Overall, the results indicate that a suspension of

nanocellulose, hemicelluloses, and fat (i.e., a

Fig. 5 Fluorescence micrographs of cocoa shell nanocellulose

suspension at (a) 100 9 and (b) 630 9 magnifications. The

white arrows indicate the presence of fat particles. Before the

investigation, the oil phase was stained with Nile red and the

cellulosic components with Calcofluor white
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holocellulose nanofibers and fat suspension) can be

isolated from CS by chemical and mechanical treat-

ments. This process deconstructs the cell wall into

holocellulose nanofibers. The result is an entangled

network, which stabilizes CS fat. Thus, the by-product

from the cocoa industry can be used to produce

suspensions of holocellulose nanofibers for the food

industry. For example, CSNC can be used as a natural

emulsifying and stabilizing ingredient. Because of the

similarities between cocoa fat and CS fat (El-Saied

et al. 1981; Okiyama et al. 2017), this new material is

an interesting candidate for the enrichment of food

products, such as salad dressings, chocolate, whipped

toppings, sauces, foams, soups, puddings, dips, and ice

cream (Mizuguchi et al. 1983; Turbak et al. 1983;

Gómez et al. 2016; Velásquez-Cock et al. 2019).

Conclusions

In this study, chemical and mechanical treatments

were used to isolate a suspension of holocellulose

nanofibers and fat from CSs. The chemical and

crystalline structures of the isolated sample were

evaluated by ATR–FTIR, 13C NMR, and XRD. The

ATR–FTIR results confirm the partial removal of non-

cellulosic components and CS fat. The resistance of

non-cellulosic components to the extraction with

alkali might be due to their strong bonds. According

to the FTIR–ATR and 13C NMR results, the isolated

holocellulose nanofibers contains significant amounts

of fat (7.81 ± 1.8 wt%) because the isolation process

promoted its liberation. The ATR–FTIR, 13C NMR,

and XRD spectra contain reflections associated with

cellulose Ib. The most adequate methods for calculat-

ing the CrI of this sample kind with fat content are the

XRD deconvolution and 13C NMR C4 separation

methods. Moreover, the fluorescence microscopy

results confirm the formation of a suspension, and

the AFM results show that the isolated holocellulose

nanofibers has a large aspect radio, which promoted

the formation of an entangled network that stabilizes

fat.

The presence of fat in the suspension enables a

broader application of holocellulose nanofibers and fat

suspensions in the food industry. They can be used as

ingredients for food products enriched with CS fat,

such as salad dressings, whipped toppings, sauces,

foams, soups, puddings, dips, and ice cream.
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