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Abstract
Along with a water-soluble fraction rich in pectin, the hydrodynamic cavitation of citrus processing waste
carried out in water directly on a semi-industrial scale affords an insoluble fraction consisting of a new
nanocellulose of high quality. Lemon and grapefruit nanocellulose  powders isolated upon �ltration and
mild drying consist, respectively, of 100-500 nm wide cellulose nanorods, and of 500-1,000 nm wide
rami�ed micro�brils extending for several μm. The process is general and can be applied to any citrus
processing biowaste. These �ndings establish a long-sought technically viable route to a material whose
numerous potential applications in �elds ranging from biomedicine to composite production have been
limited by the harsh conditions required for the extraction of nanocellulose via acid or enzymatic
hydrolysis following pretreatment of lignocellulosic biomass with acid-chlorite or alkali.

1. Introduction
Termed “ageless bionanomaterial” by Dufresne,1 nanocellulose is a nanoscale material consisting either
of cellulose nanocrystals (CNC, also called nanocrystalline cellulose) or cellulose nano�brils (CNF, also
called nano�brillated cellulose) having exceptional chemical, mechanical, biological, optical and thermal
properties.2 Potential  applications range from transparent and foldable material in �exible energy and
electronic devices,3 through carmaking using nanocellulose-reinforced polymer composites.4 Being
biocompatible, chemically stable and hydrophilic, nanocellulose also has numerous potential biomedical
new usages.5 

Large-scale production of this versatile biomaterial so far has been limited by the demanding physical
and chemical conditions, required �rst to separate the lignin from wood lignocellulosic biomass, and then
to extract nanocellulose from the latter cellulosic fraction.1,2 Following the separation step using either
acid-chlorite or alkaline treatment (and thus generating large amounts of wastewater), nanocellulose is
generally extracted via acid hydrolysis (adding to the wastewater burden), steam explosion (with high
energy consumption), enzymatically (requiring overly long extraction times), mechanically (high pressure
homogenization, and ball milling methods) or by ultrasonication, with large energy demand.2

Comprised of cellulose I only, CNC has a low aspect ratio (length/diameter = 10-100), a tensile strength
similar to that of aramid-�ber (10 GPa), and is produced via acidic hydrolysis of plant (wood, cotton, etc.)
cellulose pulp. Its suspensions have liquid-crystalline properties. CNF has a high aspect ratio
(length/diameter = 100-150), includes amorphous cellulose along with cellulose I, and is produced via
mechanical processes. Its dispersions in water exhibit gel-like characteristics.

The industrial production of CNC from wood cellulose pulp  using sulphuric acid has an estimated
production cost ranging from $3632/t to $4420/t, with feedstock cost and capital investment being the
major cost drivers.6 Yet, in the same year of these estimates (2017) for large scale production, CNC was
reported to be sold at $1,000/kg.7
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In 1998, Isogai and Sato successfully applied the polysaccharide selective oxidation  process discovered
by de Nooy to regenerated and mercerized cellulose8 in order to partly convert the primary alcohol groups
of cellulose to carboxylates using catalytic amounts of 2,2,6,6-tetramethylpiperidine-1-oxyl  (TEMPO) and
sodium bromide with aqueous NaOCl as primary oxidant.9 Eight years later, the team in collaboration with
Vignon discovered that native celluloses could be �brillated in 3-5 nm nano�brils by simple mechanical
homogenization of the solution containing the TEMPO-oxidized cellulose.10 The electrostatic repulsions
between the cellulose �brils bearing the carboxylate groups cause the shear and dispersion of the
nano�brils under mechanical agitation.

Since 2017, the process is used by a large paper company in Japan to manufacture CNF in the form of
nano-dispersed �bers with uniform �ber width of 3 to 4 nm starting from bleached wood pulp at two
different paper mills.11 The company supplies the ‘Cellenpia’ product series using CNF as key ingredient
to different industrial customers producing CNF-reinforced tires, paper barrier cups for beverages,
personal care, hygiene, and cosmetic products. In 2019, the same company successfully developed a
CNF-reinforced resin that was used to produce a demonstration car (the Nano Cellulose Vehicle)12 whose
 weight compared to a conventional car was reduced by around  10%.

Today, CNF is sold at a cost of $90-100/kg.13 This high cost is due both to the high cost of TEMPO as
well as of processing the spent hypochlorite dilute solution containing the TEMPO catalyst. Separating
nitroxyl radicals in solution is a multi-step,  expensive process.14 Furthermore, TEMPO is a genotoxic
ingredient15 whose concentration in any material suitable for biomedical use, must be lower than a low
threshold of toxicological concern (i.e., 4 ppm).16

In order to lower production costs, cellulose feedstocks alternative to wood pulp have been widely
explored. Available in over 100 million tonne yearly amount, waste orange peel - namely the main citrus
processing waste (CPW) obtained from the orange juice processing industry - would be an ideal
feedstock. Unfortunately, the routes to citrus nanocellulose starting from CPW based on enzymatic,17

microwave-assisted hydrothermal treatment,18 and acid hydrolysis,19 all present signi�cant technical
limitations.

For example, the nanocellulose �brils obtained via multi-step microwave-assisted extraction of dried
depectinated orange peel are deeply colored in brown due both to caramelized sugars and to the Maillard
reaction between sugars and residual proteins at the high working temperatures required for extraction
(120 °C to 180 °C).18

Now, we report that the insoluble fraction resulting from the hydrodynamic cavitation (HC) of citrus
processing biowaste carried out on a semi-industrial scale in water consists of a new nanocellulose of
high quality. Dubbed “CytroCell”,20 this citrus nanocellulose is readily obtained in large amounts through
a one-pot process requiring no prior or subsequent chemical or mechanical treatment.
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2. Experimental
Obtained as described elsewhere21,22 by processing in 120 L >30 kg of citrus (lemon or grapefruit)
industrial processing waste from fruits organically grown in Sicily, the CytroCell samples were simply
isolated by �ltration of the aqueous suspension resulting from the HC-assisted extraction. After �ltration,
the solid CytroCell residue was mildly dried in an oven at 40 °C. Samples consisting of yellow (in the case
of lemon) or pink (in the case of grapefruit) CytroCell with a delicate citrus scent were readily isolated. No
further treatment was necessary beyond manual removal of a few lignin particles visually identi�ed amid
the CytroCell �bers in a glass Petri dish.

The transmission electron microscopy (TEM) analysis was performed by using a Tecnai G2 microscope
operating at 200 kV. The TEM sample was prepared by suspending a very small amount of cellulose
sample in deionized water, treating with ultrasounds, and �nally depositing 5 µL of the diluted suspension
on a 400-mesh Cu grid provided by Ted Pella (Redding, CA, USA). The solvent was evaporated at room
temperature overnight. ImageJ image processing open source program was used for the analysis of the
sample dimensions.

The X-ray diffraction (XRD) measurements were carried out using a XRD PANalytical Empyrean
diffractometer, with a Cu Kα radiation of 1.54 Å, a scan step-size of 0.0167° and a 2θ scan range of 5-40°.
The thermogravimetric and differential thermal analyses (TGA/DTA) were performed using a Netzsch
STA 449 F3 Jupiter thermal analyzer (NETZSCH-Gerätebau, Selb, Germany) using samples of ca. 13 mg.
The temperature was increased from 25°C to 700°C at a constant heating rate of 10°C/min under N2 �ow.

The zeta potential was measured with a Zetasizer Nano ZS analyzer (Malvern Panalytical, Malvern, Great
Britain) using a laser wavelength of 633 nm. Measurements carried out in a DTS1070 cell on a
suspension of CytroCell (10 mg) in 1 L   ultrapure (milli-Q) obtained using a Smart2Pure water puri�cation
system (Thermo Fisher Scienti�c, Waltham, MA, USA) water. The pH of the suspension was adjusted
using 0.3 M HCl and 0.5 M NaOH.

Adsorption-desorption isotherms were determined using the a  NOVA 2000e surface area and pore size
analyzer (Quantachrome, Boynton Beach, FL, USA) with cryogenic N2 as adsorbate. The CytroCell
samples were �rst degassed under vacuum at about 110 °C overnight. The speci�c surface area of
samples was determined using the multipoint Brunauer-Emmett-Teller (BET) model, using the average
adsorption and desorption values of P/Po in the range 0-0.35. The pore size distribution was calculated
using the adsorption curve for all ranges of P/Po by using the Barrett-Joyner-Halenda (BJH) model.

A Quanta 250 FEG scanning electron microscope (SEM) equipped with ETD detector (Thermo Fisher
Scienti�c, Waltham, MA, USA) was used to study the morphology of the cellulose samples. A small
fragment of each sample was deposited on a carbon tape attached to the stainless-steel stub to be
loaded into the SEM using the stub holder. Each sample was sputter-coated with a thin layer (~10 nm) of
gold as a conductive material to enhance the quality of the resulting images.
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3. Results And Discussion
Figure 1 displays the TEM images of lemon CytroCell at two different degrees of magni�cation. The
material is comprised of cellulose 0.5-3 mm long micro�brils whose section varies between about 110
and 420 nm (Figure 1, bottom). The TEM photographs for grapefruit CytroCell in Figure 2 display a
different nanostructure consisting of rami�ed micro�brils whose diameter varies from 500 nm to 1 μm.
Although this sample is mainly composed of cellulose micro�bers, some residual amorphous matter
(lignin) was detected from the TEM image at higher magni�cation (red arrows in bottom of Figure 2).

Repeated at Khalifa University of Science and Technology, the XRD measurements (plots not shown)
con�rmed previous XRD analysis showing that both CytroCell materials consist of  cellulose of low
crystallinity index (0.33 for lemon and 0.36 for grapefruit CytroCell).20 Again, the grapefruit-derived
cellulose was found to contain more abundant calcium oxalate crystals (with diffraction peaks at about
14.6°, 24.4° and 29.3°), abundant in both the lemon and grapefruit fruit peel,23 and particularly abundant
in plants grown in dry climates such as that of southern Sicily where both citrus fruits used to produce
CytroCell originate (under drought conditions oxalate releases CO2 and water molecules).24

The SEM images of both lemon abd grapefruit CytroCell in Figure 3 show a compact and relatively
convoluted surface for both lemon nanocellulose nanorods and grapefruit nanocellulose  micro�brils.
These are the surfaces interacting with probe molecules such as the N2 molecules during the surface
area and pore size cryogenic measurements, or with the H2O molecules when immersed in water. We
brie�y remind that these nanocelluloses  adsorb and retain 8 gwater/gcell in the case of lemon CytroCell

and 5 gwater/gcell for grapefruit CytroCell.20 In general, for powdered an dhighly puri�ed wood cellulose

used as dietary  �ber, the WHC increases with increasing �ber length.25

The fact that the water holding capacity (WHC) of lemon nanocellulose of signi�cantly shorter �ber
length is higher than that of grapefruit nanocellulose suggests a different chemical composition of lemon
CytroCell nanocellulose.

Based on the IR analysis, this difference has been ascribed to the partial esteri�cation of lemon CytroCell
and the primary alcohol groups with citric acid residual in the wet lemon processing biowaste during the
HC-assisted extraction.20 Highly hydrophilic free and esteri�ed carboxyl groups of the esteri�ed cellulose
enhance the WHC.

The difference in the amount of water adsorbed in the materials as such is noted also in the
thermogravimetric analysis/differential scanning analysis (TGA/DTA) pro�les of the two materials
displayed in Figure 4.

The �rst weight loss around 100 °C corresponding to evaporation of bonded water in cellulose is higher
for lemon CytroCell, whereas the onset of thermal degradation at 42 °C occurs 5 °C ahead of that for
grapefruit nanocellulose (47 °C). The TGA and DTA pro�les until the maximum degradation temperature
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(340 °C for lemon and 337 °C for grapefruit) are very similar, with two peaks, one near 240 °C and another
near 340 °C. Based on recent thermal stability analysis of different nanocelluloses,26 the �rst peak is
ascribed to the decomposition of negatively charged carboxyl groups on the �bril surfaces  (introduced
by reaction with residual citric acid), whereas the second is assigned to pyrolysis of cellulose.

The higher amount of carboxylate groups in lemon-derived CytroCell (visible in the IR spectra)20 is
re�ected in the additional weight loss slope variation in the TGA and peak in the DTA pro�le for the
lemon-derived nanocellulose at around 500 °C, which likely corresponds to the decomposition of the
glycosyl-units resulting from the previous decomposition of the citric acid-esteri�ed groups, followed by
the formation of  a carbonaceous residue.

Using a different porosimeter (Quantachrome NOVA 2000e) equipped with different burette when
compared to that using the Micromeritics ASAP 2020 Plus used in previous surface area and pore size
measurements, we were able to measure the adsorption-desorption isotherms of the free (i.e. non-
aggregated powder) samples as originally reported,20 when due to the high electrostatic charge on the
surface of both nanocelluloses we could solely use an aggregate rather than a powdered specimen to
carry out the N2 adsorption and desorption experiments.

The new adsorption experiments using the free powders returned a very similar pore size of 1.64 nm and
1.69 nm for lemon and grapefruit CytroCell, con�rming that these new celluloses are mesoporous
materials. The corresponding 24 and 27 nm pore sizes previously reported for the aggregate material,20

describe the porosity of nanocellulose aggregates.

The zeta potential of lemon CytroCell at neutral pH measured several months after storage at room
temperature under regular atmosphere, was slightly lower (-25 mV) that that measured for the freshly
obtained sample (-29.5 mV) whereas that of grapefruit CytroCell (-32 mV) was signi�cantly larger than
that of freshly obtained (-22.67 mV).20 What is further relevant in light of forthcoming practical
applications is that the zeta potential varies at relatively slow pace in a wide range of pH values
comprised between pH 4 and 13 (Figure 5), starting to change at a higher rate only at and below pH 3.

This behavior is similar to that of nanocellulose obtained in the form of CNC upon hydrolysis of wood
pulp with sulphuric acid.27 In the latter case, varying the pH across a wide range from pH 2 to pH 10 had
little effect on CNC zeta potential until pH 1, when complete protonation of the sulphate groups is
observed. In the present case, complete protonation of the bound citrate groups occurs at about pH 2.0
for both nanocelluloses with a signi�cant decrease of the zeta potential noted at pH 4 for both citrus
nanocelluloses. 

The experimental zeta potential values showed large standard deviation values, particularly at neutral
and alkaline pH. These large variations may be due to �brillar structure of both CNF samples made
progressively less stable by the addition of both base.
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The zero charge point at pH 2.0 due to neutralization of the negative charge of the free carboxylate citrate
groups by protons, for both lemon and grapefruit samples depends on the pKa of the bound citrate
groups. This �nding, likewise to what happens for bound sulphate groups for CNC extracted with
H2SO4,27 con�rms that the carboxylate groups bound to the surface of both citrus nanocelluloses
originate from citrate groups.

4. Conclusions
In conclusion, along with a water-soluble fraction rich in pectin functionalized with adsorbed �avonoids
and terpenes, the hydrodynamic cavitation of citrus processing waste in water affords an insoluble
fraction consisting of a new nanocellulose of high quality.

Directly carried out on a semi-industrial scale (>30 kg citrus biowaste in 120 L water), this cellulosic
material is readily obtained in large amounts through an e�cient, one-pot process requiring no chemical
reactant. Water is the only dispersion medium, and electricity is the unique energy form employed to run
the cavitation process affording plentiful amounts of a material whose numerous potential applications
so far have been limited by multistep production processes requiring harsh conditions.1,2

The TEM analysis shows that lemon CytroCell nanocellulose consists of 100-500 nm wide cellulose
nanorods, whereas grapefruit nanocellulose is comprised of 500-1,000 nm wide rami�ed micro�brils
extending for several μm. Both materials are mesoporous with pore size approaching 1.7 nm.

Here demonstrated for lemon and grapefruit processing waste, the process is general and can be applied
to any citrus processing biowaste including that resulting from orange juice production.28

Theses �ndings establish a long-sought technically viable direct route to citrus-derived  nanocellulose
using water and electricity only. No toxic or harmful e�uents are generated during the extraction process,
thereby dramatically reducing the operating expenses when compared to conventional extraction routes
based on lignocellulosic biomass pretreatment with acid-chlorite or alkali followed by extraction of
nanocellulose via acid or enzymatic hydrolysis.2  The safe and robust hydrodynamic cavitation process
for the extraction of natural products is easily scaled-up.29 Forthcoming studies will shotly demonstrate
the technical and economic viability of upscaling the process to convert citrus biowaste into highly
valued nanocellulose and pectin bioproducts via controlled hydrodynamic cavitation.
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Figure 1

TEM images of lemon CytroCell (top) and after focusing on selected single �brils (bottom).
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Figure 2

TEM images of grapefruit CytroCell (top) and after focusing on selected single �brils (bottom).
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Figure 3

SEM images of lemon (top) and grapefruit (bottom) CytroCell.
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Figure 4

TGA and DTA curves for lemon (top) and grapefruit CytroCell (bottom).
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Figure 5

Zeta potential values at different pH for lemon (top) and grapefruit (bottom) CytroCell aqueous
suspensions.


