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A B S T R A C T

The production of nanofibres (NF) from fresh carrots residue was investigated with a mechanical process without
using any pulping or bleaching chemicals. Refining with a PFI mill followed by mechanical fibrillation with a
homogenizer was used to produce fine NF. Blanching with hot water was carried out to leach the extractives
from carrot fibres prior to refining. The energy required to prepare carrot pulp is one order of magnitude lower
than for wood pulp and the fibrillation of nanofibres from carrot residue is four times lower in energy than using
wood pulp as feedstock. The average diameter and length of carrot NF are 18 nm and 5.1 μm, respectively. The
chemical composition of the manufactured nanofibers, as measured by HPLC, was 53% glucose and 47% xylose.
Translucent and strong flexible films were prepared from the carrot NF using a filtration based papermaking
process. The strength and water vapor permeability of these carrot NF paper like composites are similar to those
derived from wood-fibre of comparable dimensions.

1. Introduction

Vast amounts of organic waste from agricultural and food sources
are currently lost to landfill. According to Gustavsson et. al
(Gustavsson, Cederberg, & Sonesson, 2011), consumers in Europe and
North America wasted 95–115 kg/year per capita compared to
6–11 kg/year in sub-Saharan Africa and South/Southeast Asia per ca-
pita. Overflowing landfills have required numerous legislations to re-
duce food waste. Organic waste in landfill produces methane – a potent
greenhouse gas 30 times worse than carbon dioxide – which leaches
into underground water affecting its quality (Themelis & Ulloa, 2007).
One type of agricultural waste is carrot pomace. Worldwide, 37.22
million tons of carrots were produced in 2013, a 30% increase over the
past decade (Crawford, 2012). Carrots may be processed into juice,
concentrate, or dried food (Sharma, Karki, Thakur, & Attri, 2012). After
juicing, approximately 30–50% of the initial mass remains as pulp (Bao
& Chang, 1994), sometimes used for animal feedstock, but most often
discarded as waste (Siqueira, Oksman, Tadokoro, & Mathew, 2016).
This carrot pulp residue from food processing provides an inexpensive,
sustainable and renewable source of cellulose fibres. For industrial
applications, the waste product from commercial juice bars or food
processing plants may also be used as source for carrot pulp at a smaller
and local scale. Currently, some of this organic waste is used in bior-
efineries to produce biofuels and bioenergy. Waste to product trans-
formation, however, remains the best strategy. Here, we investigate the
production of cellulosic nanofibres from carrot pulp waste; this study
can then serve as protocol for other vegetables.

Cellulose nanofibres (CNF) are valuable natural polymeric fibres
strong, stiff, opaque and of low thermal expansion(Eichhorn et al.,
2009; Lavoine, Desloges, Dufresne, & Bras, 2012; Zhu, Fang, Preston, Li,
& Hu, 2014). With such properties, CNF promises very versatile in-
dustrial applications such as paper packaging, membranes, flexible
electronics, LCDs and biomedical. Deconstruction of the plant cell wall
to nanofibres is a two-stage process. The first stage converts the plant
cell wall to a pulp consisting of macrofibres using mechanical or che-
mical pulping methods. Depending on the pre-treatment conditions,
hemicellulose molecules may be bonded to CNF (Amiralian et al.,
2015). The second stage delaminates the macrofibres into nanofibres by
mechanical fibrillation. In some cases, Mechanical fibrillation is the
most common method to produce CNF. However, this process is highly
energy intensive, requiring as much as 70,000kWh/tonne, as stated by
Lavoine et al. (Lavoine et al., 2012).

Various chemical pre-treatment methods, such as TEMPO-mediated
oxidation, carboxymethylation, and enzymatic hydrolysis, were in-
vestigated to minimize the energy requirements. With the TEMPO-
mediated oxidation method, cellulose fibres are oxidized with the ad-
dition of NaClO to produce an aqueous cellulose suspension in the
presence of catalytic amounts of 2,2,6,6 tetramethyl-1-piperidinyloxy
(TEMPO) and NaBr at pH 10–11 and room temperature. Although this
pretreatment drastically reduces the energy consumption of the process
from 194400 kWh/tonne (for repeated cycles of homogenizer used) to
1944 kWh/tonne(Isogai, Saito, & Fukuzumi, 2011), it requires longer
oxidation time. Further, TEMPO is a toxic (Lavoine et al., 2012), cor-
rosive, expensive and difficult to recover catalyst. TEMPO also has an
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unpleasant odour which makes it unacceptable for food application and
packaging, for instance. The yield of TEMPO-oxidized Cellulose Nano-
fibres (TOCN) depends upon the oxidation time. When the oxidation
time varies from 6 h to 10 days, yield increases from 20% to 90% (Saito,
Kimura, Nishiyama, & Isogai, 2007). With the carboxymethylation pre-
treatment method, cellulose fibres are reacted with aqueous NaOH in
the presence of water and isopropyl alcohol, followed by reacting with
monohaloacetic acid to produce carboxymethylated cellulose (Adden,
Brackhagen, Müller, & Petermann, 2013). A key issue with this method
is its low reaction efficiency. In the enzymatic pre-treatment method,
the enzymatic hydrolysis is performed with endoglucanase (Pääkko
et al., 2007). Although enzymatic treatment followed by mechanical
disintegration is considered as eco-friendly, the energy consumption is
still higher than that of TEMPO NF. None of the current technique
produce quality fibres at low energy. Alternative approaches are re-
quired to develop a safe, sustainable and inexpensive process, especially
for food and biomedical applications.

Never dried agricultural and food wastes have a cell wall structure
more open, less dense and complex than wood which should require
less energy for the pulping and fibrillation of nanofibres. This is the
hypothesis behind this study. There are many reports describing the
production of CNF from agricultural waste such banana peels (Pelissari,
Sobral, & Menegalli, 2014), palm fruit bunch(Ferrer, Filpponen,
Rodríguez, Laine, & Rojas, 2012), T.pungens (Amiralian et al., 2015),
sugar beet pulp (Agoda-Tandjawa et al., 2010) and carrot pomace
(Berglund, Noël, Aitomäki, Öman, & Oksman, 2016; Siqueira et al.,
2016). Previous investigations have relied on chemical pre-treatments
and ignored the critical energy consumption analysis. Also, compar-
isons with the now commercial wood based CNF have consistently been
omitted.

Carrot pomace is an important type of agricultural waste for the
quantity produced and as model of food residue. This study reports a
sustainable and industrially scalable method to produce Nanofibres
(NF) from carrot residue. The fibres produced have similar or superior
quality than those made from wood sources. A detailed mass and en-
ergy balance analysis of the whole process is performed. A thorough
characterization of nanofibres and films made of those is provided. This
study reveals that the energy required to manufacture NF from carrot is
comparable to the energy consumed with the now classic TEMPO oxi-
dation method using wood pulp.

2. Experimental method

2.1. Carrot nanofibres preparation

Fig. 1 presents the process flow diagram for the production of NF
from carrots. Carrots were purchased from the local supermarket. 600 g
of carrots were shredded using a 550W Kambrook food processor for
approximately 5min and then blended for 6min using a 1.5HP Waring
Commercial Blender Model 32BL80, USA to reduce the carrots to a
pulp. Approximately 910mL of water was added during blending. The
pulp mixture was then blanched by heating to 80 °C for one hour, whilst
being stirred continuously to maintain uniform heating. The pulp

mixture was let ok food processor for approximately 5min and then
blended for 6min using a 1.5HP Waring Commercial Blender Model
32BL80, USA to reduce the carrots to a pulp. Approximately 910mL of
water was added during blending. The pulp mixture was then blanched
by heating to 80 °C for one hour, whilst being stirred continuously to
maintain uniform heating. The pulp mixture was let to cool, then va-
cuum filtered to remove the excess liquid from the pulp. After filtration,
the solid content was 11 wt% for a total mass was 243.25 g pulp.

The pulp was refined according to Tappi standard method T 248
with a PFI mill to 10,000 revolutions. To reduce the cellulose fibres
further to the nanoscale, the pulp was then homogenised with the GEA
Niro Soavi (lab scale) homogeniser. After dilution to 2 wt%, the sus-
pension underwent 5 passes at 1000 bar pressure. The homogenised
suspension was then centrifuged for 10min at 4500G (5000 rpm) to
separate the beta-carotene isolated from the nanofibres during homo-
genization. Once separated, the supernatant was discarded and the fi-
bres were diluted with deionised water, then collected. The resulting
nanofibre suspension was 0.97 wt% solids and stored at 4 °C in a re-
frigerator.

2.2. NF suspension analysis with high performance liquid chromatography
(HPLC)

This analysis was carried out as per the standard method NREL/TP-
510-42618 (Laboratory Analytical Procedure for the Determination of
structural carbohydrates and lignin in biomass developed by National
Renewable Energy Laboratory, USA). Around 0.3 g of 10 wt% carrot NF
suspension was hydrolysed with 3mL of 72% H2SO4 at 30 °C for 60min
in a high-pressure tube in a water bath. Sample was mixed using a
Teflon rod every 5min. 84mL of water was added to the hydrolysed
mixture and the mild acid hydrolysis was carried out in an autoclave for
60min at 120 °C then cooled until it reached room temperature. The
mixture of pure components of D-Glucose, D-(+)-Cellobiose, D-Xylose,
D-Mannose, D-Galactose, D-Arabinose was also hydrolysed under the
same conditions of mild acid hydrolysis step and used as reference
standard to determine complete hydrolysis products. Hydrolysed sam-
ples were filtered using syringe filter and analysed with HPLC (Agilent
1100 series) using RHM-Monosaccharide H+ (8%) column.

2.3. NF characterisation

The diameter distribution of carrot NF sample was measured from
SEM images using a Magellan 400 FEGSEM at a voltage of 3kv and
50,000× magnifications. A drop of suspension was casted on a metal
plate, air dried and then platinum coated. From each image, the width
of each nanofibre observable was measured using ImageJ. A total of
200 fibre diameters was measured from all images, sorted into bins of
5 nm size and then plotted as frequency percentage (%) versus bin
range to illustrate the diameter distributions.

Nanofiber aspect ratio was estimated using the sedimentation
method reported by Varanasi, 2013(Varanasi, He, & Batchelor, 2013).
To summarise, ten 250mL measuring cylinders were filled with NF
suspensions of decreasing concentration, ranging from 0.1 to 0.005 wt

Fig. 1. Process flow diagram for the NF production from carrots.
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% of solids fraction. The suspension was agitated using a Kambrook
hand stirrer (Model Number KSB7) prior to pouring 200mL into each of
the measuring cylinders. Each cylinder was allowed to sediment a
minimum of 48 h to ensure the suspensions fully settled; the heights of
the sediment were then measured to determine the gel point and finally
the aspect ratio.

2.4. NF sheet preparation

The suspension of nanofibres was diluted to 0.3 wt% to prepare
sheets of basis weight 60 g/m2. Using the British hand sheet maker,
400mL of suspension was mixed thoroughly then poured into the
forming chamber after placing a circular 185mm diameter Whatman
#114 filter paper on the filter mesh. The fibres were allowed to settle
onto the filter paper, since the mesh size of 100 micrometres would not
retain the nanofibres.

The combined filter paper and NF film was separated from the filter
mesh, then placed between blotting paper and pressed for 4min at
260MPa pressure to remove excess water. The carrot NF film was se-
parated from the filter paper and then air dried.

2.5. Sheet characterisation

The thickness and apparent density were measured according to the
Australian/New Zealand Standard Methods 426 s and 208s. Thickness
was measured using a L&W Micrometer 51 at different points on the
sheet.

2.5.1. Mechanical properties
The sheets were equilibrated at 23 °C and 50% relative humidity for

at least 24 h before dry tensile testing, based on the Australian/New
Zealand Standard Method 437s. CNF sheets were cut into strips of
15 mm width. An Instron tensile tester (Instron 5566) was used to re-
cord maximum tensile force with a constant rate of elongation at
10mm/min, with a test span of 100mm. The tensile index for each
sample was calculated as tensile load per unit width divided by basis
weight. The mean value was obtained from five valid tests.

2.5.2. Barrier properties
Water vapor permeability (WVP) was estimated according to ASTM

E96/E96M standard method. Permeability cups purchased from
Thwing-Albert Instrument, USA were used. WVP was carried out at
23 °C and 50% relative humidity (RH). Films were kept in oven at
105 °C for 2 h before testing. The variation in mass with time was re-
corded and the slope of the straight line was used to calculate water
vapor permeability.

Air permeability of carrot NF sheets was measured using L&W Air
Permeance tester.

2.5.3. X-ray diffraction analysis
X-ray diffraction (XRD) analysis of NF sheets prepared from carrot

and bleached eucalyptus Kraft pulp (BEK) were recorded on Rigaku
Miniflex (Benchtop XRD instrument) at a speed rate of 0.050/sec and a
range of 2–350 (2θ). Crystallinity index was calculated from the XRD
patterns using equation 1 (Segal, Creely, A.E. Martin, & Conrad, 1959;
Siqueira et al., 2016):

=

−CrI I I
I

am002

002 (1)

Where I002 and Iam are the intensities of the peaks at 2θ of about 22 and
18, respectively.

2.5.4. Fourier transform infrared spectroscopy (FTIR) analysis
FTIR spectra were recorded on dried NF sheets prepared from carrot

and BEK on a Carry 630 FTIR (Agilent Technologies) spectrometer from
wave number 600–4000 cm−1 with a resolution of 4 cm−1. Three

spectra measurements were recorded for each sample and the analysis
was performed using the average spectrum resulting from these three
recordings.

2.5.5. Light transmittance of NF films
Light transmittances of carrot and BEK NF films were measured

using an UV spectrometer (Perkin Elmer Lambda 800) by placing the
specimens 25 cm from the entrance port of the integrating sphere.

2.5.6. Thermogravimetric analysis (TGA) of carrot NF films
Dynamic thermogravimetric measurements were performed by

using a Perkin Elmer 4000 TGA-IR instrument. Temperature programs
for dynamic tests were run from 25 °C to 500 °C at a heating rate of
5 °C/min. These tests were carried out under nitrogen atmosphere
(20mL/min) in order to prevent any thermos-oxidative degradation.

3. Results

3.1. -Nanofibres (NF) preparation from carrot residue

The aim of this study is twofold. First, to prepare nanofibres (NF)
from carrot residue without using any pulping or bleaching chemical
additives. Second, to assess the quality of those nanofibres in re-
lationship to applications and high value products. A similar protocol
can be used to produce NF from other vegetable residues provided the
lignin content is low.

3.1.1. Mass balance
Mass and solids concentrations for all steps of the process are pre-

sented in Table 1. Performing a complete mass balance reveals that 21%
of the carrots dry solid matter was converted to nanofibres, which is
similar to carrot NF production with chemical pre-treatment (Siqueira
et al., 2016). The overall yield of nanofibres from carrot residue was
52%.

3.1.2. Energy balance
Table 1 also presents the energy consumption for each unit opera-

tion of the process. Pulping, which includes shredding and blending,
required 214 kWh/tonne. The hot water (80 °C) circulated for
blanching consumes 1 kWh/tonne energy. The energy consumption to
filtrate carrots was assumed negligible. The energy consumption cal-
culated for the PFI mill was 1360 kWh/tonne of dry fibre for 10,000
revolutions, using the method of Welch and Kerekes (Welch & Kerekes,
1994).

The homogenizer energy consumption was 6944 kWh/tonne as
calculated following the method of Ankerfors (Ankerfors, 2012). This is
by far the most energy intensive step. The total energy consumption
was 8519 kWh/tonne on a dry base.

Table 1
Mass balance and energy consumption for nanofibre process from fresh carrots. (* Values
are estimated from process conditions).

Stage Mass (wt%) Mass (g) Energy
consumption
(kWh/tonne)

Solid Water Solid Water Total

Raw Carrots 11.03 88.97 66.16 533.84 600 –
Blending (diluted

before)
5.38 94.62 66.16 1163.84 1230 214

Blanching 5.66 94.34 66.16 1103.05 1169.21 1
Filtration 11.03 88.97 26.83 216.42 243.25 –
PFI Mill 11.03 88.97 24.42 196.97 221.39 1360*

Homogenization 1.01 98.99 24.42 2396.97 2421.39 6944*

NF Suspension 1.27 98.73 13.94 1083.73 1097.67 –
Total 8519
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3.2. -Fibre dimensions

3.2.1. -Aspect ratio calculation
Nanofibre diameter and length were calculated by combining SEM

and sedimentation methods. While diameter distribution can directly be
measured through SEM microscopy, length measurement is more pro-
blematic. This is for two reasons. First, fibres connect and form a net-
work where the identification of the start and the end of individual
fibres is difficult; second, fibre length is two orders of magnitude higher
than diameter and challenging to measure accurately by SEM. The
strategy developed here consists of measuring diameter by SEM and
calculating length from the aspect ratio measured through

the gel point determined by sedimentation experiments. The gel
point, also known as the connectivity threshold, is the lowest volume
fraction where the particles first form a continuous network. To obtain
the gel point, the equilibrium heights of sedimented diluted NF sus-
pensions in decreasing concentrations were measured and plotted as
shown in Fig. 2. The coefficient of the linear term, 0.0431, is the gel
point of the carrot nanofibres in terms of the solids weight%.

The aspect ratio was determined using equations 2 and 3, developed
from the Effective Medium Theory (EMT) equation and the Crowding
Number (CN) equation, respectively (Varanasi et al., 2013). The density
of nanofibers fibres is assumed to be 1500 kg/m3. We have used cel-
lulose density as fibre density since do not know the correct density of
fibres in suspension, and neither the model of a straight cylindrical fibre
used in the CN theory or of a spheroid used in the EMT theory com-
pletely represents the reality of the fibres in suspension. However, %
error in aspect ratio with density is less than 10% when density varied

from 1500 to 1200 kg/m3.”

=

−A C3.19 C
0.58 (2)

=

−A C6.0 C
0.5 (3)

Where A is aspect ratio, CC is gel point concentration in mass fraction
(for this study, Cc is 0.000431). Using the EMT and CN equations, the
aspect ratio was calculated to be 286 and 289, respectively. Both
methods closely corroborate.

3.2.2. Diameter distribution and length
A SEM image of carrot NF dried on a metal plate is shown in Fig. 3a.

Please note the difficulty in identifying individual fibres extremities to
directly measure fibre length- as discussed. NF diameters are easy to
measure, and their distribution from SEM images at various magnifi-
cations is shown in Fig. 3b. This is compared with the diameter dis-
tribution of NF produced from bleached eucalyptus Kraft pulp (BEK)
process: 10,000 revolutions refining with PFI mill and 5P through
homogenizer (Raj et al., 2016).

Fig. 3b shows the diameter of NF from carrot residue to be similar to
that made from BEK pulp. The average diameter of NF from carrot fi-
bres is 18 nm with a standard deviation of 7 nm, lower than the average
diameter of 30 nm for NF from BEK fibres. The majority of carrot NF are
5–40 nm wide, which is similar to carrot NF produced from chemical
pre-treatment (Siqueira et al., 2016). This shows that fibrillation of
nanofibers from carrot does not require pre-treatment including
bleaching. The gel point and aspect ratio of NF from carrot fibres are
0.0431 wt% and 286; this compares to 0.06 wt% and 245(Raj et al.,

Fig. 2. Concentration versus sedimentation height ratio for carrot nano-
fibres.

Fig. 3. (a) SEM image of carrot NF sample casted on a metal plate. (b)Diameter distribution of NF from carrot and Bleached eucalyptus pulp (BEK).
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2016) for the gel point and aspect ratio of NF from BEK. The average
length of NF from carrot fibres is 5.15 μm whereas that from BEK is
7.35(Raj et al., 2016) microns. Finer and more elongated fibres were
produced from carrot than from wood. Carrots also produced a nar-
rower fibre diameter distribution than BEK.

FTIR Analysis of carrot NF after fibrillation followed by cen-
trifugation is shown in Fig. 4a and compared with CNF produced from
bleached eucalyptus Kraft (BEK) pulp. The functionality analysis of the
FTIR spectra for NF from carrot and BEK is provided in Table 2.

Both spectra are similar except for the peak at 1740 cm−1 of the

Fig. 4. (a) FTIR Spectrum of Carrot NF (solid line) and BEK Pulp sheets
(dashed line). (b) XRD patterns of nanofibres from carrots NF (solid line)
and BEK (dashed line). (c) Thermogravimetric Analysis (TGA) of carrot NF
film (solid line – weight loss, dashed line – DTG).
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carrot NF sample, indicating that carrot NF contains some hemi-
cellulose (Chand & Fahim, 2008) and beta-carotene and extractives
were removed during blanching and centrifugation. Further, most of
the lignin was removed since no aromatic groups are found in the
1100–1600 cm−1 band (Poletto, Zattera, & Santana, 2012; Popescu,
Larsson, Olaru, & Vasile, 2012).

The saccharide composition of carrot NF was investigated with
HPLC after acid hydrolysing fibres into monomers and analysing con-
tent; no phenolic monomers were detected. HPLC results showed that
carrot NF contains 53% glucose with xylose as remaining. FTIR and
HPLC results corroborate each other. This is further confirmed by TGA
analysis of carrot NF films shown in Fig. 4c. TGA reveals that samples
started degradation at 200 °C, completed at 350 °C. TGA derivative
showed peaks between 200 °C to 250 °C (corresponds to hemicellulose)
and 340 °C (corresponds to cellulose). During blanching, many che-
mical micro-components like fats and proteins were leached and the
remaining components were isolated during fibrillation.

Fig. 4b shows the X-Ray diffraction (XRD) patterns of nanofibers
from carrots and BEK. Carrot NF and BEK NF showed the characteristic
cellulose peaks at 2θ angles of 16° and 22° from the reflections from 101
and 020 lattice planes, respectively. The crystallinity index (CI) values
were 43 and 68% for carrot NF and BEK NF, respectively. The CI of the
carrot NF produced with chemical pre-treatment and homogenization is
70% (Siqueira et al., 2016). The crystallinity of native cellulose was
maintained after disintegration of cellulose into nanofibers. The higher
index of crystallinity for Bleached Eucalyptus Kraft (BEK) NF and pre-
treated carrot NF compared to carrot NF is caused by the elimination of
the amorphous regions from fibres during the alkali and bleaching
process(Hassan, Hassan, & Oksman, 2011; Siqueira et al., 2016).

3.3. -Properties of NF paper

Paper like composites were constructed from carrot NF by filtrating
a fibre suspension onto a wire using a process similar to papermaking.
The physical and mechanical properties of these composites were
measured. Average values with standard deviations (in brackets) of
basis weight, density and mechanical properties of carrot nanofibres

paper sheets are reported in Table 3. These results are also compared to
literature values.

Tensile strength and modulus of films made of carrot NF with
chemical pre-treatment are 204MPa and 13.3 GPa, respectively
(Siqueira et al., 2016). These properties are evaluated at 35% humidity
and 25 °C and span less than 20mm. These values are higher than those
from this study mainly because of the different testing conditions; high
humidity and high span results in lower values.

Optical properties and transparency of the carrot NF paper are in-
teresting. Fig. 5 (a) shows the UV-transmittance of carrot and BEK
nanofibers films having thickness of 58 μm. The transmittance at
600 nm was about 85% for carrot NF film and about 80% for BEK film.
Above 460 nm wave length, carrot NF films showed better transmit-
tance than BEK films. In the violet region spectrum, BEK films showed
better transmittance than carrot film. As shown in Fig. 5b, when NF
films are held in direct contact to an object, the sheet was completely
transparent; however, when held even 3 cm away from an object, the
paper was translucent, akin to frosted glass.

4. Discussion

The chemical constituents of fresh carrots are water (88.8%), car-
bohydrates (6%), crude fibre (2.4%), protein (0.75%), fat (0.5%) with
the remnants consisting of various minerals, vitamins and carotenes

Table 2
NF FTIR Spectrum analysis and comparison between carrot and bleached eucalyptus kraft pulp (BEK).

Observed wavelength range of peak (cm−1) Bond/Action Explanation

800–1100 CeO stretching Similar high absorbance between NF and BEK
1200–1400 CeOeH bending Occurs at C6 in the cellulose molecule.
1600–1700 OeH bending From water molecules absorbed in the sheet
1740 CeO stretching Found in NF only indicating stretching of acetyl or carboxylic acid in hemicellulose
2800–3000 CeH stretching Found in the sp3 orbital where the carbon atom is singly bonded to 4 other atoms
3000–3500 OeH stretching From water molecules absorbed in the sheet. Similar absorbance in the NF and BEK sample

Table 3
Properties of carrot NF sheets compared with literature values (following references are
given as numbers in superscript. 1 – (Syverud & Stenius, 2009), 2- (Sehaqui et al., 2010),
3- (Stelte & Sanadi, 2009), 4 – (Fukuzumi et al., 2009a, 2009b), 5 – (Henriksson et al.,
2008a, 2008b) and 6 – (Lavoine et al., 2012)).

Properties Mean values of properties (Std. Dev)

Carrot NF films Literature values

Basis weight (g/m2) 65.55 (2.03)
Density (g/m3) 1013.55 (8.25) 8001 to 14002

Thickness (μm) 64.5 (1.88)
Tensile Index (Nm/g) 64.99 (1.97) 733 to 1504

Tensile Strength (MPa) 65.71 (1.67) 67.51 to 2334

Modulus (MPa) 6842.3 (627.64) 25003 to 14000
Water vapor permeability (g/m2 day) 140 100

Fig. 5. (a) Light Transmittance of the carrot and BEK NF films (b) CNF film strip held
directly over colour logo “BioPRIA” showing translucent properties.
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(Sharma et al., 2012). Except for water, all constituents are present as
dry matter in carrots. 40.5% of the carrot dry matter remains as pomace
(Table 1), which corresponds well to the values previously reported
(Sharma et al., 2012). Carrot pomace contains cellulose (51.6%),
hemicellulose (12.3%) and lignin (32.1%) and pectin (3.88%). Of the
dry residue, 51.9% is converted into NF. HPLC analysis of carrot NF
sample reveals a 53% glucose content with the remaining being xylose;
no phenolic residue was detected. Most of the lignin, pectin and other
extractives were easily removed during blanching and centrifuging.
Fibers are made of cellulose and hemicellulose (xylose), also explaining
the lower crystallinity detected.

Often, carrot pulp comes as waste from different sources such as ve-
getable processing factories and juice bars for which pulping energy
consumption is low, of little interest and poorly tracked. Commercially
producing carrot pulp on site requires a very simple mechanical pulping
process (Fig. 1) involving shredding and blending, which consume 214
kWh/tonne dry. In comparison, mechanical pulping of spruce and pine
consumes 1388 kWh/tonne and 1445 kWh/tonne, respectively (Smook,
2002). Thermo-mechanical pulping (TMP) of spruce consumes 1944
kWh/tonne (Smook, 2002). Compared to spruce TMP, pine TMP requires
10% additional energy to achieve the get same level of fibrillation, as
measured as target freeness(Yuan et al., 2016). This higher energy con-
sumption is due to the coarser fibres being more difficult to fiberize.
Mechanical pulping of carrot requires 85–89% less energy than wood.
There are two reasons behind the lower energy consumption. First, wood
cell walls are much more complex, denser and stronger than carrot cell
walls; wood has a much higher density of structural and hierarchically
orientated cellulosic nano, micro and macro fibres embedded in a high
molecular weight matrix of lignin with hemicellulose as compatibilizer
(Uzman, 2003). Second, wood chips contain typically 35% moisture,
which is 2.5 times lower than the water content of carrots(Smook, 2002).
Plant cell walls consist primarily of macroscopic cellulose fibres ag-
gregated into microfibrils(Moon, Martini, Nairn, Simonsen, &
Youngblood, 2011). Plant cell walls act as a skeleton of the plant (Alberts
et al., 2002; Carpita & Gibeaut, 1993); they provide shape and support
and are constructed differently to meet the needs of a particular plant
(Cosgrove, 2016). For example, nature engineer trees to consist of robust
and rigid cell walls that enable the trees to grow tall (over 100m high)
and sustain high loads from wind(Barnett & Bonham, 2004). Cellulose
fibre are present in the secondary cell wall of wood, making it more
difficult to separate from the primary cell wall compared to agricultural
fibres(Dufresne, Cavaillé, & Vignon, 1997; Uzman, 2003).

The high moisture content in carrots ensures the fibres are never
dried. The once-dried softwood and hardwood pulp require 3 times and 4
times higher energy, respectively, to achieve nanofibrillation, compared
to never dried pulp because of fibre hornification(Iwamoto, Abe, & Yano,
2008). Hornification is a phenomenon associated with the formation of
irreversible hydrogen bonding in pulp upon drying (Fernandes Diniz, Gil,
& Castro, 2004), that tightly packs fibres together upon drying which
progressively closes capillary voids in and between fibres; this prevents
pores to reopen during rewetting (Jayme, 1943). As a consequence,
hornified fibres swell much less and are less flexible than never dried
fibres (Fernandes Diniz et al., 2004). The energy consumed with PFI mill
used in experimentation is similar to that required by high speed disk
refiners in industry (Hagemeyer and Manson, 2017).

Mechanical fibrillation by homogenization is a common and effi-
cient method for preparing cellulose nanofibres from wood fibres; it is
however an energy intensive process. The principle behind homo-
genization is passing fibres through a narrow channel to impart high
shear stress on the fibres. To minimize the homogenization energy, pulp
is subjected to either mechanical or chemical pretreatment. Prior to
homogenization, the residual lignin from the wood pulp is removed by
bleaching since lignin inhibits the fibrillation even in never dried pulp
(Hoeger et al., 2013; Spence, Venditti, Rojas, Habibi, & Pawlak, 2011).
Bleaching also removes most hemicellulose and chromophores from
lignin. Conventional bleaching typically relies on chlorine-based

chemicals, H2O2, ozone used sequentially with NaOH extractions and
can release chlorinated organic compounds into the environment. In-
stead of bleaching, carrot pulp was blanched with hot water at 80 °C to
extract most soluble solids, pectin and micro-components. Blanching
also causes swelling of fibres, improving nanofibrillation(Paciulli et al.,
2016). Blanched carrots were subjected to mechanical pretreatment by
PFI milling. Refining increases the fibre flexibility by internal and ex-
ternal fibrillation of the fibre surface (Hagemeyer and Manson, 2017).

Suspension consistency, stiffness and length of wet fibres all play a
key role in processing fibres through the homogeniser. For softwood
and hardwood fibres, a suspension consistency above 0.5 wt% obstructs
the channel and prevents flow(Ankerfors, 2012; Lee, Yoon, Lee, Lim, &
Kim, 2014; Siddiqui, Mills, Gardner, & Bousfield, 2011). In contrast,
carrot fibre suspensions up to 2 wt% consistency could be processed in
the lab scale homogenizer with no obstruction, thanks to the higher
fibre flexibility. For the same energy consumption, more than triple the
amount of carrot NF may be produced compared to BEK. The two main
reasons behind this lower energy requirement is that firstly, carrot fi-
bres were never dried, and secondly, carrot fibres are much softer than
wood fibres; there is no need to break down the tight covalent bonds
network incorporating cellulose nanofibres within the three dimen-
sional lignin and hemicellulose matrix usually found in wood. Proces-
sing wood fibres though PFI mill and homogenizer requires 28,000
kWh/tonne (Ankerfors, 2012; Raj et al., 2016), whereas treating 1
tonne of carrot fibre requires only 6944 kWh/tonne. To produce na-
nofibres from raw materials, carrot is 4 times more energy efficient than
from wood source. Energy can further be improved by increasing
temperature and adjusting pH or ionic strength; this is for defibrillation
to proceed in a more advantage regime of the cellulose visco-elastic
spectrum and also to plasticize the biopolymers.

Mechanical properties of carrots NF films were comparable to the
literature values wood NF and agricultural residues NF films. The ten-
sile index and density of the sheets previously reported varied from 73
to 150 knm/kg and 800–1450 kg/m3, respectively. Mechanical prop-
erties described in this work are comparable to those of Stelte and
Sanadi (2009) or (Jonoobi, Mathew, & Oksman, 2012) who reported
nanofibre film densities of 1050 and 907 kg/m3, respectively, and
tensile indices of 77.3 and 62.8 knm/kg, respectively. However, the
sheets were weaker than those reported by Henricksson et. al. (2008)
and Fukuzumi, Saito, Iwata, Kumamoto, & Isogai, 2009a,b (Fukuzumi
et al., 2009a, 2009b; Henriksson, Berglund, Isaksson, Lindström, &
Nishino, 2008a,b; Sehaqui, Liu, Zhou, & Berglund, 2010; Syverud &
Stenius, 2009) where the tensile index ranged from 126 to 159 knm/kg;
this is because most of the sheets had a significantly higher density
because of the high vacuum applied during film formation and the
pressure or vacuum applied while drying and also carrot NF films
contains high amounts of hemicellulose. Water vapor permeability of
carrot NF films are lower than those from wood fibres NF films; this is
because fibres are finer.

5. Conclusion

The production of nanofibres from vegetable sources is significantly
more energy efficient (4X) and sustainable than from wood fibres.
Nanofibres were produced from carrot residues entirely by mechanical
treatment, without any chemical bleaching or oxidizing reagents. Fibres
and paper like composites made from those carrot residues were pro-
duced and characterized, and the mass and energy balances performed.
Refining carrot pomace through mechanical fibrillation and homo-
genisation produces fine carrot nanofibres. To remove lignin and other
fibrillation inhibitors, the carrot pulp was blanched at 80 °C for one
hour. The average diameter of the carrot nanofibres produced was
18 nm, compared to 30 nm for those made from Bleach Eucalyptus Kraft
fibres (BEK). The energy consumption of nanofibre production from
carrot was 8519 kWh/tonne, compared to 30,000 kWh/tonne or higher
for wood fibres. The chemical composition of the nanofibers was 53%
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glucose and 47% xylose. The high xylose content is believed to assist
reducing the energy consumption. Composite sheets prepared from the
carrot nanofibres exhibited translucence, high tensile index, tensile
strength and modulus consistent with literature values. The lower en-
ergy consumption and environmentally friendly nature of vegetable
source highlights potential for revolutionising agricultural waste man-
agement by producing high value, advanced materials from waste.

Acknowledgements

Financial support was from Australian Research Council, Australian
Paper, Carter Holt Harvey, Circa, Norske Skog and Visy through the
Industry Transformation Research Hub grant IH130100016. Thanks to
N. Thebuwana for technical assistance, T. Gunawardane and U.
Garusinghe for assisting with SEM, Rebecca Milhuisen for assisting with
UV–vis, Promod for assisting with TGA, J. Tanner and Huadong for
assisting with HPLC, The Monash Centre for Electron Microscopy for
training and facilities, and Dr. V. Raghuwanshi for discussion and
manuscript preparation.

References

Adden, R., Brackhagen, M., Müller, V., & Petermann, O. (2013). New high viscosity
carboxymethyl cellulose and method of preparation. (C08B11/12, C08L1/28 ed., Vol.
EP2552968 A1): Google Patents.

Agoda-Tandjawa, G., Durand, S., Berot, S., Blassel, C., Gaillard, C., Garnier, C., &
Doublier, J. L. (2010). Rheological characterization of microfibrillated cellulose
suspensions after freezing. Carbohydrate Polymers, 80(3), 677–686.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., & Walter, P. (2002). Molecular
biology of the cell (4th ed.). New York: Garland Science.

Amiralian, N., Annamalai, P. K., Memmott, P., Taran, E., Schmidt, S., & Martin, D. J.
(2015). Easily deconstructed, high aspect ratio cellulose nanofibres from Triodia
pungens; an abundant grass of Australia's arid zone. RSC Advances, 5(41),
32124–32132.

Ankerfors, M. (2012). Microfibrillated cellulose: Energy-efficient preparation techniques and
key properties. Stockholm: KTH Royal Institute of Technology.

Bao, B., & Chang, K. C. (1994). Carrot juice color, carotenoids, and nonstarchy poly-
saccharides as affected by processing conditions. Journal of Food Science, 59(6),
1155–1158.

Barnett, J. R., & Bonham, V. A. (2004). Cellulose microfibril angle in the cell wall of wood
fibres. Biological Reviews, 79(2), 461–472.

Berglund, L., Noël, M., Aitomäki, Y., Öman, T., & Oksman, K. (2016). Production po-
tential of cellulose nanofibers from industrial residues: Efficiency and nanofiber
characteristics. Industrial Crops and Products, 92(Suppl. C), 84–92.

Carpita, N. C., & Gibeaut, D. M. (1993). Structural models of primary cell walls in
flowering plants: Consistency of molecular structure with the physical properties of
the walls during growth. The Plant Journal, 3(1), 1–30.

Chand, N., & Fahim, M. (2008). Tribology of natural fiber polymer composites. Elsevier
Science.

Cosgrove, D. J. (2016). Plant cell wall extensibility: Connecting plant cell growth with cell
wall structure, mechanics, and the action of wall-modifying enzymes. Journal of
Experimental Botany, 67(2), 463–476.

Crawford, F. (2012). Vegetables, vol. 2, Agricultural Commodities70–76.
Dufresne, A., Cavaillé, J.-Y., & Vignon, M. R. (1997). Mechanical behavior of sheets

prepared from sugar beet cellulose microfibrils. Journal of Applied Polymer Science,
64(6), 1185–1194.

Eichhorn, S. J., Dufresne, A., Aranguren, M., Marcovich, N. E., Capadona, J. R., Rowan, S.
J., & Peijs, T. (2009). Review: Current international research into cellulose nanofibres
and nanocomposites. Journal of Materials Science, 45(1), 1.

Fernandes Diniz, J. M. B., Gil, M. H., & Castro, J. A. A. M. (2004). Hornification—its
origin and interpretation in wood pulps. Wood Science and Technology, 37(6),
489–494.

Ferrer, A., Filpponen, I., Rodríguez, A., Laine, J., & Rojas, O. J. (2012). Valorization of
residual empty palm fruit bunch fibers (EPFBF) by microfluidization: Production of
nanofibrillated cellulose and EPFBF nanopaper. Bioresource Technology, 125(Suppl.
C), 249–255.

Fukuzumi, H., Saito, T., Iwata, T., Kumamoto, Y., & Isogai, A. (2009a). Transparent and
high gas barrier films of cellulose nanofibers prepared by TEMPO-mediated oxida-
tion. Biomacromolecules, 10(1), 162–165.

Fukuzumi, H., Saito, T., Wata, T., Kumamoto, Y., & Isogai, A. (2009b). Transparent and
high gas barrier films of cellulose nanofibers prepared by TEMPO-mediated oxida-
tion. Biomacromolecules, 10.

Gustavsson, J., Cederberg, C., & Sonesson, U. (2011). Global food losses and food waste.
Food and Agriculture Organization of The United Nations.

Hagemeyer, R. W., & Manson, D. (2017). Pulp and paper manufacure – stock preparation,
vol. 6. Tappi.

Hassan, M. L., Hassan, E. A., & Oksman, K. N. (2011). Effect of pretreatment of bagasse
fibers on the properties of chitosan/microfibrillated cellulose nanocomposites.
Journal of Materials Science, 46(6), 1732–1740.

Henriksson, M., Berglund, L. A., Isaksson, P., Lindstrom, T., & Nishino, T. (2008a).
Cellulose nanopaper structures of high toughness. Biomacromolecules, 9.

Henriksson, M., Berglund, L. A., Isaksson, P., Lindström, T., & Nishino, T. (2008b).
Cellulose nanopaper structures of high toughness. Biomacromolecules, 9(6),
1579–1585.

Hoeger, I. C., Nair, S. S., Ragauskas, A. J., Deng, Y., Rojas, O. J., & Zhu, J. Y. (2013).
Mechanical deconstruction of lignocellulose cell walls and their enzymatic sacchar-
ification. Cellulose, 20(2), 807–818.

Isogai, A., Saito, T., & Fukuzumi, H. (2011). TEMPO-oxidized cellulose nanofibers.
Nanoscale, 3(1), 71–85.

Iwamoto, S., Abe, K., & Yano, H. (2008). The effect of hemicelluloses on wood pulp na-
nofibrillation and nanofiber network characteristics. Biomacromolecules, 9(3),
1022–1026.

Jayme, G. (1943). Über die reaktionsfähigkeit von zellstoffen. Cellulosechemie, 21, 73–86.
Jonoobi, M., Mathew, A. P., & Oksman, K. (2012). Producing low-cost cellulose nanofiber

from sludge as new source of raw materials. Industrial Crops and Products, 40(0),
232–238.

Lavoine, N., Desloges, I., Dufresne, A., & Bras, J. (2012). Microfibrillated cellulose –Its
barrier properties and applications in cellulosic materials: A review. Carbohydrate
Polymers, 90(2), 735–764.

Lee, J.-A., Yoon, M.-J., Lee, E.-S., Lim, D.-Y., & Kim, K.-Y. (2014). Preparation and
characterization of cellulose nanofibers (CNFs) from microcrystalline cellulose (MCC)
and CNF/polyamide 6 composites. Macromolecular Research, 22(7), 738–745.

Moon, R. J., Martini, A., Nairn, J., Simonsen, J., & Youngblood, J. (2011). Cellulose
nanomaterials review: Structure, properties and nanocomposites. Chemical Society
Reviews, 40(7), 3941–3994.

Pääkko, M., Ankerfors, M., Kosonen, H., Nykänen, A., Ahola, S., Österberg, M., et al.
(2007). Enzymatic hydrolysis combined with mechanical shearing and high-pressure
homogenization for nanoscale cellulose fibrils and strong gels. Biomacromolecules,
8(6), 1934–1941.

Paciulli, M., Ganino, T., Carini, E., Pellegrini, N., Pugliese, A., & Chiavaro, E. (2016).
Effect of different cooking methods on structure and quality of industrially frozen
carrots. Journal of Food Science and Technology, 53(5), 2443–2451.

Pelissari, F. M., Sobral, P. J. D. A., & Menegalli, F. C. (2014). Isolation and character-
ization of cellulose nanofibers from banana peels. Cellulose, 21(1), 417–432.

Poletto, M., Zattera, A. J., & Santana, R. M. C. (2012). Structural differences between
wood species: Evidence from chemical composition, FTIR spectroscopy, and ther-
mogravimetric analysis. Journal of Applied Polymer Science, 126(S1), E337–E344.

Popescu, C.-M., Larsson, P. T., Olaru, N., & Vasile, C. (2012). Spectroscopic study of
acetylated kraft pulp fibers. Carbohydrate Polymers, 88(2), 530–536.

Raj, P., Mayahi, A., Lahtinen, P., Varanasi, S., Garnier, G., Martin, D., et al. (2016). Gel
point as a measure of cellulose nanofibre quality and feedstock development with
mechanical energy. Cellulose, 23(5), 3051–3064.

Saito, T., Kimura, S., Nishiyama, Y., & Isogai, A. (2007). Cellulose nanofibers prepared by
TEMPO-mediated oxidation of native cellulose. Biomacromolecules, 8(8), 2485–2491.

Segal, L., Creely, J. J., Martin, A. E., & Conrad, J. (1959). An empirical method for es-
timating the degree of crystallinity of native cellulose using the X-Ray diffractometer.
Textile Research Journal, 29(10), 786–794.

Sehaqui, H., Liu, A., Zhou, Q., & Berglund, L. A. (2010). Fast preparation procedure for
large, flat cellulose and cellulose/inorganic nanopaper structures. Biomacromolecules,
11(9), 2195–2198.

Sharma, K. D., Karki, S., Thakur, N. S., & Attri, S. (2012). Chemical composition, func-
tional properties and processing of carrot—a review. Journal of Food Science and
Technology, 49(1), 22–32.

Siddiqui, N., Mills, R. H., Gardner, D. J., & Bousfield, D. (2011). Production and char-
acterization of cellulose nanofibers from wood pulp. Journal of Adhesion Science and
Technology, 25(6–7), 709–721.

Siqueira, G., Oksman, K., Tadokoro, S. K., & Mathew, A. P. (2016). Re-dispersible carrot
nanofibers with high mechanical properties and reinforcing capacity for use in
composite materials. Composites Science and Technology, 123, 49–56.

Smook, G. (2002). Handbook for pulp and paper technologists (3rd ed.). Vancouver: Angus
Wilde Publications.

Spence, K. L., Venditti, R. A., Rojas, O. J., Habibi, Y., & Pawlak, J. J. (2011). A com-
parative study of energy consumption and physical properties of microfibrillated
cellulose produced by different processing methods. Cellulose, 18(4), 1097–1111.

Stelte, W., & Sanadi, A. R. (2009). Preparation and characterization of cellulose nanofi-
bers from two commercial hardwood and softwood pulps. Industrial & Engineering
Chemistry Research, 48(24), 11211–11219.

Syverud, K., & Stenius, P. (2009). Strength and barrier properties of MFC films. Cellulose,
16(1), 75–85.

Themelis, N. J., & Ulloa, P. A. (2007). Methane generation in landfills. Renewable Energy,
32(7), 1243–1257.

Uzman, A. (2003). Molecular biology of the cell. In (4th ed.). B. Alberts, A. Johnson, J.
Lewis, M. Raff, K. Roberts, & P. Walter (Vol. Eds.), Biochemistry and molecular biology
education: vol. 31, (pp. 212–214). 4.

Varanasi, S., He, R., & Batchelor, W. (2013). Estimation of cellulose nanofibre aspect ratio
from measurements of fibre suspension gel point. Cellulose, 20(4), 1885–1896.

Welch, L., & Kerekes, R. (1994). Characterisation of the PFI mill by the C-factor. Appita
Journal, 45(5), 387–390.

Yuan, Z., Heitner, C., Miles, K., Omholt, I., Mcgarry, P., & Browne, T. (2016). Evaluaion of
variuous mechanical pulping processes for mature and juvenile loblolly pine in light weight
coated paper.

Zhu, H., Fang, Z., Preston, C., Li, Y., & Hu, L. (2014). Transparent paper: Fabrications,
properties, and device applications. Energy & Environmental Science, 7(1), 269–287.

S. Varanasi et al. Carbohydrate Polymers 184 (2018) 307–314

314

http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0010
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0010
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0010
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0015
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0015
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0020
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0020
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0020
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0020
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0025
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0025
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0030
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0030
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0030
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0035
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0035
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0040
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0040
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0040
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0045
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0045
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0045
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0050
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0050
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0055
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0055
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0055
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0060
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0065
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0065
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0065
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0070
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0070
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0070
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0075
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0075
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0075
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0080
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0080
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0080
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0080
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0085
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0085
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0085
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0090
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0090
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0090
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0095
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0095
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0100
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0100
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0105
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0105
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0105
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0110
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0110
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0115
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0115
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0115
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0120
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0120
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0120
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0125
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0125
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0130
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0130
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0130
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0135
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0140
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0140
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0140
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0145
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0145
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0145
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0150
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0150
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0150
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0155
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0155
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0155
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0160
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0160
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0160
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0160
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0165
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0165
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0165
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0170
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0170
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0175
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0175
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0175
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0180
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0180
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0185
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0185
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0185
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0190
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0190
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0195
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0195
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0195
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0200
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0200
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0200
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0205
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0205
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0205
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0210
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0210
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0210
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0215
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0215
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0215
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0220
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0220
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0225
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0225
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0225
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0230
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0230
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0230
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0235
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0235
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0240
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0240
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0245
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0245
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0245
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0250
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0250
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0255
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0255
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0260
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0260
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0260
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0265
http://refhub.elsevier.com/S0144-8617(17)31462-5/sbref0265

	Producing nanofibres from carrots with a chemical-free process
	Introduction
	Experimental method
	Carrot nanofibres preparation
	NF suspension analysis with high performance liquid chromatography (HPLC)
	NF characterisation
	NF sheet preparation
	Sheet characterisation
	Mechanical properties
	Barrier properties
	X-ray diffraction analysis
	Fourier transform infrared spectroscopy (FTIR) analysis
	Light transmittance of NF films
	Thermogravimetric analysis (TGA) of carrot NF films


	Results
	-Nanofibres (NF) preparation from carrot residue
	Mass balance
	Energy balance

	-Fibre dimensions
	-Aspect ratio calculation
	Diameter distribution and length

	-Properties of NF paper

	Discussion
	Conclusion
	Acknowledgements
	References




