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In this study, nanocellulose was extracted from indigo-dyed denim fabric and the resultant nanocellulose
properties were evaluated in comparison with those derived from bleached cotton fabric and wood pulp in order
to investigate the potential of recycling denim waste for nanocellulose production and application. Sulfuric acid
hydrolysis and (2,2,6,6-tetramethylpiperidin-1-yl) oxyl (TEMPO)-oxidation were utilized to produce cellulose
nanocrystals (CNC) and cellulose nanofibers (TOCN), respectively. A stable CNC suspension with blue color was
obtained after acid hydrolysis and the TEMPO process yielded colorless TOCN. The denim-derived nanocellulose

possessed similar yield, morphology, size, crystallinity, and thermal stability to those derived from bleached
cotton but higher crystallinity and thermal stability compared to the nanocellulose from wood pulp. When used
to reinforce polyvinyl alcohol film, the blue indigo-CNC not only enhanced mechanical properties of the film but
also provided the film with outstanding UV blocking.

1. Introduction

The term nanocellulose is used broadly referring cellulose nano-
crystals (CNCs) and cellulose nanofibers (CNFs) extracted from cellu-
lose in plant cell walls (Moon, Martini, Nairn, Simonsen, & Youngblood,
2011). Nanocellulose has attracted growing attention in both academia
and industry because of its attractive features such as high modulus
(100 ~ 130 GPa), excellent mechanical strength with low density (1.5 ~
1.6 g/cm?), extremely low coefficient of thermal expansion (0.1 ppm/
K), high surface area (several hundred m?/g), unique optical properties,
in addition to biocompatibility and biodegradability (Dufresne, 2013;
Moon et al., 2011). Nanocellulose can be used in paper packaging,
coatings, automotive parts, cosmetics, composites, biomedical devices,
energy storage, water purification, etc.(Brinchi, Cotana, Fortunati, &
Kenny, 2013; Hamad, 2006; Reid, Villalobos, & Cranston, 2017).

CNCs are usually isolated from semi-crystalline cellulose fibers
using a traditional strong acid hydrolysis process in which the amor-
phous region is digested with the crystalline region intact and thus
individual crystallites are released with the assistance of mechanical
disintegration processes (e.g., ultrasonication) (Habibi, Lucia, & Rojas,

2010). Sulfuric acid is one of the most commonly used inorganic acids
because of its low cost and also because that sulfuric acid can react with
the hydroxyl groups on the surface of crystallites to introduce anionic
sulfate half-ester groups. These negatively charged groups play an im-
portant role in stabilizing CNCs in water (Habibi et al., 2010; Rebouillat
& Pla, 2013). CNFs can be extracted through (2,2,6,6-tetra-
methylpiperidin-1-yl) oxyl (TEMPO)-oxidation pretreatment followed
by mechanical disintegration. The TEMPO oxidation method is re-
garded as an effective and efficient way to produce CNFs because pri-
mary hydroxyl groups are regioselectively converted into anionic car-
boxylate groups (T COO™) under alkaline conditions. The negative
charges induce interfibrillar electrostatic repulsion forces and thereby
facilitate nanofibrillation in the subsequent mechanical separation
process (Isogai, Saito, & Fukuzumi, 2011; Saito & Isogai, 2004).
Nanocellulose can be extracted from a wide range of sources, such
as wood, cotton, ramie, sisal, flax, tunicate, and algae (Beck-
Candanedo, Roman, & Gray, 2005). To date, wood has been the main
source because of its abundance in nature. Most of the industrially
produced nanocellulose comes from wood pulp, especially from
bleached Kraft wood pulp (de Assis et al., 2017). While wood pulp
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remains a leading source for nanocellulose, material such as the by-
products of agricultural crops and cellulose waste is highly desired for
reduced raw material cost. Currently, extracting cellulose nanocrystals
from two post-process agro-industrial by-products, cotton gin motes
and cotton gin waste, has been reported (Jordan, Easson, Dien,
Thompson, & Condon, 2019). Cotton is the purest form of cellulose in
nature and the cellulose content is usually more than 90 % in raw
cotton fibers in comparison with 40~50 % in wood (Dufresne, 2013;
Wang, Yao, Zhou, & Zhang, 2017). Cotton is the major fiber for apparel
and home textiles. In finished cotton fabrics, cellulose content can be up
to 99 % because non-cellulose components are eliminated during
scouring and bleaching, which are routine preparation procedures.
Consumption of cotton products has been steadily growing over the
past decades. It was reported that approximately 110 and 115 million
bales of cotton were consumed globally in 2016 and 2017, respectively
(Liu et al., 2019; Wang et al., 2017). These convert to approximately 25
and 26 billion kilograms of cotton fibers. As a result of the increased
consumption, the amount of cotton waste generated, including both
pre-consumer (fiber linters, yarn slivers, fabric scraps from factory
offcuts, unsold brand new garments) and post-consumer (used and un-
wanted garments) waste, is substantial (Liu et al., 2019). Denim jeans
are very popular clothing among consumers and they are made from
fabrics usually containing 95-100 % cotton fibers. It is estimated that
around five billion square meters of indigo-dyed denim fabrics are
produced every year (Bechtold, Maier, & Schrott, 2005; Maryan &
Montazer, 2013). Due to the lack of efficient recycling techniques, most
denim garments at the end of their service life are thrown away and end
up in landfills or incinerators. This not only is a huge loss of excellent
cellulose resources but also poses environmental issues as a result of
cotton anaerobic degradation and burning. Moreover, indigo dyes are
released into soil because they are very difficult to decompose biolo-
gically (Wambuguh & Chianelli, 2008). With natural materials become
rarer and the awareness of environment protection increases, it is im-
perative to develop methods to recycling denim waste for the closed-
loop sustainable development. Currently, the major cotton recycling
method is fiber reclamation via shredding for building/automotive in-
sulation materials, furniture, and yarn spinning for lower quality pro-
ducts (Liu et al., 2019). This is considered a downgrade recycling be-
cause the fibers reclaimed do not have enough strength/elasticity for
high-quality products, ascribing to the many mechanical stresses that
fibers are subject to during the process, including tension, compression,
bending, and twisting (EI Mogahzy, 2009; Haule, Carr, & Rigout, 2016).
When the stresses exceed their elastic limit, fibers are permanently
deformed or broken. In contrast to mechanical reprocessing at the
macroscale which causes strength loss of the recycled fibers, extracting
cellulose at the nanoscale can remove most of the defects linking the
hierarchical structure and produce ideal cellulose-based nano “building
blocking” for a wide range of high value-added applications, particu-
larly in composite reinforcement (Haule et al., 2016; Moon et al.,
2011). The use of cotton wastes as a raw material for the generation of
nanocellulose might be a promising solution to recycle cotton-sourced
materials. Several studies have reported the extraction of nanocellulose
from cotton stalks, cotton slivers, fibers, linters, and fabrics (Morais, de
Freitas Rosa, Nascimento, do Nascimento, & Cassales, 2013; Shamskar,
Heidari, & Rashidi, 2016; Soni & Mahmoud, 2015; Teixeira et al., 2016;
Wang et al., 2017). So far, no published research has been found on
producing nanocellulose from indigo-dyed post-consumer denim and
studying the impact of indigo on the extraction process and the prop-
erties of nanocellulose produced.

In this study, indigo-dyed denim fabric was selected as the starting
material for nanocellulose production using both sulfuric acid hydro-
lysis and TEMPO oxidation methods. Nanocellulose produced from
bleached cotton fabric and wood pulp was used for comparison pur-
pose. The influence of indigo dyes on the extraction of nanocellulose
and the material properties of the resulting nanocellulose was in-
vestigated. Properties such as nanocellulose yield, morphology, size,
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surface charges, crystallinity, and thermal stability were determined. In
addition, the nanocellulose thus derived in this study was tested as a
reinforcing material in polyvinyl alcohol (PVA) composite films. The
tensile properties and light transmission of PVA composites were
evaluated.

2. Material and methods
2.1. Materials

Bleached cotton fabric and indigo-dyed fabric were kindly provided
by Cotton Incorporated (North Carolina, USA). Northern Softwood
Bleached Kraft Pulp in sheet was from the U.S. Department of
Commerce National Institute of Standards and Technology. Sulfuric
acid (H2SO4, 95.7 wt%, Certified ACS Plus) was from Fisher Scientific.
Sodium hypochlorite solution (NaClO, 10-15 %, reagent grade),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, crystal), Sodium bro-
mide (NaBr, crystal, ACS) were from Sigma-Aldrich. Sodium hydroxide
(NaOH, pellets, certified ACS) and hydrochloric acid (HCl, 36.5-38.0 wt
%, certified ACS) were from Fisher Chemical. Ethanol (200 proof, an-
hydrous) was from Decon Labs, Inc. Poly (vinyl alcohol) (PVA, 88 %
hydrolyzed, average M.W. 88000) was from Acros Organics.

2.2. Size reduction pretreatment of denim and bleached cotton fabrics

Bleached white cotton fabric and indigo-dyed denim fabric were
ground to approximately 2mm long using a Contra Selector Mill
(Pallmann, Germany). Wood pulp sheets were cut to pieces by a Mini
Wiley Mill (Thomas Scientific, USA).

2.3. Cellulose nanocrystals production via sulfuric acid hydrolysis approach

Ground cotton fibers (4 g) were mixed with sulfuric acid (70 mL) at
a 64 wt% concentration for acid hydrolysis at 45 °C for 1 h. The reaction
was then stopped by adding 10-fold distilled water to the mixture. The
hydrolyzed cellulose was washed by centrifuge and then dialyzed
against water for ~5 days, and finally were further disintegrated via
intense ultrasonication (Branson Ultrasonics, USA) for 10 min to obtain
well-dispersed CNC suspensions. The resulting cellulose nanocrystals
from bleached cotton fabric and indigo-dyed denim were coded as
CNC(bleached cotton) and CNC(indigo-dyed denim), respectively. The
CNC suspensions were stored at 4 °C before use and characterization.
The same acid hydrolysis condition was applied to shredded wood pulp
to obtain CNC from wood pulp and was labeled as CNC(wood pulp).

2.4. Cellulose nanofibers production via TEMPO-mediated oxidation
approach

Ground cotton fibers (4 g) were suspended in water (400 mL) to be
swollen overnight. TEMPO (0.064 g) and sodium bromide (0.4 g) were
then added to the suspension. The oxidation of the cotton was initiated
by adding the solution of NaClO (23 g) to the mixture. The pH of the
reaction mixture was maintained at 10.0~10.5 by adding 0.5 M NaOH
solution. The reaction continued at room temperature for 6.5h. Upon
the define reaction time, the ethanol (8 mL) was added to stop the re-
action. The pH was then adjusted to 7.0 with 0.5M HCIL. The TEMPO-
oxidized cellulose (TOC) was washed by centrifuging and then dialyzed
against water for ~5 days. Mechanical disintegration of the TOC was
carried out with a microfluidizer (LM20, microfluidics, USA). The TOC
suspensions were passed through the interaction chambers five times
under the pressure of 30,000 psi to generate a dispersion of TEMPO-
oxidized cellulose nanofibers (TOCN). The resulting cellulose nanofi-
bers were coded as TOCN(bleached cotton) and TOCN(indigo-dyed
denim) from the bleached cotton fabric and indigo-dyed denim, re-
spectively. The TOCN suspensions were stored at 4 °C before use and
characterization. The same TEMPO oxidation condition was applied to
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the shredded wood pulp and the obtained TOCN was labeled as TOCN
(wood pulp).

2.5. PVA/nanocellulose film fabrication

The nanocellulose suspensions were adjusted to predefined con-
sistency and PVA was added for dissolving at 90 °C under magnetic
stirring for 1.5h. After centrifuging degas, the blended PVA/nano-
cellulose suspensions were cast into a mold and were dried at 40 °C for
72h to obtain films. According to the weight ratio of nanocellulose in
the films (i.e., 0, 5, and 10 %), the types of nanocellulose (i.e., CNC and
TOCN), and the starting materials (i.e., bleached cotton fabric and in-
digo-dyed denim fabric), the resultant nanocomposite films were la-
beled as PVA, PVA/CNC(cotton)5, PVA/CNC(cotton)10, PVA/
CNC(denim)5, PVA/CNC(denim)10, PVA/TOCN(cotton)5, PVA/TOCN
(cotton)10, PVA/TOCN(denim)5, and PVA/TOCN(denim)10.

2.6. Material characterizations

2.6.1. Scanning electron microscopy (SEM) observation

Surface morphology of the shredded bleached cotton, indigo-dyed
denim and wood pulp was observed with a scanning electron micro-
scope (SEM, Quanta 200 F, FEI, USA) at a voltage of 20 kV. Prior to the
SEM observation, the samples were coated with platinum with a sput-
tering process.

2.6.2. Transmission electron microscopy (TEM) observation

Morphology of CNC and TOCN observation was performed with a
transmission electron microscopy (TEM, Tecnai G2 20 Twin, FEL, USA)
at an accelerating voltage of 200 kV. Prior to observation, the diluted
CNC and TOCN dispersions were deposited on a Formvar/carbon-
coated copper grid, then were stained by 2% uranyl acetate, and were
finally dried overnight.

2.6.3. Zeta potentials measurement

The zeta potentials of the nanocellulose suspensions with 10 mM
sodium chloride (NaCl) added were measured with a Zetasizer-Nano
(Malvern, UK) at a consistency of ~ 0.1wt% and a pH of 7. The
measurements were performed in triplicate.

2.6.4. Surface charge density measurement by conductometric titration

The sulfate half-ester content on the CNC surface was measured by
conductometric titration as described in Foster et al. (2018) and Jordan
et al. (2019). In brief, 5 ~ 10 g acid-form (— OSO3H) CNC suspensions
(0.5 ~ 1.0 wt%) was diluted to a volume of 99 mL by adding water, and
then 1 mL of 100 mM sodium chloride (NaCl) solution was added to
increase the conductivity to a measurable range. Under constant stir-
ring, 100- u L aliquots of 100 mM NaOH solution was added at inter-
vals. Following each NaOH addition, stabilizing the conductivity for at
least 30 s was allowed before recording the value. The molar surface
charge (mmol/g of CNC) was determined graphically by plotting the
volume-corrected conductivity of the CNC suspension as a function of
the volume of NaOH added. The equivalent molar surface charge was
calculated via the molar volume of NaOH added, which was determined
by the intersection point of the linear-regressions of the regions before
and after the equivalence point. The volume-corrected conductivity was
calculated using the following equation:

Vi+ %
Vo

Conductivity, = Conductivity,, X (

where Conductivity. was the corrected conductivity (u s/cm);
Conductivity,, was the measured conductivity for each data point (u s/
cm); V; was the initial suspension volume (mL) prior to the addition of
the first 100- u L aliquotes of 100 mM NaOH solution; and V, was the
added volume of NaOH at each point (mL).
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The carboxylate content of TOCN was determined by conducto-
metric titration as briefly described here. 5 ~ 10 g TOCN suspensions
(0.5 ~ 1.0 wt%) was diluted to a volume of 99 mL by adding water, and
then 1 mL of 100 mM hydrochloride acid (HCI) solution was added to
ensure full protonation of the weak acid. Titrations were conducted as
described for the CNC samples. The volume-corrected conductivity was
plotted as a function of the volume of NaOH added, and the equivalence
point was determined by the intersection of the plateau formed be-
tween the linear regressions from the strong acid equivalence point and
weak acid equivalence point. The molar surface charge (mmol/g of
TOCN) was calculated as the molar volume of NaOH added between the
strong acid and the weak acid equivalence points. The conductometric
titration measurements were performed in triplicate.

2.6.5. X-ray diffraction (XRD) measurement

The diffractograms of freeze-dried nanocellulose were measured
using an X-ray diffractometer (Rigaku Miniflex 600, Japan) with a Cu
Ka X-ray source (A=0.1548 nm) at 40kV and 15 mA. The crystallinity
index (Crl) was calculated using an equation as described by Segal,
Creely, Martin, and Conrad (1959). CrI = (Ioo2 — Iamorphous)/ Too2, Where
Iy, is the intensity of the main peak (002) and Inmuorphous is the intensity
of the amorphous portion at 26 = 18.0 °.

2.6.6. Fourier-transform infrared (FTIR) analysis

Infrared spectra of the shredded bleached cotton, shredded indigo-
dyed denim, shredded wood pulp, and the freeze-dried CNC and TOCN
products were measured using Fourier-transform infrared spectroscopy
(FTIR, Nicolet iS-50, Thermal Fisher Scientific, USA) with a resolution
of 4cm™' and 64 scans under the absorbance mode. Prior to FTIR
analysis, thin pellets comprising the samples and potassium bromide
(1/50, %W/W) were prepared.

2.6.7. Thermal property analysis

The thermal properties of raw materials and the freeze-dried na-
nocellulose and a series of the PVA/nanocellulose composite films were
tested by a thermogravimetric analyzer (STAR® system, Mettler Toledo,
Switzerland) at a heating rate of 10 °C/min and a nitrogen purging flow
rate of 100 mL/min.

2.6.8. Tensile test

Tensile strength and modulus of the PVA/nanocellulose films
(length x width x thickness = 60mm X 10mm X 0.06 mm) were
evaluated with an Instron Material Testing Machine (Model 4466,
Instron, USA) in accordance with ASTM standard D638-14. The initial
distance between the grips was 25 mm, and the separation rate of the
grips was kept constant at 25 mm/min. Ten test specimens for each
sample were tested and the average was reported.

2.6.9. Water contact angle measurement

The water contact angles of the CNC films extracted from indigo-
dyed denim and bleached cotton were measured with a VCA Optima
Video Contact Angle System (AST products Co., USA). CNC films were
obtained by solvent-casting of CNC suspensions and were air-dried.The
water contact angles were recorded after the water droplet immediately
contacted (at 0.2s) the CNC film surface. The measurements were
performed in triplicate at room temperature.

2.6.10. Differential scanning calorimetry (DSC) measurement

The thermal transitions of the PVA/nanocellulose composites were
examined by a DSC system (STAR® system, Mettler Toledo, Switzerland)
with a nitrogen flow rate of 100 mL and with a cooling system. Sample
(~ 5 g) was sealed in an aluminum crucible and heated from — 20 °C to
250 °C at a heating rate of 10 °C /min (first heating scan), and then
cooled at 10 °C /min from 250 °Cto ~ 20 °C (first cooling scan) followed
by heating again to 250 °C at 10 °C /min (second heating scan). The first
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100 um

Fig. 1. SEM images of (a) shredded bleached cotton and (b) shredded indigo-dyed denim (inset: photos of the respective shredded fabrics); TEM images of (c)
CNC(bleached cotton), (d) CNC(denim), (e) TOCN(bleached cotton), and (f) TOCN(denim), (g) CNC(wood pulp), and (h) TOCN(wood pulp) (inset: photos of the
respective nanocellulose suspensions).
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Table 1
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Comparison of material properties of nanocellulose obtained from indigo-dyed denim with those obtained from bleached cotton and wood pulp.

Sample Size

Width (nm) Length (nm)

Zeta potential (mV)

Surface charge density (mmol/g) Crystallinity index (%) Yield (%)

Shredded bleached cotton
Shredded indigo-dyed denim
Shredded wood pulp

13.4+4.4 (um) — —
15.3+3.7 (um) — —
22.6+6.8 (um) — _

CNC(bleached cotton) 11.9+6.7 127.7+43.8 —33+2
CNC(indigo-dyed denim) 12.5+4.3 151.7+£52.6 —36x2
CNC(wood pulp) 8.1+2.5 198.7+64.2 —52+3
TOCN(bleached cotton) 11.4+5.3 175.2+93.0 —52+2
TOCN(indigo-dyed denim) 9.90+3.8 162.3+86.0 —52+3
TOCN(wood pulp) 4.8+1.7 264.9+71.8 —54+4

— 78.1 —
— 68.0 —
— 59.9 —
0.28+0.01 86.4 39.6
—_— 85.6 37.8
0.56+0.05 77.9 8.9
1.59+0.06 71.6 72.6
1.64+0.08 66.0 78.9
1.69+0.13 48.9 82.8

heating scan was performed to eliminate the samples’ thermal history.

2.6.11. Ultraviolet-visible (UV-vis) analysis

The light transmittance of the PVA/nanocellulose nanocomposite
films was measured with a UV-vis spectrophotometer with a scan from
200 nm to 800 nm (Lambda-25, PerkinElmer, USA).

3. Results and discussion
3.1. Characteristics of the resulting nanocellulose

Fig. 1 shows the morphology of the cotton fibers ground from
bleached and denim fabrics under SEM, and the produced CNC and
TOCN under TEM. Table 1. contains information about the size, zeta
potential (ZP), surface charge density, crystallinity index (Crl), and
nanocellulose yield of CNC and TOCN, as well as the size and crystal-
linity of the original cotton and wood pulp. The shapes of CNC and
TOCN from cotton fibers were similar to those from wood pulp, ie.,
CNC was rod-like and TOCN was fibril-like. In terms of size, the widths
of both CNC and TOCN from cotton were wider and the lengths were
shorter than those from wood pulp. This might indicate that the mi-
crofibrils in cotton were larger in size and comprised more cellulose
chains than those in wood pulp. TEMPO oxidation produced relatively
long nanofibers with a higher degree of entanglement, especially TOCN
(wood pulp), as can be seen in Fig. 1. There was no significant size
difference between the nanocellulose from the bleached cotton and that
from indigo-dyed denim. When compared to the nanocellulose reported
in the literature, it was found that the size of the CNC from wood pulp
produced in this study was similar to those reported by others. Ac-
cording to Reid et al. (2017), commercially available and lab-made
wood-sourced CNC usually has a diameter of 6-8 nm and a length of
130-190 nm when manufactured with 63.5 ~ 64 wt% sulfuric acid at
45 °C for 45 min to 2h.

The crystallinity indexes of the original cotton fibers and the ex-
tracted nanocellulose, both CNC and TOCN, were higher than those
from wood pulp. Compared to the original cotton, the crystallinity of
CNC was higher and that of TOCN was lower. The crystallinity of CNC
from the cotton fibers was the highest at approximately 86 %. This was
because the cellulose amorphous regions were preferentially hydro-
lyzed and degraded into soluble products during sulfuric acid hydro-
lysis, while the crystalline domains mostly remained intact due to their
high ordered molecular chain arrangement that resisted acid penetra-
tion (Habibi et al., 2010). For the same reason, it was expected that the
CNC yield would be lower than the TOCN yield as the results shown in
Table 1. The CNC yield from the cotton fibers was about half of the
TOCN yield. The CNC yield from the wood pulp was only 8.9 % under
the acid hydrolysis condition used in this study (64 wt% sulfuric acid at
45 °C for 60 min), which was significantly lower than the CNC yield
from both bleached and denim cotton fibers. This indicates that cotton-
sourced cellulose is more resistant to acid attack than wood-sourced
cellulose. The higher crystallinity, larger degree of polymerization, and

likely the larger crystallite size of cotton fibers are possible reasons.
Reducing acid hydrolysis time of wood pulp from 60 min to 25 min
brought up the yield from 8.9%-31.4% because the shortened hydro-
lysis duration alleviated cellulose degradation and avoided the peel off
of cellulose sheets from the crystalline region (Helbert, Nishiyama,
Okano, & Sugiyama, 1998). This was consistent to what previous stu-
dies had found that the characteristics (size, surface charge density,
crystallinity, and yield) of CNCs are highly dependent on the nature of
the cellulose source, the acid used and its concentration, acid-to-cel-
lulose ratio, reaction temperature, reaction time, etc. (Beck-Candanedo
et al., 2005; Dong, Revol, & Gray, 1998; Reid et al., 2017).

CNC obtained from cotton fibers was also reported by other re-
searchers. Sulfuric acid hydrolysis of Whatman No. 1 filter paper
powder (98 % cotton fibers) using 64 wt% acid concentration and
8.75 mL/g acid-to-cellulose ratio at 45 °C for 1 h produced CNC with a
diameter of 7 nm and a length of 197 nm (Dong et al., 1998). The yield
was 44 %. The obtained CNC from shredded cotton fabrics in this study
had slightly lower yield, shorter length but larger diameter. TOCN
manufactured using the TEMPO oxidation method from never-dried
cotton and never-dried sulfite pulp by Saito, Nishiyama, Putaux,
Vignon, and Isogai (2006) had a regular width of 3 ~5 nm. In this study,
the TOCN derived from softwood bleached Kraft pulp exhibited a si-
milar size (~5nm) in diameter, but the diameter of the TOCN obtained
from cotton fabrics were much larger (10 ~ 12 nm).

The insets in Fig. 1c-g are photographs of nanocellulose suspensions.
Interestingly, the CNC suspension obtained from denim had dark blue
color (Fig. 1d) while all the other suspensions were clear without color,
including the TOCN from denim. It is clear that the indigo dyes were
not degraded by the strong acid hydrolysis and they co-existed in the
suspension with CNC in a stable state. The dialysis washing process did
not remove the small indigo dye molecules. In contrast, transparent
TOCN suspension was obtained from denim showing that the TEMPO-
mediated oxidation process oxidized cellulose and simultaneously de-
graded indigo dyes in the TEMPO/NaClO/NaBr system (Bechtold et al.,
2005). During the oxidation process, the color of the fiber suspension
changed from dark blue, to light blue, and light green till colorless.

The zeta potential and the surface charge density are summarized in
Table 1. No reliable surface charge density of CNCs from indigo-dyed
denim was obtained in this study and this was possibly due to the in-
terference of indigo dyes in the suspension. The electrostatic repulsion
force due to the negative charges of the anionic groups on the nano-
cellulose surface allowed to facilitate nanofibril separation during ex-
traction and promote the stable dispersion in water/solvents. For
TOCN, the negative charges are from anionic carboxylate groups (—
COO™), which are converted from primary hydroxyl groups at the
surface of nanocellulose (Isogai et al., 2011; Saito & Isogai, 2004). The
negative charges of CNC are attributable to the sulfate half-esters (—
0S03; ) resulted from the esterification reaction of sulfuric acid and
hydroxyl. Results from this study showed that the ZPs of nanocellulose
(both CNC and TOCN) from wood pulp were higher than those from
cotton fibers, respectively. This was consistent with the smaller widths
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Fig. 2. XRD patterns of CNC and TOCN from bleached cotton, indigo-dyed
denim, and wood pulp.

of CNC and TOCN from wood pulp compared to those from cotton
fabrics. The CNC derived from the denim fabric had similar zeta po-
tential to those from the bleached cotton fabric, but was lower than that
of CNC from wood pulp. The ZP and the surface charge density were
similar for all the TOCN extracted from different sources.

Fig. 2 shows XRD patterns of nanocellulose from different sources.
Four characteristic peaks were observed at 2 6 of 15.0 °, 16.8 °, 22.9 °,
and 34.4 ° corresponding to the (101), (101), (002), and (040) reflection
planes, respectively (Hamad & Hu, 2010; Wada, Heux, & Sugiyama,
2004). These diffraction peaks indicated the crystal structure in all the
nanocellulose was cellulose I 8 type, the dominant polymorph in the
cell wall of higher plants (French & Cintrén, 2013; French, 2014; Moon
et al.,, 2011). The peaks are more evident in the CNC products than in
the TOCNSs. Sharper diffraction patterns (Fig. 2) were good indications
of a higher degree of crystallinity, as evidenced in Table 1. The densely
packed molecules in crystalline regions can provide strength, swelling
resistance and thermal stability to cellulose fibers (Pedersoli Jtnior,
2000). Having higher cellulose crystallinity makes the nanocellulose
more attractive as a reinforcing material in composite applications.

3.2. FTIR analysis

The infrared spectra of CNC and TOCN products are displayed in
Fig. 3. As shown in the close-up spectra in Fig. 3b, the intensity of the
absorbance band at around 1034cm™' in the CNC products sig-
nificantly increased compared to their respective raw starting materials
and the TOCN products. This was likely due to the refinement of the
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cellulose crystal structure, which resulted in distinct vibration mode.
Another possible explanation for this increased intensity of the band at
1034 cm ™! might be ascribed to the introduction of the sulfate groups.
Lin and Dufresne (2014) found that the intensity of the band at
1033 cm™ was increased due to the increased sulfate groups by surface
post-sulfation treatment while the intensity was reduced after surface
de-sulfation treatment. The introduction of sulfate groups on the CNC
might partially account for the increased intensity of the band at
1034 cm™ in addition to the refinement of the cellulose crystal struc-
ture. A weak band observed at around 1650 cm ™! was ascribed to the
adsorbed water in cellulose (Foster et al., 2018). After the TEMPO
oxidation, a new band occurred at around 1620 cm ™!, which over-
lapped with the band at around 1650 cm™?, was due to the C = O
stretching vibration of carboxylate groups (= COO—) on TOCN
(Fukuzumi, Saito, Okita, & Isogai, 2010). Three characteristic bands of
indigo dyes at around 1631 cm ™!, 1615cm™", 1482 cm ™! were only
observed in the spectra of the original denim and its derived CNC but
not those of bleached cotton, its derived CNC, and TOCN (indigo-dyed
denim). These three bands were resulted from the stretching vibration
of the C= O, the C = C stretching vibration of the aromatic ring, and the
C — H rocking vibration on indigo molecules, respectively (Baran,
Fiedler, Schulz, & Baranska, 2010; Lakshmi, Srivastava, Mall, & Lataye,
2009; Ortiz et al., 2016). This result further indicated that the indigo
dye had been degraded in the TEMPO oxidation process, there was
negligible, or no indigo dye left on the TOCN products.

3.3. Thermal property analysis of nanocellulose

Fig. 4 displays the thermogravimetric analysis (TGA) and derivative
thermogravimetric (DTG) curves of the starting materials, CNC, and
TOCN products. Temperatures of onset degradation, at 5% and 50 %
weight loss, and maximum degradation are listed in Table 2. The ori-
ginal bleached cotton and indigo-dyed denim exhibited two weight loss
stages. The first stage occurred at around 50 ~ 150 °Cdue to the loss of
absorbed water and residual moisture in the products, and the second
stage was observed at approximately between 325 and 400 °C corre-
sponding to the thermal degradation of cellulose, i.e., depolymerization,
dehydration, and decomposition of glycosyl units to form solid char
eventually (Roman & Winter, 2004). The original indigo-dyed denim
exhibited less thermal stability than bleached cotton with lower de-
gradation temperatures, especially at the beginning degradation stage.
For CNCs in sodium form, the maximum decomposition corresponding
to the degradation of the cellulose backbone occurred at around 325
°Cand 340 °C for CNCs from the bleached and indigo-dyed denim fab-
rics, respectively, compared to 362 °C and 350 °Cof their starting ma-
terials. CNC in sodium form had much higher thermal stability than
that of CNC in acid form, as shown in Table S1; the result was consistent
to the result reported by others (Vanderfleet et al., 2019). A shoulder

[ (J)TOCN(wood pulp)
| (H)TOCN(indigo-dyed denim)
p (G)TOCN(bleached cotton)
e (F)CNC((WoOd pulp)

p (E)CNC(indigo-dyed denim)

Absorbance

p= (D)CNC(bleached cotton)
- (C)Wood pulp

p=— (B)Indigo-dyed denim

(ABI aa
—

cotton

s

4000 3600 3200 2800 2400 2000 1600 1200 800
wavenumber (cm'1)

18001700 1600 1500 1400 1300 1200 1100 1000 900 800
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Fig. 3. (a) FTIR spectra of shredded cotton materials, CNC and TOCN products; (b) the close-up spectra at the selected wavenumber range.
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Fig. 4. Typical TGA curves (a) and DTG curves (b) of the starting materials, the
obtained CNC and TOCN products.

appeared at around 250 °C in DTG curves of CNCs from both bleached
cotton and denim attributing to the decomposition of sulfate half-esters
on the cellulose surface. During pyrolysis, these sulfate groups were
released at around 250 °C and then functioned as a dehydration cata-
lyst, which resulted in lower thermal stability of the CNCs (Jiang &
Hsieh, 2015; Kim, Nishiyama, Wada, & Kuga, 2001; Lin & Dufresne,
2014). Similarly, a small number of finishing chemicals in the denim
fabric might have catalyzed its degradation and resulted in its lower
thermal stability than that of the bleached cotton. During CNC

Table 2
Degradation temperatures for nanocellulose obtained from different sources.
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Fig. 5. Tensile strength (a) and tensile modulus (b) of the PVA composites with
different types of nanocellulose at various concentrations (0%, 5%, and 10 %).

extraction, the chemical might have been removed so the difference
between the CNCs derived from the bleached cotton and the CNCs
derived from the indigo-dyed denim was smaller.

TOCNs derived from the indigo-dyed denim exhibited similar
thermal behavior in comparison to that from the bleached cotton. Both
had DTG curves consisting of two main decomposition temperature

Sample Onset degradation temperature (°C)  Tso,* (TGA curves) (°C) Tsoo,” (TGA curves) (°C)  Max degradation temperature (DTG curves) (°C)
Tpeak1 Tpeak2

Shredded bleached cotton 340 314 359 362

Shredded indigo-dyed denim 300 252 346 350

Shredded wood pulp 320 277 351 355

CNC(bleached cotton)® 275 208 328 325

CNC(indigo-dyed denim)® 285 224 336 340

CNC(wood pulp)® 260 210 332 328

TOCN(bleached cotton)? 229 100 290 255 280
TOCN(indigo-dyed denim)? 230 107 291 250 290
TOCN(wood pulp)? 225 94 283 230 250

“Degradation temperature corresponding to 5% weight loss.
"Degradation temperature corresponding to 50 % weight loss.
°CNC obtained was in sodium sulfate form.

4TOCN was in sodium carboxylate form.
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Fig. 6. TGA curve (a) and DTG curves (b) of the PVA composites with different
types of nanocellulose at various concentrations (0%, 5%, and 10 %).

peaks at around 250 °C and 300 °Ccorresponding to the degradation of
the sodium anhydroglucuronate units and the degradation of crystalline
cellulose chain (Fukuzumi et al., 2010). The TEMPO oxidation had a
more pronounced influence on the thermal properties than the strong
acid hydrolysis due to the introduction of carboxyl groups during the
TEMPO-oxidation process (Fukuzumi et al., 2010). As presented in
Table 2 and Fig. 4, overall, cotton-sourced nanocellulose (CNC or
TOCN) had relatively higher onset degradation temperature and the
maximum degradation temperature as comparison to those derived
from the wood source, showing cotton-sourced nanocellulose had
slightly higher thermal stability.

3.4. Tensile properties of cotton-sourced nanocellulose reinforced PVA
composites

Fig. 5 shows the tensile strength and tensile modulus of PVA com-
posite films prepared with CNCs and TOCNs at 5% and 10 % loadings.
Except for the addition of 10 % CNC(indigo-dyed denim) which re-
sulted in decreased tensile strength (Fig. 5a) when compared to the
pure PVA film, all the other formulations showed a reinforcing effect.
Films made with 5% CNC(indigo-dyed denim) were stronger than the
pure PVA film. The decrease in tensile strength of 10 % CNC(indigo-
dyed denim) filled film might be resulted from the poor PVA-indigo
interfacial bonding due to their opposite hydrophilicity. Indigo mole-
cules bore hydrophobic aromatic moieties and there would be no strong
interfacial bonding between these aromatic moieties and PVA. There-
fore, weak spots existed in the CNC(indigo-dyed denim) reinforced
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Fig. 7. DSC thermograms of the first cooling scan (a) and the second heating
scan (b) of the PVA composites with different types of nanocellulose at various
concentrations (0%, 5%, and 10 %).

films. The water contact angle results shown in Fig. S1 confirmed that
films made with CNC(indigo-dyed) were more hydrophobic (with
higher water contact angle) than films made with CNC(bleached
cotton). When the CNC loading reached 10 %, the reduced tensile
strength caused by these weak spots surpassed the increased strength
brought by CNC reinforcing. TOCN(indigo-dyed denim) containing no
denim dyes showed good reinforcing effects at 10 % loading. In terms of
tensile modulus, it has been well-known that nanocellulose can provide
plastic composites with improved modulus because of the incorporation
of stiff crystals or nanofibers to form a rigid network within the matrix
(Iwatake, Nogi, & Yano, 2008; Lee, Aitomaki, Berglund, Oksman, &
Bismarck, 2014). As can be seen in Fig. 5b, the incorporation of na-
nocellulose in both bleached cotton and indigo-dyed denim resulted in
increased tensile modulus as expected. The higher the nanocellulose
content, the larger the modulus, in general, with the only exception of
CNC(indigo-dyed denim) filled PVA films. From 5%-10% of CNC(in-
digo-dyed denim), the film modulus dropped. This might be ascribed to
the same reason as for the dropping of tensile strength discussed above,
i.e., weak PVA-dye interface (Klemm et al., 2011).

3.5. Thermal behaviors of cotton-sourced nanocellulose reinforced PVA
composites

Although the incorporation of 10 % CNC(indigo-dyed denim) into
the PVA matrix resulted in tensile strength reduction, it is interesting to
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note from the TGA curves that their thermal stability improved. Both
the onset (Fig. 6a) and the maximum degradation temperatures
(Fig. 6b) shifted to the higher side. A similar improved thermal stability
was observed in the PVA composites with 10 % CNC(bleached cotton).
In contrast, the addition of TOCN was detrimental to the thermal sta-
bility of the PVA composites. This might be attributed to the sig-
nificantly deteriorated thermal stability of TOCN during TEMPO oxi-
dation, as discussed in section 3.3.

The influence of nanocellulose on non-isothermal crystallization
and melting behavior of the PVA composites was investigated with DSC.
The thermal history of the composites was eliminated during the first
heating scan to 250 °C. Upon cooling and reheating, the films con-
taining CNC and TOCN showed different crystallization behaviors. The
different concentration of TOCN did not have much influence on the
overall behavior of the PVA/TOCN films; in contrast, the concentrations

of CNC at 5% and 10 % did show distinct effects. In the first cooling
scan (Fig. 7a), the exothermic peak resulted from crystallization of the
pure PVA occurred at around 125 °C. With 5% CNC (from both denim
and white cotton), the magnitude of the exothermic peaks significantly
decreased and crystallization started with a lower onset temperature.
When the CNC concentration increased to 10 %, the exothermic peaks
were more evident with higher onset temperature (140 °C) than that of
pure PVA. This indicated an enhanced crystallization ability of PVA as a
result of the nucleation effect of CNC at a higher loading (Pei, Zhou, &
Berglund, 2010; Suryanegara, Nakagaito, & Yano, 2009). Nucleation
and chain confinement are two competing factors affecting crystal-
lization and crystallinity of polymers; their contribution can vary de-
pending on the nanocellulose concentration (Ten, Bahr, Li, Jiang, &
Wolcott, 2012). Higher CNC loading in the PVA matrix led to more
interfacial areas and more nucleation sites for the improved
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crystallization capability of PVA. Compared to CNC, TOCN was much
longer in size. Therefore, the chain confinement effect of TOCN on PVA
crystallization outweighed the nucleation effect as the results showed.
PVA films containing TOCN, regardless of the concentration and the
source of TOCN, exhibited broader exothermic peaks started from re-
latively lower temperatures.

In the second heating scan (Fig. 7b), the glass transition temperature
was observed at around 75 °C for the pure PVA, a broad endothermic
peak, corresponding to the melting of the crystalline phase of PVA,
occurred at approximately 165 °C. The glass transition temperature did
not change considerably with the incorporation of nanocellulose (both
CNC and TOCN). But the evident melting peak shifted to a higher
temperature for the PVA composites containing 10 % CNC from both
denim and bleached cotton. The PVA/TOCN composites did not exhibit
evident endothermic peaks (crystal melting peaks), and this was in line
with the results from the first cooling process.

3.6. Light transmission of cotton-sourced nanocellulose reinforced PVA
composites

Fig. 8a shows light transmittance of the pure PVA and nanocellulose
containing films. The addition of TOCN extracted from both the
bleached cotton and denim and CNC from the bleached cotton did not
affect the film clarity as the transmittance in the visible light range kept
at 90 %, same as pure PVA films. Films containing blue CNC from
denim blocked the light with a wavelength at around 675 nm due to the
absorption of indigo dyes. Nevertheless, the film still kept its trans-
parency as shown in Fig. 8b. At lower wavelengths, the films blocked
83.5 % and 89.2 % of UV light in the range of 200 —400 nm when 5%
and 10 % of CNC(indigo-dyed denim) were added, respectively. The UV
absorption was much larger than the neat PVA film, which had 27 % UV
blocking. The resonance of the aromatic ring, the carboxyl groups, and
the amino groups in indigo molecule absorbed UV light at the wave-
length of 205 nm, 250 nm, and 290 nm (Ortiz et al., 2016). These results
indicated that the CNC(indigo-dyed denim) reinforced PVA films would
have great potential for food packaging applications because of the blue
color, the improved strength and modulus, as well as the enhanced UV
blocking.

4. Conclusions

Sulfuric acid hydrolysis and TEMPO-oxidation methods were ap-
plied to extract nanocellulose from indigo-dyed denim fabric, bleached
cotton fabric, and wood pulp, aiming to examine the influence of indigo
dyes on nanocellulose extraction and the ensuing nanocellulose char-
acteristics for the potential of recycling denim waste for nanocellulose.
The results showed that indigo dyes on the cellulose had little influence
on the nanocellulose extraction and their material properties in terms of
yield, morphology, size, surface charge, crystallinity, and thermal
properties when compared to those from bleached cotton. The TEMPO-
oxidation method not only oxidized cellulose but also degraded indigo
dyes simultaneously during the process. Sulfuric acid hydrolysis could
not degrade indigo dyes and the stable blue-color suspension was
produced. Compared to wood pulp, cotton yielded nanocellulose with a
higher cellulose crystallinity and thermal stability. The CNC and TOCN
extracted from indigo-dyed denim and bleached cotton exhibited their
reinforcing effects in the PVA matrix at both 5% and 10 % nanocellu-
lose loading with the only exception of 10 % CNC(indigo-dyed denim).
However, the 10 % CNC(indigo-dyed denim) or CNC(bleached cotton)
addition was found to improve the thermal stability of the PVA com-
posites as well as enhancing the crystallizability of PVA. The addition of
indigo-dyed CNC was also found to reduce the transmittance of UV light
through PVA composites. The results suggested that indigo-dyed denim
fabric could be used as a starting material for nanocellulose production
and the nanocellulose produced had great potential as a multi-func-
tional filler to provide composites with blue color, improved tensile
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properties, and UV-resistance properties.
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