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In this study, the preparation parameters of cellulose nanofibers from potato residues (PCNFs) by ultrasonication
combined with high-pressure homogenization were optimized based on yield, zeta-potential and morphology.
The optimal parameters were as follows: ultrasonic power of 125 W for 15 min and homogenization pressure of
40 MPa four times. The yield, zeta potential and diameter range of the obtained PCNFs were 19.81 %, —15.60
mV and 20-60 nm, respectively. Fourier transform infrared spectroscopy, X-ray diffraction and nuclear magnetic

resonance spectroscopy results showed that part of the crystalline region of cellulose was destroyed, resulting in a
decrease in crystallinity index from 53.01 % to 35.44 %. The maximum thermal degradation temperature
increased from 283 °C to 337 °C. PCNFs suspensions were non-Newtonian fluids and exhibited rigid colloidal
particle properties. In conclusion, this study provided alternative uses for potato residues generated from starch
processing and showed great potential for various industrial applications of PCNFs.

1. Introduction

Potatoes (Solanum tuberosum L.) are the fourth largest crop in the
world after maize, wheat and rice (Waliullah, Mu, & Ma, 2021). China
ranks first in global potato production, with 78 million tons processed in
2020, accounting for 21.79 % of the world’s total potato production
(FAO, 2022). Potatoes are rich in nutritional and functional compo-
nents, such as starch, protein, dietary fiber, vitamins and minerals.
Currently, potatoes play an important role in food security, particularly
in poor areas, where many people still lack food security (Wijesinha--
Bettoni & Mouille, 2019).

In China, the main potato products are starch and starch noodles. The
potato residues are the by-products of potato starch processing. In
particular, about 3 million tons of wet residues are produced annually
(Waliullah et al., 2021). So far, only a small amount of potato residues
are utilized as cheap animal feed, and most of them are thrown away,
resulting in serious resource waste and environmental pollution.
Therefore, searches for applications of potato residues are helpful to
save resources and solve environmental problems. Several previous
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studies have investigated the dietary fiber in potato residues and have
characterized its structural, physicochemical and functional properties
(Ma et al., 2022; Scharf et al., 2020; Waliullah et al., 2021). Potato
residues are rich in cellulose, and thus, can be used as high-quality raw
material for preparing cellulose nanofibers (CNFs).

CNFs are nanoscale derivatives of cellulose. CNFs consist of 1000 to
10,000 molecules of linear homopolysaccharide composed of p-b-glu-
copyranose units linked together by f-1-4-linkages (Xie et al., 2016).
CNFs can be produced from a variety of crop residues such as sugarcane
bagasse agrowaste (Hongrattanavichit & Aht-Ong, 2020) and flaxseed
fiber (Azhar et al., 2021). CNFs have attracted considerable interest
owing to their notable properties such as high specific surface area
(Dilamian & Noroozi, 2019), high aspect ratio, high Young’s modulus,
low cost, light weight, abundance, renewability and biodegradability (Li
et al., 2015). CNFs have been used in various applications such as
pharmaceutical and biomedical products (Pandey, 2021), and the
controlled release of anticancer drugs (Kumari & Meena, 2021).

For efficiency, CNFs are traditionally prepared by some typical
chemical methods, such as acid or alkaline hydrolysis, carboxyl
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methylation and TEMPO-mediated oxidation (Serra et al., 2017).
Concentrated sulfuric acid hydrolysis is one of the most popular chem-
ical methods to produce CNFs. Several adverse effects regarding
concentrated sulfuric acid hydrolysis have been reported, such as envi-
ronmental pollution, chemical residues, safety issues and equipment
corrosion. Moreover, the suspension after hydrolysis needs to be diluted
10 times with deionized water to stop the reaction, which is water-
consuming (Hongrattanavichit et al., 2020), further resulting in high
energy consumption in the drying process. Arvidsson et al. (2015)
compared the cumulative energy demand of three production routes for
CNFs made from wood pulp. The three production routes are (1) the
enzymatic production route, which includes an enzymatic pretreatment
followed by microfluidization, (2) the carboxymethylation route, which
includes a carboxymethylation pretreatment followed by micro-
fluidization and (3) one step homogenization without pretreatment,
here called the no pretreatment route. The results showed that CNFs
produced via the carboxymethylation route clearly have the highest
cumulative energy demand (1800 MJ kg~ 1), whereas the enzymatic and
no pretreatment routes both have lower cumulative energy demands
(about 200 MJ kg™!). In addition, CNFs prepared by mechanical
methods are more conducive to modification, showing better thermal
stability and higher viscoelastic and rheological stability even at lower
concentrations (Michelin et al., 2020). High-pressure homogenization is
one of the most popular mechanical methods used to prepare CNFs
(Hamawand et al., 2020). Widiarto et al. (2019) prepared CNFs from
cassava peel using a homogenizer and ultrasonication disruption pro-
cedure and compared those with CNFs obtained using a common acid
hydrolysis procedure. Their results showed that the physical treatments
can be used to successfully produce CNFs. Dilamian and Noroozi (2019)
prepared CNFs from rice straw by chemical pretreatment with a high-
shear speed homogenizer and high-intensity ultrasonication processes.
However, potato residues are still not used as raw material for the
preparation of CNFs.

The present study aimed to convert the residues generated during
potato starch processing to CNFs by ultrasonication along with high-
pressure homogenization. The preparation parameters were optimized
based on the yield, zeta potential, morphology and diameter distribution
of the CNFs. The CNFs obtained under the optimal preparation param-
eters were characterized using a rheometer as well as atomic force mi-
croscopy (AFM), transmission electron microscopy (TEM), zeta
potential, Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), nuclear magnetic resonance (NMR) spectroscopy and
thermogravimetric analysis (TGA).

2. Materials and methods
2.1. Materials

Potato residues supplied by Zhuanglang Hongda Starch Processing
Co., Ltd (Pingliang, Gansu Province, China) were ground using a crusher
(ZK-35A, Zhong KeHao Technology Development Co., Ltd, Beijing,
China) and then sieved through a 0.15 mm (100 mesh) sieve. NaOH,
H20, and thermostable a-amylase were obtained from Beijing Tong-
guang Fine Chemicals Co. (Beijing, China), Sinopharm Chemical Re-
agent Co., Ltd (Shanghai, China) and Beijing Solarbio Science &
Technology Co., Ltd (Beijing, China), respectively. CNFs prepared by the
mechanical method (high-pressure homogenization) (M-CNFs, diam-
eter: 10-20 nm, length: 2-10 pm) were obtained from Tianjin Wood-
elfbio Co., Ltd (Tianjin, China), and those prepared by TEMPO-mediated
oxidation (TEMPO-CNFs, diameter: 10-50 nm, length: 10-20 pm) were
obtained from Zhejiang JinJiaHao Green Nanocellulose Co., Ltd, (Quz-
hou, Zhejiang Province, China). This study used deionized water.

2.2. Analysis of the approximate composition of potato residues

The approximate composition of the potato residues was determined.
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The starch content was determined using a Total Starch Assay Test Kit
(Megazyme, Bure Ireland). The moisture was determined by referring to
AOAC Methods of Analysis 930.15 (AOAC Official Method, 1999).
Briefly, triplicates of potato residue samples were oven-dried at 103 °C
for 72 h, transferred to a desiccator and allowed to cool to room tem-
perature. The sample weights were recorded on a digital balance. The fat
content was determined by referring to AOAC Methods of Analysis
954.02 (AOAC Official Method, 1999). Briefly, the 2 g potato residues
were accurately weighed and put into a Mojonnier fat-extraction tube.
The fat of potato residues was extracted using ethyl ether. The ethyl
ether was collected in constant-weight beakers and was evaporated in a
steam bath. The beakers were dried, cooled to room temperature in a
desiccator and weighed immediately. The protein content was deter-
mined referring to AOAC Methods of Analysis 976.05 (AOAC Official
Method, 1999), with a nitrogen-to-protein conversion factor of 6.25. The
ash content was determined referring to AOAC Methods of Analysis
942.05 (AOAC Official Method, 1999), by weighing potato residue
samples before and after heat treatment (600 °C for 2 h). The dietary
fiber content was determined by referring to AOAC Methods of Analysis
991.43 (AOAC Official Method, 1999). The dietary fiber composition
was determined following the method of Ma et al. (2015). Briefly, 2 g
potato residues of dietary fiber were extracted with 0.25 % ammonium
oxalate solution at 1:10 (w/v) for 2 h at 90 °C, followed by centrifuga-
tion. The process was performed three times, the supernatants were
pooled, dialyzed and lyophilized to obtain pectin (C;). After pectin
extraction, the resulting residues were washed twice with 80 % (v/v)
ethanol and three times with distilled water and lyophilized. The
lyophilized residues were extracted twice with 4 M KOH and 0.1 % so-
dium borohydride at room temperature for 18 h. The residue (C3) was
filtered, washed with ethanol and distilled water, and lyophilized. The
filtrates were collected, dialyzed and lyophilized to obtain hemi-
celluloses (C5). C3 residues were extracted with 72 % (v/v) HySO4 at 4 °C
for 24 h and filtered. The precipitate was washed with ethanol and
distilled water, and freeze-dried to obtain C4. The ash content (Cs) of the
lyophilized precipitate was determined according to AOAC 942.05
(AOAC Official Method, 1999). The lignin and cellulose contents were
C4—Cs and C3—C4—Cs, respectively. The results are shown in Table S1.

2.3. Preparation of CNFs

In this study, potato residue CNFs (PCNFs) were prepared using ul-
trasound combined with high-pressure homogenization. The effects of
ultrasonic time, ultrasonic power, high-pressure homogenization cycles
and high-pressure homogenization pressure on the yield, zeta potential,
morphology and diameter distribution of the PCNFs were evaluated.

To remove starch fully, 5 g of potato residues were combined with
deionized water (1:6, w/v), and the mixture was boiled for 3 min to
completely gelatinize the starch. Then, 50 mL deionized water was
immediately added followed by 600 pL thermostable a-amylase (KNu >
130 B/g). The sample then underwent ultrasonic treatment (JY92-IIN,
Scientz, Zhejiang, China) followed by 7,500g centrifugation (GL-21M,
Shanghai LuXiangyi Centrifuge Instrument Co., Ltd, Shanghai, China)
for 10 min to remove the supernatant. Afterward, NaOH (7 %, w/v) was
added to the sediment and incubated at 70 °C for 1.0 h, then centrifuged
again to remove hemicellulose. Next, HyO, (10 %, v/v) was added to the
sediment, which was held for 1.5 h at 70 °C to remove the lignin. Finally,
the suspension was washed with deionized water until neutral pH was
reached, and the sediment was dried in an oven at 55 °C for 5 h to obtain
the cellulose.

The cellulose was dispersed in deionized water and stirred with a
magnetic stirrer (HJ-6, Changzhou Zhongbei Instrument Co., Ltd,
Changzhou, China) for 3 h to prepare a 0.2 % (w/v) cellulose suspen-
sion. To avoid clogging during homogenization, the suspension was first
treated with ultrasonic (JY92-IIN, Scientz) for 10 min at a power of 500
W followed by high-shear mulser shearing for 1 min at 10,000 rpm (I25,
IKN Co., Ltd, Shanghai, China) to obtain a homogeneous cellulose
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suspension. Then, the suspension was homogenized (D-3L, PhD Tech-
nology, St. Paul, MN, USA) to obtain the final PCNF suspension.

To optimize the preparation parameters of PCNFs, the effects of
different time and powers of the ultrasonic treatment in the cellulose
preparation procedure, and different homogenization cycles and pres-
sure in the PCNFs preparation procedure on the yield, zeta potential and
morphology of PCNFs were compared, and the optimal parameters were
selected (Table S2).

The yield was calculated with Eq. (1):

Yield (%) = Mp/M,, x 100, @

where Mp was the weight of PCNFs and M, was the weight of potato
residues.

The PCNFs were prepared under the optimal parameters and were
freeze-dried to obtain a solid powder for easy preservation. All experi-
ments in this study used powder CNFs.

2.4. Characterization of PCNFs

2.4.1. Zeta potential

The zeta potential was obtained following the method of Xu et al.
(2021) with some modifications. The CNFs suspensions were diluted to
0.1 % (w/v) concentration with deionized water, the suspensions were
transferred into a 1 mL zeta potential cell and the measurements were
performed in 2 min with a Zetasizer Nano ZS (Malvern, Worcestershire,
England). The measurements of every sample were repeated in
quintuplicate.

2.4.2. Morphology

2.4.2.1. AFm. The PCNFs’ morphologies were observed with an atomic
force microscope (NX10, Park Systems, Suwon, South Korea) equipped
with a PPP-NCHR probe (length, 125 pm, mean width, 30 pm, thickness,
4 pm) having a nominal spring constant of 42 N m~* and a resonance
frequency of 330 kHz, and an NCM head mode. Briefly, 30 pL of the
suspension at 0.1 % (w/v) was applied to coat mica flakes, which were
dried overnight to obtain the specimen. The AFM image (256 pxl x 256
pxl) was obtained according to the fast scan direction from left to right
and the slow scan direction from top to bottom with a 0.56 Hz scan rate.

The diameter measurements were carried out following the method
of Zai et al. (2022) with some modifications. For each sample, three AFM
images were obtained and the AFM images were used to observe the
morphologies of CNFs. The diameter distribution of CNFs was measured
using ImageJ software (Image J win-64). The measurements were per-
formed in triplicate. Briefly, the distance in pixels, known distance and
the unit of the scale were inputted, and 150 fibers were counted
randomly for each image. The diameters of selected CNFs were provided
automatically by the software.

2.4.2.2. TEm. A 0.1 % (w/v) suspension was used to coat a copper grid,
which was dried at room temperature. The samples were imaged under
120 kV using a manual emission transmission electron microscope (New
Bio-TEM H-7500, Hitachi, Japan).

2.4.3. FTIR analysis

FTIR analysis was conducted following the method of Masruchi et al.
(2018) with some modifications. The CNFs were mixed with dry KBr
powder (1:150) and were ground completely in an agate mortar. The
mixture was pressed with a hydraulic press at a pressure of 10 MPa for
30 s until a uniform film was obtained. The experiment was performed
by first taking the background scan of air and spectrum resolution test.
FTIR spectra of all samples were collected over the range from 400 to
4000 cm ™! with a 4 cm ™! resolution using an FTIR spectrometer (Tensor
27, Bruker, Borken, Germany). The baseline was automatically cor-
rected and the spectra were normalized until the initial transmittance
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was 0.0 using PeakFit software (SYSTAT, Palo Alto, CA, USA). The
measurements were performed in triplicate.

2.4.4. X-ray diffraction analysis

XRD analysis was conducted following the method of Azhar et al.
(2021). The crystallinities of samples were determined using an X-ray
diffractometer (Rigaku D/max2500, Rigaku Co., Ltd, Tokyo, Japan)
with filtered Cu Ka radiation (A = 0.1540 nm) at 40 kV and 40 mA. The
diffraction angle 20 was in the range of 5°-70°, the scanning step was
0.0262606° and the scan speed was 55° min~'. Before the measure-
ments, the sample powder was pressed into uniform flakes in the groove
of the glass holder, which was placed in the sample chamber. The
measurements were performed in duplicate. By applying the empirical
method, the crystallinity index (CrI) was calculated as

Crl(%) = (Lo — —Ium) /D00 x 100, 2

where I represented the intensity of the crystalline peak at approxi-
mately 22.4° and I, was the intensity of the amorphous peak at
approximately 18.32°.

2.4.5. NMR analysis

NMR analysis was performed following the method of Midhun
Dominic et al. (2022) with some modifications. The samples were
analyzed using a 13C solid-state NMR instrument (JNM-ECZ400/600R,
JEOL, Tokyo, Japan) equipped with an UltraShield Plus 400 MHz
magnet and a 4 mm probe. The sample powder was packed into a 4 mm
zirconia rotor. The parameters were set: spinning speed 8 kHz, the
number of scans 8000, relaxation delay 5 s, CP contact time 2 ms,
acquisition time 34 ms. The data were processed using the MestRe-
Nova9.0 software (Mestrelab Research S.L., Escondido, CA, USA). The
measurements were performed in duplicate.

2.4.6. TGA evaluation

TGA and derivative thermogravimetry (DTG) were performed
following the method of Masruchin et al. (2018). The samples were
evaluated using a thermogravimetry analyzer (Pyris Diamond TG/DTA,
PerkinElmer, Waltham, MA, USA). Beginning at room temperature,
5-10 mg of the sample was added to a Pt crucible and heated from 25 °C
to 500 °C at a rate of 5 °C min~" in air atmosphere, the weight curves
during the heating process were recorded. The measurements were
performed in triplicate.

2.5. Rheology of CNF suspensions

2.5.1. Rotational measurement

Rotational measurement was conducted following the method of
lotti et al. (2010) with some modifications. CNFs suspensions of 0.25 %,
0.5 %, 1.0 % and 1.5 % (w/v) were prepared by dispersing the CNFs
powder into deionized water, and the ultrasonic (JY92-IIN, Scientz)
treatment (65 W, 5 min) was performed to obtain uniform CNFs sus-
pensions. Then, 15 mL of the suspension was placed in a container, and
the viscosity of the suspensions was determined at 25 °C using a
rheometer (MCR301, Anton Paar, Graz, Austria) equipped with a rota-
tional viscometer (CC27-SN13078 probe type, d = 0 mm). The obtained
viscosity was in a wide shear rate range of 0.1-1000 s~!. The mea-
surements were performed in triplicate.

2.5.2. Oscillation measurement

Oscillation measurement was conducted following the method of
Yue and Qian (2018) with slight modifications. The dynamic rheological
properties of the suspensions were determined using a rheometer
(MCR301, Anton Paar) equipped with 50 mm diameter parallel plates
(PP50-SN35731 probe type, d = 1 mm). A strain sweep (0.1 %-100 %)
was performed at a frequency of 1 rad s~! and 25 °C to determine the
linear viscoelastic region. The temperature sweep tests were performed
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at an angular frequency () of 1 rad s~* and a strain of 0.25 %. The
frequency sweep tests were performed at a strain of 0.25 % and 25 °C,
and the storage modulus (G') and loss modulus (G"”) were recorded
during the sweep. The measurements were performed in triplicate.

2.6. Statistical analysis

The data are expressed as mean + standard deviation of triplicate
experiments. Statistical analysis was performed using SPSS 23.0 (IBM,
Armonk, NY, USA). The differences were considered significant at p <
0.05. The images were drawn using Origin 2022 (OriginLab, North-
ampton, MA, USA).

3. Results and discussion
3.1. Approximate compositions of potato residues and PCNFs
The main component of the potato residues was dietary fiber con-

taining 24.86 % cellulose (based on the dry potato residues) (Table S1),
which was an excellent raw material for preparing CNFs.

3.2. Isolation of PCNFs

To optimize the preparation parameters of PCNFs, the effects of
different ultrasonic treatment time on the yield and zeta potential of
PCNFs were compared, and the optimal ultrasonic treatment time (15
min) was selected. Then, the effects of different ultrasonic treatment
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powers on the yield and zeta potential of PCNFs were compared, and the
optimal ultrasonic treatment power (125 W) was selected. After that, the
effects of different homogenization cycles on the yield and zeta potential
of PCNFs were compared, and the optimal number of homogenization
cycles (four cycles) was selected. Finally, the effects of different ho-
mogenization pressures on the yield and zeta potential of PCNFs were
compared, and the optimal homogenization pressure (40 MPa) was
selected (Table S2).

Fig. 1 shows that with an increase in ultrasonic time, the PCNFs were
gradually divided. Fig. 1(a) shows that when the ultrasonic time was less
than 15 min, no division occurred, and the PCNFs were closely grouped,
which made it difficult to determine the distribution range. At 15 min,
the cellulose was divided entirely, with a diameter range of 20-80 nm
(Table S2). At time greater than 15 min, the PCNFs were cut to smaller
sizes, as shown in Fig. 1(a-iv, v), smaller PCNFs tended to aggregate (the
red circles in Fig. 1), and the exposed charges on the surface were
decreased, resulting in the zeta potential decrease (Wang et al., 2021).
Fig. 1(b-i, ii and iii) presents the PCNFs cluster, which occurred because
the ultrasonic power was too low to separate fibers completely. How-
ever, when the ultrasonic power was greater than 125 W, the PCNFs
were broken into smaller sizes and tended to aggregate. From Fig. 1(c),
when the homogenization cycles were less than 10 cycles, the AFM
images showed obvious fibers, and in Fig. 1(c-iii, iv), no clusters were
observed, and the diameter distribution range mainly was 15-70 nm
(Table S2). Fig. 1(d) shows that when the pressure was 20 MPa or 40
MPa, the PCNFs appeared to be intertwined filaments of micron length
[Fig. 1(d-i, ii)]. With a gradual increase in pressure, the PCNFs were cut

Fig. 1. The Atomic Force Microscopy image of PCNFs at the different ultrasonic time (a), ultrasonic powers (b), homogenization cycles (c) and homogenization
pressures (d). Note: PCNFs, potato residues cellulose nanofibers. The red circles present the aggregation of CNFs.



X. Liu et al.

off and shorter, tended to aggregate and the diameter distribution range
decreased from 20-80 nm to 15-40 nm (Table S2).

Comprehensively considering the yield, zeta potential, and
morphology of PCNFs, the optimal preparation parameters were
selected as follows: ultrasonic treatment time, 15 min; ultrasonic power,
125 W; four homogenizations; and homogenization pressure, 40 MPa.
Under the abovementioned conditions, the yield and zeta potential of
PCNFs were 19.81 % (based on the potato residues) and —15.60 mV,
respectively. Leite et al. (2017) prepared CNFs with a high-shear fluid
processor microfluidizer. The yield was 69.11 % (based on cellulose),
which was lower than the methods in this paper. The SEM images
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showed that the diameter distribution range of CNFs was 15-65 nm,
which was similar to our results. Moron et al. (2017) prepared CNFs
from cassava peelings and cassava bagasse by combining sulfuric acid
and ultrasonic disintegration. The yield was 78 % (based on cellulose),
the zeta potential of CNFs was —47.7 mV and the diameters were
2.33-5.37 nm. The zeta potential and diameter were lower than the
results of our study, due to the SO~ groups were attached to the CNFs’
surface, which were more electronegative.
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Fig. 2. The Atomic Force Microscopy, Transmission Electron Microscopy images, and diameter distribution of PCNFs, M-CNFs and TEMPO-CNFs. Note: (a-c), PCNFs.
(d-f), M-CNFs. (g-i), TEMPO-CNFs. PCNFs, potato residues cellulose nanofibers. M-CNFs, commercial CNFs prepared by the mechanical method. TEMPO-CNFs,

commercial CNFs prepared by TEMPO-mediated oxidation.
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3.3. Characterization of PCNFs

3.3.1. Zeta potential and stability

Table S3 shows that the cellulose and CNFs all had negative surface
charges. The zeta potential of the cellulose was —5.59 mV, whereas
CNFs have more charges because with the larger specific surface area,
more hydrogen bonds were carried on the CNFs’ surface. In general,
when the zeta potential is less negative than —30.0 mV, the suspension is
considered to be stable (Wang et al., 2021). However, the zeta potentials
of the PCNFs and M-CNFs were more negative than —30.0 mV at 0.1 %
(w/v), indicating that the suspensions at 0.1 % (w/v) were unstable and
prone to aggregation and settlement after storage for one day (Fig. S1).
Conversely, the TEMPO-CNFs had a more negative zeta potential of
—54.0 mV, indicating that the suspension had greater stability after
storage for seven days. This may have occurred because TEMPO-CNFs
were smaller in size and had a larger specific surface area, which
exposed more hydrogen bonds. Furthermore, carboxyl groups were
introduced in the process of preparing TEMPO-CNFs, which were more
electronegative than hydroxyl groups (Masruchin et al., 2018).

3.3.2. Morphology

The AFM and TEM results showed the interlacing networks of PCNFs
and M-CNFs (Fig. 2). The diameter distribution ranges of the PCNFs, M-
CNFs and TEMPO-CNFs were 20-60, 20-130 and 10-50 nm, respec-
tively (Fig. 2, Table S3). The diameters and lengths of TEMPO-CNFs
were smaller because the oxidation properties of the TEMPO reagent
accelerated the degradation process of cellulose. These results were
similar to those reported by Mazela et al. (2020).

3.3.3. FTIR analysis

Fig. 3(a) shows that the variation in structural functional groups
among the samples, shown by a broad absorption band in the range of
3200-3600 cm !, was attributed to the vibration of hydrogen-bonded
hydroxyl groups. The peak at 2920 cm ™' was caused by the stretching
vibration of saturated C—H (Lal & Mhaske, 2019). The presence of a
peak at 1750 cm ™! in the potato residues was associated with the C=0
stretching vibration of the acetyl and uronic ester groups. These groups
are known to be present in pectin, hemicellulose and lignin (Nuruddin
et al., 2016), however, no such peak was noted in the cellulose and
PCNFs, indicating that the pectin, hemicellulose and lignin were
removed completely. The band at 1619 cm™! was assigned to the
stretching vibration in the sodium carboxylate group (—COONa), indi-
cating that the hydroxyl group at the Cg of the cellulose was oxidized to
the carboxyl group (Lal et al., 2019). The peak at 1519 cm™! indicated
the existence of aromatic rings, and thus, the presence of lignin. The
FTIR absorption peak at 1430 cm ™! was attributed to the vibration of the
—CH> bonds, which corresponded to the cellulose crystallinity band.
The band at 890 cm™! was attributed to the C—O—C stretching vibra-
tion of the B-1-4-glycosidic bond, which was considered to be an
amorphous band (Nuruddin et al., 2016).

3.3.4. XRD analysis

The XRD results showed that the approximate positions of the
diffraction peaks were 20 = 15.3°, 16.4°, 22.5° and 34.2° [Fig. 3(b)],
indicating the characteristic diffraction structure of cellulose I (native
cellulose) (Azhar et al., 2021). The characteristic peaks of the sample
appeared near 16.4°, 22.5° and 35°, indicating that the sample con-
tained crystallized and amorphous structures. The PCNFs retained the
characteristic peak of cellulose I g, indicating that the cellulose structure
was not destroyed after high-pressure homogenization. Similar results
have been achieved for nanocellulose extracted from sugar palms
(Karina et al., 2020).

The Crls of the potato residues and the cellulose extracted from po-
tato residues were 11.26 % and 53.01 %, respectively. Because the lignin
and the hemicellulose presented amorphous structures, they were
removed, so the Crl of cellulose increased. After high-pressure
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homogenization, the Crl of the PCNFs was reduced to 35.44 % because
the cellulose was destroyed by the homogenizer and became fibrous.
This caused a shortened cellulose chain, and part of the crystallization
area of the cellulose was destroyed (Xu et al., 2021). In addition, the
crystallinities of the M-CNFs and TEMPO-CNFs were 73.48 % and 64.38
%, respectively, owing to the different raw materials. However, it is
worth noting that the state of the sample had a significant effect on the
Crl because potato residue powder was used in this study. The Crl ob-
tained here from the powder was therefore greatly underestimated
compared with that in the literature (Banvillet et al., 2021).

3.3.5. NMR analysis

Fig. 3(c) shows the NMR spectrum of potato residues, cellulose,
PCNFs, M-CNFs and TEMPO-CNFs. The characteristic peaks corre-
sponding to each carbon atom are 110 (C;), 78-81 (Co—C3-Cs), 90-94
(C4) and 68-71 ppm (Cg) (Midhun et al., 2022). For the PCNFs in our
study, the same spectra were obtained for the chemical structure of
cellulose extracted from potato residues. This indicated that the method
used did not affect the structure of core cellulose. Moreover, M-CNFs and
TEMPO-CNFs have sharper peaks, which were related directly to the
higher crystallinity shown in Fig. 3(b). This result was attributed to the
type and state of the raw material. A new peak appeared at 180.98 ppm,
which correlated to the peak of the carboxyl group on the TEMPO-CNFs
(Lal et al., 2019).

3.3.6. TGA evaluation

The onset temperatures (T,) and maximum decomposition temper-
atures (Tmax) of the samples are summarized in Table S4. As shown in
Fig. 4(a), compared with the potato residues, the thermal stabilities of
the cellulose and PCNFs were improved. When the temperature reached
230 °C, the substances began to degrade owing to the cleavage of the
glycoside linkages of the cellulose (Dilamian et al., 2019). The Ty« of
the PCNFs (337 °C) was similar to that of the M-CNFs (338 °C), however,
both were lower than that of the cellulose, at 340 °C. This reduction
might correspond to the high surface area caused by the mechanical
treatment, which accelerated the heat transfer rate and accordingly
lowered the decomposition temperature (Dilamian et al., 2019). As
shown in Fig. 4(b), the potato residues and M-CNFs showed a degra-
dation peak around 470 °C, indicating that lignin exists there (Michelin
et al., 2020); M-CNFs showed the peak possibly because the lignin was
not removed completely. The absence of this specific degradation peak
in PCNFs indicated that there was noncellulosic material in PCNFs,
which was consistent with the results of FTIR. The weight losses of the
PCNFs and M-CNFs were highest, at approximately 98 %, because the
high-pressure homogenization shortened the fiber length and decreased
the diameter, which facilitated thermal decomposition (Pakutsah & Aht-
Ong, 2020). The results showed similar behavior to the degradation
between the M-CNFs and PCNFs, even if the sizes of PCNFs were smaller
than those of M-CNFs, indicating that the thermal stability was inde-
pendent of the size. The TEMPO-CNFs began to degrade at 190 °C, the
Tmax was 269 °C, and the lowest weight loss was 73.08 %. Compared
with the PCNFs and M-CNFs, the TEMPO-CNFs were the most easily
decomposed because of the decarboxylation mechanism (the formation
of sodium carboxylate groups in the TEMPO-CNFs) (Masruchin et al.,
2018). The results of TGA and DTG showed CNFs prepared by the me-
chanical method were more thermally stable than those prepared with
the TEMPO method.

3.4. Rheological properties of CNFs suspensions

3.4.1. Rotational measurement

The viscosities of all suspensions showed a rising trend with the in-
crease in the concentrations of CNFs suspension (Fig. 5), indicating that
the greater the number of CNFs, the more rigid the CNFs’ network
structure (Zhou et al., 2016). This phenomenon was attributed to the
increased surface area of the nanofibers, allowing higher levels of
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interaction, as well as a suspension system of rigid polymeric chains
oriented in the flow direction, which imparted a solid-like behavior
(Gruneberger et al., 2014). With the increase in the shear rate, the vis-
cosities of all CNFs suspensions decreased, which reflected the shear-
thinning behavior and presented three distinct regions. As shown in
Fig. 5(a, b), in the lower shear rate region, the viscosity decreased with
the increased shear rate. This occurred because CNFs showed an ordered
arrangement along the shear direction, resulting in a decrease in vis-
cosity. In the middle shear rate region, the viscosity reached a plateau
region and approached Newtonian behavior (Albornoz-Palma et al.,
2020), indicating that the entangled CNFs molecules can resist the
interference of shear force, and the viscosity no longer decreased. This

was strongly correlated with the morphological characteristics, which
were characterized by a highly entangled network between fibers and
fiber bundles [Fig. 2(a, d)]. In the high-shear rate region, the higher
shear force destroyed the hydrogen bonds between CNFs, resulting in a
decrease in viscosity and an increase in fluidity (Chiulan et al., 2021;
Czaikoski et al., 2020). Notably, for the PCNFs and M-CNFs, the viscosity
of the 0.25 % (w/v) concentration suspensions increased when the shear
rate exceeded 100 s1. The reason for the increase in viscosity may be
that in suspensions with lower concentrations, the flow regime was no
longer laminar and can gradually transform into turbulence. Under such
conditions, the movement became more disordered in the fibers, which
intertwined to form a network structure, thus, causing the viscosity to
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Fig. 5. The viscosity of PCNFs suspensions (a), M-CNFs suspensions (b), TEMPO-CNFs suspensions (c) as a function of shear rate. Note: PCNFs, potato residues
cellulose nanofibers. M-CNFs, commercial CNFs prepared by the mechanical method. TEMPO-CNFs, commercial CNFs prepared by TEMPO-mediated oxidation.
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increase slightly at a greater shear rate. lotti et al. (2010) showed a
similar three-region shear-thinning behavior of CNFs suspensions. Fig. 5
(c) shows the TEMPO-CNF curves of viscosity change with the shear
rate. At concentrations less than 1.0 % (w/v), irregular viscosity change
appeared in the low shear rate region, which may be attributed to the
inertial effects usually present in rheometers. The PCNFs and M-CNFs
showed similar viscosity properties, indicating that the viscosity of CNFs
may be dependent on the preparation method.

3.4.2. Oscillation measurement

In general, dynamic strain sweeps were required to determine the
dependence of strain on sample modulus to identify the linear visco-
elastic region. As shown in Fig. S2(a, b), when the strain amplitude value
was less than 1.0 %, the G’ curves of PCNFs suspensions and M-CNFs
suspensions were maintained, however, for TEMPO-CNFs suspensions
with 0.5 % (w/v) and 1.0 % (w/v) concentration [Fig. S2(c)], the G’
were maintained when the strain amplitude value was less than 10 %.
Therefore, for subsequent measurements of temperature and frequency
sweeps, the strain amplitude was selected to be 0.25 % except for
TEMPO-CNFs suspensions at 0.25 % (w/v) and 0.5 % (w/v). This was
because the curve [Fig. S2(c)] fluctuated in the range of 0.1 %-1.0 %,
the linear viscoelastic range might not be determined for such low
concentrations, therefore, the temperature and frequency sweeps were
not performed with 0.25 % (w/v) and 0.5 % (w/v) TEMPO-CNFs
suspensions.

Fig. 6(a—c) shows the variations in G’ and G” with temperatures of
25-90 °C. With an increase in concentration, G and G” showed an
increasing trend. These results were similar to the values reported by
Yue et al. (2018), who isolated CNFs from coir fibers. As shown in Fig. 6
(a, b), the changes in G’ and G” were temperature independent for the
PCNFs suspensions and the M-CNFs suspensions, indicating the thermal
motion cannot destroy the hydrogen bonds between nanofibers, causing
the PCNFs and M-CNFs suspensions to show excellent viscoelasticity (Yu
et al., 2021). Moreover, the G’ was always higher than the G”, indicating
that the PCNFs and M-CNFs suspensions exhibited elastic behavior.
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Fig. 6(c) shows that the G’ and G” increased with increasing tempera-
ture. This indicated that the effect of the thermal motion was stronger
than the hydrogen bonding and mechanical resistance caused by cross-
linking between nanofibers, which might be strongly related to the small
sizes of the TEMPO-CNFs. For the 1.0 % (w/v) TEMPO-CNFs suspension,
when the temperature was below 50 °C, G’ was close to G”, with a higher
temperature the G’ was clearly greater than the G”, indicating that high
temperature facilitated the transition to viscoelastic.

As shown in Fig. 6(d, e), PCNFs suspensions and M-CNFs suspensions
at 0.25 % (w/v) and 0.5 % (w/v) showed strong frequency dependence.
As the concentrations increased, the PCNFs suspensions and M-CNFs
suspensions became frequency insensitive, indicating that PCNFs sus-
pensions and M-CNFs suspensions with higher concentrations were
stable and were not affected by frequency change. This difference
indicated that the formation rate of intrinsic networks by hydrogen
bonds will be affected by high frequency in the PCNFs suspensions and
M-CNFs suspensions at low concentrations (Chen et al., 2013). More-
over, the G’ was always larger than the G”, which indicated that the
PCNFs suspensions and M-CNFs suspensions showed typical character-
istics of rigid colloidal particles and dominant elastic behavior (Pak-
utsah & Aht-Ong, 2020). When the concentration was 0.25 % (w/v) and
0.5 % (w/v), the PCNFs suspensions and M-CNFs suspensions showed
that G was not stable at a higher angle frequency value, possibly
because the flow regime was no longer laminar. However, when the
concentration of PCNFs suspensions and M-CNFs suspensions was
greater than 0.5 % (w/v), the suspensions were insensitive during the
entire frequency sweep. This may be attributed to the presence of more
fibers at higher concentrations, which formed a network structure with
sufficient stability to resist the frequency effect because the rate of
destroying and rebuilding the network structure can be balanced (Chen
et al., 2013). As for TEMPO-CNFs suspensions, Fig. 6(f) shows the trend
of frequency dependence that diminished as the concentration
increased. For the TEMPO-CNFs suspension at 1.0 % (w/v), the value of
G’ exceeded that of G’ at 20 rad s}, and the suspension changed from
viscoelastic to viscofluid. This may have occurred because the contents
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pensions. (b, e), M-CNFs suspensions. (c, f), TEMPO-CNFs suspensions. PCNFs, potato residues cellulose nanofibers. M-CNFs, commercial CNFs prepared by the
mechanical method. TEMPO-CNFs, commercial CNFs prepared by TEMPO-mediated oxidation.

10



X. Liu et al.

and aspect ratio were too low to form a stable network structure.

In addition, tan § is equal to the ratio of G’ to G'. As shown in Fig. S3,
the tan & values of the PCNFs suspension, M-CNFs suspension and
TEMPO-CNFs suspension with 1.5 % (w/v) were 0.1-0.3. This indicated
that they were mainly in the elastic rheological state, which was
consistent with the results of Yu et al. (2021). However, Fig. S3(c) shows
that the tan 6 of 1.0 % (w/v) TEMPO-CNFs suspension was greater than
1, indicating that 1.0 % (w/v) TEMPO-CNFs suspension was not stable.

4. Conclusion

In summary, PCNFs were prepared using residues generated during
potato starch processing by ultrasonication combined with high-
pressure homogenization. The highest yield, 19.81 %, was achieved
with ultrasonic treatment at 125 W for 15 min and high-pressure ho-
mogenization treatment at 40 MPa for four cycles. The mechanical force
caused the cellulose in the potato residues to be broken into PCNFs.
Although this did not affect the chemical structure of the cellulose, the
destruction of part of the crystalline region resulted in a decrease in the
Crl from 53.01 % to 35.44 %. Moreover, the maximum thermal degra-
dation temperature of the PCNFs increased to 337 °C compared with
that of the potato residues (283 °C). The PCNFs suspensions exhibited
rigid colloidal particle behavior in the linear viscoelastic range, pre-
dominantly elastic behavior (tan & values were 0.1-0.3). When the
concentration of PCNFs was 1.5 % (w/v), the initial viscosity, G’ of
frequency sweep and G’ of temperature sweep were 438 Pa-s, 112 Pa and
187 Pa, respectively. Meanwhile, PCNFs suspensions showed excellent
temperature-independent rheological stability, and frequency insensi-
tivity when the concentration was higher than 0.25 % (w/v). These
results indicated that the potato residues generated from starch pro-
cessing are a good source for producing value-added products such as
CNFs, which have great potential in a variety of industrial applications.
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