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ABSTRACT

Fibrillated cellulose from distillery refuse based on maize starch was prepared by two
different procedures. The effect of sonification was evaluated atacid-alkali extractionas well
as the type of used acid. The results from the alkali-acid procedure were compared with these
obtained by method of steam explosion at different temperatures. The acid-alkali method
brings a better result regarding degradation of hemicellulose and lignin as well as cellulose.
Lignin/hemicellulose were only released from lignocellulose network using steam explosion
at 120-180°C. At higher temperature, the results were comparable with those obtained by
acid-alkali method. Similarly pore size distribution of filter paper decreased more
significantly when fibrillated cellulose from acid-alkali treatment was applied. After steam
explosion, higher extend of longer still fibres remains.

KEYWORDS:Nanofibrillated cellulose, steam explosion, acid/alkali treatment, infrared
spectroscopy, fibre length distribution, lignin, hemicellulose.

INTRODUCTION

Steam explosion is a pre-treatment method that enhances the accessibility of biomass
polymers for subsequent processes like hydrolysis and fermentation (PaZitny et al. 2019a,b,
2020, 2022). It involves treating biomasswith hot water under pressure, followed by
an explosive decompression that ruptures the biomass fibres due to steam generation, thereby
improving the recovery of sugars and other useful compounds from the biomass (Stelte 2013).
Due to the high cellulosic fibre content, various straw and grasses are also suitable for steam
explosion pre-treatment and subsequent hydrolysis with simple sugars release (Pazitny et al.
2013, 2019b, Warren-Walker et al. 2024).The severity of the treatment can vary, leading to
different levels of fibre separation, from minor cracks to complete defibrillation (Tanahashi
1990).Wang et al. (2015) listed advantages of this process as limited use of chemical;
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avoidance of excessive degradation of monosaccharides; considerably lower energy
requirements; high susceptibility of steam-exploded biomass to the action of cellulases.

Fibrillated cellulose especially nanocellulose has a wide range of application in several
areas such as biomedicine, nanocomposites, food industry, environmental applications paper
and packaging(Randhawa et al. 2022, Trache et al. 2020). Bacterial nanocellulose does not
contain any other lignocellulosic components such as hemicellulose, lignin, etc., it is very
pure and is therefore often used for medical purposes(Phanthong et al. 2018, Trache et al.
2020).

The methods for isolating nanocellulose can generally be classified into mechanical and
chemical treatment. Mechanical methods include homogenization (Bhattacharya et al. 2008),
grinding (Abe and Yano 2009), microfluidization (Xiang et al.2016), high-speed blending
(Uetaniand  Yano 2011), intense ultrasonification (Wang et al.2016) and
cryocrushing(Alemdar et Sain 2008). Chemical methods include acidic or alkaline treatment
using of 2,2,6,6-tetramethylpiperidine-1-oxyl-TEMPO-mediated oxidation (Liu et al. 2016).

The combination of steam explosion and TEMPO-mediated oxidation was used
(Khadraoui et al. 2022) as pretreatment to produce cellulose nanofibrils (CNF) from sea grass
Posidonia oceanica. The steam explosion was also used for isolation of nanocellulose from
pineapple leaf fibres (Cherian et al. 2010). Crystalline cellulose fibres were successfully
extracted from palm leaves Phoenix canariensis (Pérez-Limifana et al. 2022) by using of
four-step method consisting of an alkaline pre-treatment, a steam explosion, oxidation
treatment and bleaching. Stepwise method which included steam-explosion pretreatment,
alkaline treatment, sodium hypochlorite bleaching, high-speed blending, and ultrasonic
treatment was used to obtainCNFs from corncobs (Yang et al. 2017). The nanocrystalline
cellulose from sisal fibres were extracted by steam explosion-assisted mild concentrated
chemical treatments followed by mechanical grinding (Vishnoi et al. 2023).Zhang et al.
(2020) used steam explosion for pretreatment of poplar wood. The next step was enzymatic
hydrolysis with cellulase combined with sonication for the preparation of nanocellulose. The
poplar wood as a source of nanocellulose was also used by Haddis et al. (2023). Isolation of
nanocellulose from hardwoods such as Eucalyptus tereticornis and Casuarinaequisetifolia
Lwas provided by Vishu et al. (2023) by using multiple steam explosion in acid medium
under high pressure produced nanofibres of high crystallinity, thermal stability and chemical
purity. The steam explosion and conventional soda cooking methods were compared by Nader
at al. (2022).

The aim of this study was to compare two method which were used for isolation of
fibrillated cellulose from distillery refuse in terms of lignin/hemicellulose presence as well as
pore size and fibre length.

MATERIAL AND METHODS
Materials

The distillery refuses, as a by-product from the first-generation bioethanol production,
were provided by Envirala.s. in Leopoldov (SK).A commercial HEPA filter (Eko-Simkos.r.o.,
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SK) and chemicalsHCI, H;PO4, NaOH (Slavus, s.r.0., SK) were provided as well. The reactor
for steam explosion (Amar EquipmentsPvt. Ltd., India),ultrasonic cleaner Manufacturer
expert,moisture analyzer IR 35 (Denver Instrument),laboratory digital pH meter OP-211/1
(RedelkisBudapest),Jokro mill Prym (Germany),mechanical homogenizer MLW ER 10
(Germany),centriguge IEC CL30 (Thermo Scientific), ADV-3 analyser of fibre length (SK)
and UV-VIS spectrometer Helios f (ThermoSpectronic) were used.

Methods
Isolation of fibrillated cellulose by acid-base treatment

Fibrillated cellulose was obtained from the distillery refuse by extraction with acid
combined with alkali. The dry matter of the distillery refuse was determined at 32.2%. The
first step was washing-up with water with the use of centrifuge, then beating for 30 min by
using Jokro mill.The solution was washed twice with the use of centrifugation. The extraction
with HCl or H3PO4 which was performed by heating the suspension to 60°C followed by
acidic treatment to adjust pH 3.1 and standing at this temperature for 1 h. The solution was
processed in the same way with NaOH (pH13) and was neutralized after 1 h to neutral pH.
The sample was divided into two parts, one part was subjected to sonication for 10 min. In the
end, fibre solutions werewashed-up tentimes using the centrifuge, and the dry matter was
determined.

Steam explosion treatment

The reactor for steam explosion was heated at different temperatures (120, 150, 180 and
205°C). One-step process of steam explosion was applied on raw material ofthe distillery
refuse adjusted to 15% of dry matter. The retention time was 20 min, the initial pressure 10
bar provided with air from the compressor was increased by heating to 12.9 bar (at 120°C),
17.2 bar (at 150°C), 24.5 bar (at 180°C) and 30.9 bar (at 205°C). After treatment the samples
were washed-up ten-times by using of centrifuge.

Application of fibrillated fibres on HEPA filter substrate

The suspensions of isolated fibrillated cellulose in aqueous solution were manually
applied to the surface of commercial HEPA filter paper by three-times coating with a rod no.
19 (Gardco, Paul N. Gardner, Inc.).

Measurement of IR spectra

Spectra were measured in the near-infrared region using Nicolet iS10 laboratory FTIR-
NIR/MIR spectrometer with Omnic 8 software (Thermo Scientific) by the middle-infrared
(MIR) method. 128 scans with a resolution of 4 were applied using thediffuse reflection
method in the range of wavenumbers 4000 to 700 cm™'. The monitored wave number range of
the spectra is 1274, 1700-1750 and 2890 cm™. Before measurement the samples of isolated
fibrillated cellulose were dried in oven at 50°C for 24 h on Petri dish.
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Sonification

Sonification was performed without heatingfor 10 min, the temperature of sample was
spontaneously increased from room temperature up to 40°C. Ultrasonic frequency was 40
kHz and ultrasonic power was 80 W.

Pore size distribution measurement

The pore size distribution of coated filter papers was determined using Quantachrome 3G
porometer (Anton Paar, Austria) using Porofil inert fluorinated liquid with a surface tension
of 16,000 dyn/cm and a viscosity of 1 500 Pa.s to wet the paper sample. A distribution curve
was obtained and the minimum, maximum and average pore sizes were measured.

RESULTS AND DISCUSSION

Infrared spectra

Steam explosion has proven to be a very effective method for making glucose available
for e.g. enzymatic hydrolysis and in this study, this method for lignin/hemicellulose removal
was tested. Analysis of the IR spectra of fibrillated cellulose obtained by two isolation
procedures was performed (acid-alkali treatment and steam explosion). For the measurement,
dried samples were used in tracking the positions of the spectra at 1274, 1700-1750 and 2890
cm’. The infrared spectra of untreated distillery refuse are illustrated in Fig.1. Infrared spectra
of fibrillated cellulose obtained by beating connected with acid-alkali treatment are shown in
Fig. 2. Similarly, the infrared spectra of isolated cellulose fibres obtained after steam
explosion are shown in Fig.5. The infrared spectra of fibrillated cellulose obtained by both
processing were compared.

As seen in Fig.l, in the region of 1700-1750 cm” is a larger peak when
consideringuntreated corn distillery refuses, which corresponds to vibrations in the acetyl and
ester groups from lignin or hemicelluloses (Lanxing et al., 2017).This peak, after beating of
corn distillatory refusesconnected with acid-alkali procedure using both types of acids
significantly decreased (Fig.4) which corresponds to the partial eliminationof
lignin/hemicellulose during this type of treatment. In this procedure, the smallest peak is
visible for fibrillated cellulose obtained with H3;PO4 connected with sonification (blue
line).The positive effect of sonification during isolation of nanofibrillated cellulose has been
also proven by other studies (Alanazi, 2022, Mishra et al., 2011). Phosphoricacid hydrolysis is
a good option because has low requirement to mechanical assistance while maintaining
comparable or even lower hydrolysis temperature than the use of strong acid (Xuejuan ae al.,
2013). HsPO4 has a strong ability to form hydrogen bonds with the hydroxyl group of
cellulose and has been shown to be an effective swelling and dissolving agent for cellulose
(Mahmud et al. 2019, Wang et al.2020). The synthesis of CNCs using the hydrolysis method
with different types of acids suchas HCl, H;PO4 and H,SO4sshowed an effecton the CNCs’
morphology (Kurniawan et al., 2023). The small presence of the band in the region of 1744
cm™' showed that all ester linkages of the hemicelluloses were not cleaved by the acid-alkali
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treatment (Akinjokun et al.2021).The presence of peak at 1423 cm™ is associated with the
amorph of the cellulose crystal structure, which indicates that the amorph region cannot be
removed entirely by the alkaline-acid hydrolysis process which is in accordance with the work
of Sucyiati et al. (Sucyiati et al. 2021).

On the other hand, using of steam explosion did not decrease the peak in this region, only
when highest temperature of 205°C was used, the peak for the acetyl and ester groups from
lignin or hemicelluloses decreased (Fig.3, orangeline). It can be seen that when
the temperatures 120-180°C were used, the peak in this region was even higher as in the case
of untreated distillatory refuses (Fig.l and Fig.3). This can be due to release of
hemicellulose/lignin from lignocellulose network. The results show that hemicellulose and
lignin are decomposed by the acid and base treatment, unlike when a steam explosion at lower
temperature without additional treatments is used, which only results in their release. The
same results were obtained in a region around 1274 cm™ wavenumber which corresponds to
the C-O stretching of the aryl group of lignin. The region around 2890 cm™ indicates the
stretching of O-H, C-O and C-H bonds, which corresponds to the presence of cellulose.
Similar results were obtained as in case of hemicellulose and lignin. Due to beating and acid-
alkali treatment the peak in this region decreased only slightly. On the other hand, the use of
steam explosion treatment resulted in rapidly increase of peak except when the highest
temperature was used (orange line) which correspondedto cellulose release but not its
decomposition. When compared samples which were beated and acid-alkali treated, cellulose
decomposition was mild in case of using of H;PO4 without sonification (Fig.2, red line), other
treatment procedures lead to higher cellulose decomposition at the same level. The results
regarding to steam explosion treatment itself are in accordance with many studies where the
effective preparation of nanofibrillated cellulose with the use of steam explosion was reached
only when combined with other pretreatments or post-treatments as was described in the part
Introduction, mainly by alkaline pre-treatment which removes lignin and increases cellulose
content and only after this procedure comes the steam explosion.
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Fig. 1: Infrared spectra in MIR region of untreated distillery refuse.
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Fig.2: IR spectra in MIR region of fibrillated cellulose obtained with combined beating and
acid-alkali treatment, when H3PO4 was used without (5)/ or with sonification (6) and when
HCI was used without(7)/ or with sonification (8).
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Fig.3: IR spectra in MIR region of fibrillated cellulose obtained by steam explosion at
different temperatures.

Distribution of fibre length

Fig. 4 and 5 show the size distribution of the fibres obtained by procedure consists from
beating and next acid-alkali treatment. The results showed that the use of phosphoric acid
without subsequent sonification of sample was less effective in reducing fibres length
compared to the procedure when sonication was used, in the first case, the weighted mean
fibre length was higher (1.01 mm). When the sonification procedure was used, the weighted
mean fibre length was 0.69 mm which is comparable to the use of hydrochloric acid (0.63 and
0.64 mm) regardless of whether sonication was also used. It is evident that the fibres longer
than 2.0 mm were not presented in any of samples.
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Fig.4: Fibres length after acid-alkali treatment whén HsPO, wifhoUt (Ieft)/ or with
sonification (right) was used. Weighted average: 1.01mm (left) and 0,69 mm (right).
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Fig.5: Fibres length after acid-alkali treatment when HCI without (left)/ or with sonification
(right) was used. Weighted average: 0.63 mm (left) and 0.64mm (right).

When the acid-alkali procedure was compared with steam explosion, the results proved
acid-alkali procedure to be more effective and even the use of high temperature of steam
explosion failed to get the weighted mean of the fibre length comparable to the acid-alkali
procedure. Within the steam explosion itself (Fig.6 and 7)a certain effect of increasing
the temperature is visible, where at lower temperatures the weighted mean of the fibre length
was 2.38 and 2.26 mm and by increasing the temperature, it decreased to 1.82 and 1.77 mm.
All these results are consistent with the results from infrared spectra measurements where
more lignin and hemicellulose destruction after acid-alkali treatment occurred and the use of
sonification after treatment with H3PO,4 improved it more. When comparing the measurement
results for isolated nanofibers obtained by both methods, it is evident that after the steam
explosion a certain proportion of fibres longer than 2.0 mm remains. On the other hand, after
steam explosion, a smaller proportion of fibres shorter than 1.0 mm were found.
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Fig.6: Distribution of fibres length of isolated fibrillated cellulose after steam explosion at
120°C (left) or 150°C (right). Weighted average: 2.38 mm (left) and 2.26 mm (right).
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Fig.7: Distribution of fibres length of isolated fibrillated cellulose after steam explosion at
180°C (left) or 205°C (right). Weighted average: 1.82 mm (left) and 1.77 mm (right).

Pore size distribution

The porosity of isolated fibrillated cellulose applied on commercial filter paper was
compared (Tab. 1). As a base, commercial filter paper was used and the average pore 10.18
um was measured. The pore size was significantly reduced by applying all types of fibrillated
cellulose fibres. The application of fibrillated cellulose obtained by acid-alkali treatment
caused more significant decrease of the average pore size by 2.3-2.5 times. The use of
sonification seems to be more effective when compared both types of acid, the use of
hypochlorous acid results in lower pore size. After steam explosion of corn distillery refuses,
the decrease of maximum pores was moderate while decrease of minimum and average pores
was higher but average pores were significantly higher (6.75-6.90 um) compared to results
from acid-alkali treatment (4.05-4.48 pum). The pore size distribution of filter paper coated
with fibrillated cellulose which was obtained by steam explosion at the highest temperature
205°C could not be measured due to clogging of the pores.

Tab. 1: Pore size distribution of filter paper with surface application of fibrillated cellulose
(beating with acid-alkali treatment when H3PO, was used without (1)/ or with sonification
(2); and when HCI was used without (3)/ or with sonification (4)) or with treatment by steam
explosion at different temperatures (STEX120-180).

Sample Maximum pore (um) Minimum pore (um) Average pore (um)

without treatment 13.42 7.38 10.18
5 11.36 4.23 4.28

6 10.78 3.96 4.05

7 11.93 4.31 4.48

8 11.34 4.01 4.26

STEX 120 12.16 5.40 6.90
STEX 150 12.08 5.40 6.82
STEX 180 12.02 5.34 6.75

CONCLUSIONS

Fibrillated cellulose from distillery refuse based on maize starch was prepared by two
different procedures. One of the procedures involved acid-alkali extraction where the effect of
sonification as well as the type of acid used was also evaluated. The results from the alkali-
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acid procedure were compared with these obtained by the method of steam explosion with the
use of different temperatures. The use of acid-alkali method caused partial elimination of
lignin/hemicellulose where the best results were obtained by using of H;PO4 connected with
sonification. By using of steam explosion at temperatures of 120-180°C, lignin/hemicellulose
were only released from lignocellulose network. The hemicellulose and lignin were partially
decomposed by the acid-alkali treatment as well as by steam explosion with the use of high
temperature 205°C. Similarly, cellulose was partially decomposed when alkali-acid procedure
was used or steam explosion of high temperature. Steam explosion at lower temperatures only
released cellulose without its decomposition. On the other hand, the use of steam explosion
failed to get smaller weighted mean of the fibre length when compared to the acid-alkali
procedure and negative effect of using of higher temperature was found.The steam explosion
treatment load to decreasing of pore size in comparison to untreated sample but not such
significantly as when the acid-alkali method of isolation was used.
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