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This work aims to study the product characteristics of cellulose degradation not only by a hydrothermal
process but also in combination with a sonication process. Herein, 4.3 mL of oxalic acid (H,C,Q4)-
sodium chloride (NaCl) solution containing cellulose was placed into a stainless steel reactor (or the
mixture was placed into the reactor after the sonication process for 1 hour); then, carbon dioxide (CO,)
was released for pressurization. Degradation was performed under certain pressures (70 and 200 bar)
and temperatures (125 °C and 200 °C) at various times. Scanning Electron Microscopy (SEM) results
indicated that the sonication pretreatment process affected the solid cellulose, making it rougher or
fibrous than the non-sonicated process. XRD characterization results indicated that both process types
caused changes in the crystallinity and composition of cellulose | and Il with pressure, temperature, and
time. The combination of sonication and hydrothermal processes resulted in lower crystallinity. Changes
in crystallinity showed different characteristics in swelling, reduced the interaction between chains, and
even broke the polymer chains inside the particles. In a hydrothermal process at 200 bar and 200 °C,
a maximum reducing sugar concentration of 5.1 g L™ was obtained, while 3.2 g L™ was obtained in the
combined sonication and hydrothermal process under the same operating condition, which is below the
value attained at 200 °C and 70 bar. These results indicated the existing competition between the
formation and further degradation of the reducing sugar, a phenomenon explained by the presence of
a monomer (reducing sugar), an oligomer (cellotriose), and 5-HMF (5-hydroxymethyl-2-furaldehyde) in
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1. Introduction

Depending on the plant species, cellulose is widely present in
nature as the main ingredient of biomass. In plants, cellulose is
bound to two other main ingredients: lignin and hemicellulose.
In general, biomass contains 35-50% cellulose, 25-35% hemi-
cellulose, and 10-25% lignin." Therefore, cellulose is believed to
be a material sourced from the biomass derived from sustain-
able resources. Among the various components of biomass,
cellulose is the most abundant and inexhaustible organic raw
material that meets the need for environmentally friendly and
biocompatible natural products.” As a raw material, cellulose is
an important ingredient in making other organic products.
Cellulose can be obtained from industrial timber harvest,
agricultural waste, plantation, and forest crops. The biomass
processing into a high-value derivative material is very impor-
tant and should be a priority. All countries have the potential to
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a liquid product processed under hydrothermal conditions.

produce such plants as a source of cellulosic feedstock.
Currently, economically acceptable processes for sustainable
raw materials (such as cellulose), mostly consisting of abundant
available biomass even from forest wood processing residues,
and agricultural and plantation waste are developed.®
Cellulose is a linear homopolysaccharide of p-glucopyranose
units linked through B-(1,4) linkages.* This structure is a linear
polyreducing sugar as in amylose. The anhydrous reducing
sugar unit is connected via an a-1,4-glycosidic bond. Humans
can digest amylose, but not cellulose. Natural cellulose is
a semicrystalline polymer with crystalline sections formed by
polymer alignment and held together by strong hydrogen
bonding (in-plane) and van der Waals interactions (between
planes).” The long chain of cellulose molecules ranges from 100
to 14 000 units. Therefore, cellulose has an average molecular
weight of about 300 000-500 000 and is the constituent
component of all plant cell walls. Double hydroxyl groups in the
reducing sugar chain form hydrogen bonds with oxygen mole-
cules in the same reducing sugar chain or in the closest
reducing sugar chain, forming strong bonds with high tensile
strength.® Strong bond changes between molecules in cellulose
occur due to processing with ethanolamine (under atmospheric
conditions). As reported by Segal et al, it was concluded that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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there was a decrease in the degree of polymerization (DP) and of
crystallization.®

The controlled process of cellulose degradation will provide
monomers, oligomers, and other useful products and reduce
the occurrence of unwanted products, such as further degra-
dation of monomers. Cellulose (polysaccharides) can be degraded
to smaller chemical compounds such as reducing sugars, maltose,
cellobiose, maltotriose, and cellotriose. Degradation involves
breaking the glycosidic bonds (primary covalent bonds) between
the monomer residues and breaking the intra- and intermolecular
hydrogen bonds in the middle of and between polymer chains.
The intramolecular hydrogen bond in cellulose is responsible for
the stiffness of the chain, while the intermolecular hydrogen bond
renders crystallinity.” These bonds make cellulose difficult to
decompose and difficult to dissolve in water and most organic
solvents.? Therefore, cellulose is not used in industries such as
medicine, food, and others.

There are several known methods to degrade or decompose
cellulose to oligomers, monomers, or smaller molecules, even
gases, one of which is cellulose hydrolysis using a liquid acid
catalyst, which is efficient. Although the acid used in cellulose
hydrolysis is simple, there are some serious problems, such as
use of water, corrosion of equipment, generation of huge
amounts of waste, disposal of waste, and recycling of solvents,
making this method unattractive.®'® Moreover, long exposure of
cellulosic materials to mineral acids can lead to further degra-
dation. Another method widely applied in industries is enzy-
matic cellulose degradation, although it requires a long
processing time. It is carried out by direct means or by the other
pretreatments such as sonication.” The initial treatment of the
sample affects the result of the enzymatic cellulose degradation.
Khodaverdi et al. (2012) reported the kinetic modeling study of
enzymatic hydrolysis of commercial cellulose."” Hydrolysis of
cellulose with high yield selectivity to reducing sugars and
cellobiose products has been carried out in ionic liquids.™

Some methods are processing with sub- and supercritical
water.'>"> Currently, cellulose degradation in sub- or supercrit-
ical water is very efficient, which occurs within a short reaction
time. This is because water acts as a solvent and a strong
reaction medium under these conditions.’* However, this
process provides a less directional distribution of the product;
therefore, some researchers apply a catalyst to have a high
selectivity of the reaction product.® Cellulose reactions in sub-
and supercritical water are affected by the catalyst and oper-
ating conditions, which determine the resulting product.”

Sasaki et al.*® reported that the results of hydrolysis in near-
sub- and supercritical water (250 bar, 320-400 °C, and 0.05-10.0
s) have proved that the decomposition of reducing sugars and
cellobiose is much faster than the rate of hydrolysis of cellulose.
Rogalinski et al.*® reported a study of the hydrolysis kinetics of
biopolymers (cornstarch and cellulose) in subcritical water, where
the liquid surface of water is pressed with carbon dioxide (CO,).
They explained that the use of CO, that is dissolved in water as a gas
suppressor resulted in a significant increase in the reaction speed.
CO, acts as a catalyst for hydrolysis reactions. The application of the
sonication method to process cellulose was studied and reported by
Pinjari and Pandit.” They reported that the sonication process can
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reduce the size of highly crystalline cellulose. X-ray diffraction (XRD)
and differential scanning calorimetry (DSC) analyses obtained
a decrease in crystallinity from 86.56% to 37.76% and a decrease in
the melting temperature from 101.78 °C to 60.13 °C. The utilization
of sodium chloride (NaCl) salts in combination with oxalic acid
(HC,0,) and maleic acid for cellulose decomposition was studied
by Stein et al.* This research was carried out at 30 bar and 125 °C
using CO, for gas pressurization. They concluded that the combi-
nation of NaCl and dicarboxylic acids produced a more soluble
oligomer than the acid alone. The reducing sugar concentration in
the products was 2.80-3.90 g L™". They also reported that 6 hours
processing resulted in a 14- to 20-fold increase in the concentration
of glucose yielded without NaCl, which was originally 0.2 g L™".

In this study, cellulose decomposition by hydrothermal
processes (pressurized with CO,) with and without the initial
pretreatment of sonication was performed. The sonication
pretreatment process was applied to convert hard bulk solid
cellulose into more crushed and fibrous cellulose by increasing
the reaction surface area to enhance the chemical reaction under
hydrothermal conditions. The fibrous state allows easy and quick
diffusion of ions from acid and salt catalysts to the central part of
the fibrous material. The process of the formation of acoustic
cavitation bubbles is as follows (in sequence and simultaneously):
bubble formation, successive growth, collapse, and microjet
formation.”* The theoretical estimation of the bubble collapse
temperature and pressure can reach 5300 °C and 310 bar,
respectively, and the H and OH radical fraction produced per
collapse event is higher** (the value set for the sonication
frequency was 20 kHz). The microjets intensively pierce and attack
the cellulose surface, damaging the cellulose solids. The H and OH
radicals that are formed will help break the glycosidic bond.
(Savitri et al. reported the application of the sonication method in
the degradation of chitosan by sonication at low concentrations of
acetic acid.* The chitosan morphology becomes porous, and fiber-
like parts and layer areas were formed. The acetic acid concen-
tration affects the substances produced during the sonication
process.) The next step is the hydrothermal process, where H,C,0,
and NaCl are added as simple ions to increase the ability of the
solution medium to break the glycosidic bonds under subcritical
conditions. The two materials work together: salt ions will break
the intra- and hydrogen bonds of the cellulose, while H,C,0, helps
break the intermolecular glycosidic bonds.* This paper studies the
morphological changes in solid cellulose due to the effects of
temperature (125 °C and 200 °C) and pressure (70 and 200 bar) at
various times of degradation under hydrothermal conditions. The
results were compared with products obtained by the combination
of the sonication pretreatment and hydrothermal process under
the same operating conditions. The liquid products are analyzed
for the reducing sugar concentration and the solid products for the
crystallinity. The SEM photographs are also obtained and analyzed
to understand the changes in the microstructure.

2. Experimental method
2.1 Materials

The Avicel microcrystalline cellulose PH 102 with DP 100-300
(Asahi Kasei Chemical Corp.) was used. NaCl, H,C,0,4, sodium
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hydroxide, and potassium sodium tartrate were purchased from
Merck (both NaCl and H,C,0, were used as simple ionic
liquids). CO, as a gas pressurizer was supplied by PT. Ginta
Prima and 3,5-dinitrosalicylic acid (DNS) were purchased from
Sigma Aldrich.

2.2 Experimental apparatus and procedures

Two experimental apparatus schema were used for cellulose
degradation in this work: (1) sonication and (2) hydrothermal
apparatus. Fig. 1 shows the setup of the experimental apparatus
used for cellulose degradation by a sonication method. A 200 mL
stainless steel reactor equipped with a water condenser was used. A
cellulose suspension was prepared as follows: first, 100 mL of
a mixture containing 0.1 M H,C,0, and 20% NaCl (w/w) was
prepared. Cellulose (2 g) was added into the mixture, and the
cellulose concentration in the liquid was made up to 20 g L™ " (w/v).
The mixture was gently agitated to ensure that the homogeneous
cellulose particles were suspended in the bulk mixture, and then
delivered into the sonication reactor. Sonication (high-intensity
ultrasonic processor VCX 500, 500 W, 20 kHz, 50% amplitude;
Sonics and Materials, Inc., USA) was conducted at 40 °C for 1 hour.

Fig. 2 shows the apparatus used for cellulose degradation by
the hydrothermal method. The reactor shown in Fig. 2 is the
bath reactor made with a stainless tubing system from Swagelok
with dimensions of 0.25 inch diameter, 34.5 cm height, and
about 4.3 mL internal volume. The reactor was then loaded with
3 mL of the solution (sample mixture after gentle agitation
only). When the combined sonication and hydrothermal
process was performed, the sonication process was applied to
the suspended solution before loading into the hydrothermal
reactor. CO, was delivered into the reactor up to a desired
processing temperature and pressure. Under the high pressure
of CO,, the solution consists of carbonic acid, NaCl, and
H,C,0,. We called this ionic mixture solution (IMS). The
hydrothermal process was conducted with temperature (125 °C;

0o

1. Reactor 6. Themocouple 11. Electric motor
2. Sonication probe 7. Heater 12. Temp. controller
3. Impeller 8. Water pump 13. Temp. reader

14. Temp. reader
15. Electric source

4. Themocouple
5. Water bath

9. Water pump
10. Condenser

Fig. 1 Experimental apparatus for the sonication process.
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Fig. 2 Experimental apparatus for the hydrothermal process.

200 °C) and pressure (70 bar; 200 bar) variation with the pro-
cessing time up to 180 minutes.

After achieving the processing time, the reactor was imme-
diately immersed into an ice bath to stop the reaction and
slowly decompressed to the atmospheric condition. The
samples were taken out from the reactor, and the liquid (ana-
lysed with DNS and LC-MS) and solid (analysed with SEM and
XRD) portions were separated for characterization.?”?®

2.3 Product characterization

2.3.1 Scanning electron microscopy (SEM). To investigate
the morphology of the processed cellulose sample, the solid
product was observed using a scanning electron microscope (SEM;
Inspection s50). The sample was coated with gold before analysis.
The SEM was conducted at an accelerating voltage of 20 kV.

2.3.2 X-ray diffraction (XRD). The sample preparation was
carried out based on other experiments.”” The measurement was
conducted using a PANalytical PW 3373/00 X'Pert X-ray diffrac-
tometer. To calculate the crystallinity from the XRD data, we used
the Segal crystallinity index (Crl) 6 (ref. 30 and 31) as follows:

IC - Iam

Crl =
Iam

&)
where I, is for the crystalline intensity and I, is the amorphous
intensity. Corresponding to Fig. 5 and Fig. 9, the crystalline
intensity for the (200) peak for cellulose I (Ig) is 22.7° 26 and
that for the (020) peak for cellulose II (Icy) is 21.7° 26; the
amorphous intensity for cellulose I (I ;) is 18° 26 and that for
cellulose II (Imy) is 16° 26.

2.3.3 Total reducing analysis by the DNS method. The DNS
method was performed according to the experiment reported
previously.®* The liquid product was analyzed using a UV-vis
spectrophotometer (Genesys 10s UV-vis).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3.4 Liquid chromatography-mass spectrometry (LC-MS).
To find out the composition of the product in the liquid qual-
itatively, an analysis was performed by LC-MS (Mariner Bio-
spectrometer). The LC system was integrated with a Q-TOF mass
spectrometer through an electrospray ionization system, where
the scan mode was carried out in the range of 100-1200 m/z at
a temperature of 140 °C. LC (Hitachi L-6200) uses a Supelco C18
(RP 18) column, with a column length of 250 x 2 mm and
a particle size of 5 um.

3. Result and discussion

We have investigated the cellulose solid material after pro-
cessing in the IMS by normal stirring and a sonication process.
The cellulose was introduced into and stirred in the mixture
solution of H,C,0, and NaCl, with two different mixing treat-
ments: (a) a mixing process using a magnetic stirrer and (b)
mixing under sonication at 40 °C for 1 hour. The results are
shown in Fig. 3. Under stirring using a magnetic stirrer, cellu-
lose was well separated or deposited at the base of the glass

Mag.=2500 X Sonication 40C 1 hour|

Fig. 3 Mixture of cellulose in a solution of oxalic acid (H,C,O4)-
sodium chloride (NaCl), (a) without sonication, (b) after sonication. (c)
SEM photograph of cellulose without sonication, and (d) and (e) after
sonication.
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beaker (Fig. 3(a)). After sonication, cellulose swelled and floated
inside the solution thoroughly (Fig. 3(b)). The sonication
process affected the physical conditions as shown by the
swelling appearance, which indicated that its bulk volume
expanded. SEM analysis results indicated that the cellulose that
has been sonicated contained a surface that is rougher than the
one without sonication, as depicted in Fig. 3(c)-(e). The acoustic
cavitation of high-frequency (20-25 kHz) ultrasound caused the
formation, expansion, and implosion of microbubbles in
aqueous solutions. The violent bubbles that collapse induced
microjets and shock waves on the surfaces of the cellulose
fibers, causing strong erosion of the surface of the fibers to split
along the axial direction.*

Fig. 3(d) and (e) have proven that the cellulose solids have
degraded (become fibrous) from the surface to the inside of the
material. This form will show that the formation of saccharide
pieces during sonication has occurred.** After the sonication
process, the liquid portion was analyzed using the DNS method
for the reducing sugar content; however, no reducing sugar was
formed. The fibers of the solid cellulose will facilitate the
glycosidic reaction process between the cellulose chains or
oligomers formed with hydrogen radicals to become reducing
sugars. This will change the degree of crystallinity of cellulose.
Further processing (by hydrothermal) will facilitate the degra-
dation reaction to produce oligomers and other monomers
(reducing sugars).*

3.1 Hydrothermal processing

In this work, samples are first processed in a hydrothermal
reactor without sonication. The hydrothermal process is carried
out under two different operating conditions: at temperatures
of 125 °C under pressurization with CO, at 70 and 200 bar and
at 200 °C under the same pressurization conditions. Each
condition was conducted for various degradation times. After
the processing time is over, the reactor was cooled immediately
followed by decompression to the atmospheric condition. The
sample was removed, and the solid and liquid parts were
separated. The liquid part was investigated for reducing sugars,
while the solid part was analyzed by SEM and for comparison
between the original cellulose sample (Fig. 3(c)) and the
hydrothermally processed ones, as shown in Fig. 4. Fig. 4(a) and
(b) show the sample micrographs processed at 70 bar, for 1
hour, at processing temperatures 125 °C and 200 °C, respec-
tively. Fig. 4(c) and (d) show the samples processed at 70 bar, for
3 hours, at the same processing temperatures. For processing
pressures at 200 bar, with other processing variables remaining
the same, the results of SEM investigations are shown in
Fig. 4(e)-(h). The higher the temperature and pressure, and the
longer the processing time, the rougher and smaller the surface
structure of the cellulose becomes. The changes in the solid
surface and size mean that there is a loss of some parts of the
surface layer (peeling and erosion) of the cellulose solids when
dissolved into the solution.*® Because peeling occurs
throughout the particle, the particle size becomes smaller or
shrank. When the particle surface erosion is more severe and
when processed at higher pressures and temperatures and

RSC Adv, 2021, 11, 3484-3494 | 3487
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Fig. 4 SEM images of cellulose (1000x magnification); after hydrothermal processing at a pressure of 70 bar for 1 hour, and processing
temperatures of (a) 125 °C, and (b) 200 °C. Processing at a pressure of 70 bar for 3 hour, and processing temperatures of (c) 125 °C and (d) 200 °C.
Processing at a pressure of 200 bar for 1 hour, and processing temperatures of (e) 125 °C and (f) 200 °C. Processing at a pressure of 200 bar for 3

hours, and processing temperatures of (g) 125 °C and (h) 200 °C.

longer processing times, the size becomes smaller. The micrograph
in Fig. 4 shows all the phenomena that the treatment process has an
impact on the residual characteristics of solid cellulose.

The increase in the processing pressure and temperature
leads to an increase in the reactivity of water, since the amount
of ionized hydrogen is increased.'® The pressurization with CO,
causes an increase in acidity by increasing the amount of
hydrogen ions for hydrolysis,* which resulted from the disso-
ciation of the carbonic acid formed. Moreover, H,C,0,
contributes hydrogen ions and also facilitates glycosidic reac-
tions.”® It is clear that the surface depletion is caused by the
hydrothermal conditions rich in hydrogen ions from a variety of
sources (from IMS). Moreover, high-pressure conditions cause
swelling of the surface of cellulose. The strong penetration of
the solution to the bulk cellulose resulted in glycosidic reaction
processes, and the process of breaking the intra- and intermo-
lecular hydrogen bonds in the middle of and between polymer
chains becomes more effective. An increase in the temperature

18 22.7° (1) (200) 340
lef A 307 i004)
33%:

(5) P=70 bar; T=200°C; 3 hr

(4) P70 bar; T=200°C; 1 hr
(Cril{=67.31%; Crl;=8.67%)
S S

Intensity (a.u)
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LR 2 0 7))
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(Crlj=73.52%; Crl[=16.67%
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(Crl+74.66%; Crly=21.13%)
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20 (°)
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decreases the dielectric constant values and the density of
water. An increase in temperature decreases the dielectric
constant values and the density of water.'*® The presence of
NacCl helps weaken the bond between the polymer chain and
destroys the inter-/intramolecular hydrogen bond of the cellu-
lose molecules.>**” Micrographs showed that the longer the
reaction time and the higher the temperature and the pressure,
the smaller the particle size becomes, as shown in Fig. 4. The
difference in particle shape between the original cellulose
sample and that after the hydrothermal process can be clearly
distinguished. Processing phenomena and the mechanism of
kinetic changes in the size of solid cellulose particles might be
an alternative to the nanocrystalline cellulose formation.*®

Fig. 5 shows the XRD analysis results of the original cellulose
sample and that after the hydrothermal process. We need to
explore the effect of changing operating conditions (temperature
and pressure) and interactions with various ions on crystallinity. In
this study, the crystallinity of cellulose and its changes were
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Fig. 5 Variation in the XRD patterns of the effects of hydrothermal processing at CO, pressures of 70 bar (a) and 200 bar (b); for each

temperature of 125 °C and 200 °C, for various times of degradation.
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calculated based on Segal's method, as is widely applied in cellulose
research.® Fig. 5 shows the XRD patterns of the original cellulose
sample and the processed ones. Original cellulose (cellulose I) has
diffraction peaks at 14.7°, 16.3°, 20.8°, 22.5°, and 34.6°.*

Fig. 5 shows that two peaks exist in the original cellulose
sample (namely, at 12.2° and 30.4°) and then disappeared after
the hydrothermal process under operating conditions, as
depicted in the figures. On further processing (1 hour), the two
peaks disappeared, and then, there were changes in the crys-
tallinity of cellulose I and II under all operating conditions.
Internal restructuration might have occurred, showing that the
crystallinity of the two types of cellulose was changed. The
crystallinity of cellulose I and II for the samples processed at 70
bar and 125 °C for 1 hour decreased and continued to decrease
for a longer time of 3 hours. Processing at a higher temperature
of 200 °C for an hour decreased the crystallinity of cellulose II,
but processing for 3 hours increased the crystallinity of cellu-
lose I to be even higher than the original cellulose sample. At
high temperatures (processing time, 3 hours), the effect on
crystallinity is opposite to processing at low temperatures. The
swelling due to the high temperature allows restructuring due
to the movement of the chain becoming more regular (the
crystallinity of cellulose I is higher than that of the original
cellulose sample and cellulose II which is higher than that ob-
tained in the 1 hour process and others). This means that the
crystal restructuring at 70 bar pressure is significant for high
temperatures and their impact on reducing sugar products
(Fig. 6). Any change in the crystallinity can imply that amor-
phous degradation occurred and/or the cellulose chains draw
closer to form new crystals. Crystal movement can occur due to
the diffusion of solvent molecules/diluents into the particle at
a certain temperature and pressure. The decrease in crystallinity
of cellulose II from its original value is due to the low temper-
ature under these operating conditions, and the lack of diffused
solvent media (ions) entering the crystal body renders the chain
of cellulose I and II unable to change/move to be more orga-
nized, even a decline due to degradation,*® as shown in Fig. 5(a).

Processing at 200 bar causes the crystallinity of cellulose I to
decrease at temperatures of 125 °C and 200 °C, for both 1 and 3

6
—=— 70 bar 125°C  —@— 70 bar 200°C
—4&— 200 bar 125°C  —w— 200 bar 200°C

5L

Crrs produced (&/L)
Py
T

0 30 60 90 120 150 180
t (min)

Fig. 6 Effect of operating conditions on reducing sugar for various
reaction times, and CO, as a pressurization gas.
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hours, respectively. For the samples processed at 125 °C, the
crystallinity of cellulose II decreased, but at 200 °C, it just
dropped a little for both processing times of 1 and 3 hours. High
pressure and temperature facilitate the penetration of some
ions into the crystalline structures, which causes swelling. Parts
of the cellulose chain (mostly amorphous chains) might be
degraded (explained further in Fig. 6) first assisted by H' (from
the dissociation of water,*® carbonic acid formed," and
carboxylic acid*®) and NaCl.*® Carbonic acid was formed by high
solubility of CO, in water (solution).*>** The NaCl weakens the
hydrogen interaction of intra- and intermolecular chains. It will
affect the mobility of chains that interact with all the ions,
rearranging and then changing the crystallinity of cellulose I
and II. This phenomenon is similar in other systems, as re-
ported by Nanta et al.** The results differ with cellulose pro-
cessed solely under water. The change in the crystallographic
pattern shows the existence ionic penetration and changes the
crystallinity of both cellulose I and II.

The effect of the operating conditions on the resulting
reducing sugars is analysed by the DNS method.?”*® The stan-
dard solution of reducing sugars used is glucose. Fig. 6 shows
the result of DNS analysis for various degradation times, for
samples processed at 70 bar, and 125 °C and 200 °C, respec-
tively, and for samples processed at 200 bar, and 125 °C and
200 °C, respectively. For processing at 70 bar and 125 °C, the
reducing sugar concentration increases continuously with the
increase in time for the hydrothermal process, up to the longest
processing time of 180 minutes. Processing at 200 °C produces
reducing sugars, the concentration of which increases with the
increase in time (almost three times compared with 125 °C
processing) of the hydrothermal process and reaches
a maximum value of 2.6 g L™ at 120 minutes. Processing the
material under hydrothermal conditions at higher tempera-
tures results in higher concentrations of reducing sugars
because the higher the temperature, the greater the glycosidic
reaction. The results of the analysis with DNS at 70 bar and
125 °C and 200 °C are compared, as shown in Fig. 7. The
reducing sugar formed is represented by the components of
glucose, cellobiose, and erythrose; the intensity of each of these
components shown in Fig. 7(b) is higher than that shown in (a).
This is because the higher the water ion product, the lower the
dielectric constant. This is in agreement with the paper pre-
sented by Kruse et al.'® Moreover, the availability of ions (ionic
mixture solution, IMS) that penetrated into the inner particles
(as diluent) leads to particle swelling and causes chain mobility,
as well as exfoliation of saccharides (in the surface) for the
degradation in solution media to become reducing sugars.

Hydrothermal processing of cellulose at 200 bar at temper-
atures of 125 °C and 200 °C, respectively, results in different
phenomena than that resulting from processing at 70 bar at the
same temperatures. Processing at 200 bar at a temperature of
200 °C produces reducing sugars whose concentration is higher
than that produced at a pressure of 200 bar and a temperature
of 125 °C. Higher temperatures facilitated the degradation
process of cellulose, and the time required would be even
shorter. In this work, higher temperatures and pressures ach-
ieved a maximum concentration of 5.1 g L ™" at 90 minutes. It is
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Fig. 7 LC-MS analysis result for the sample processed at 70 bar, 1 hour; at 125 °C and 200 °C.

shown in Fig. 6 that processing at a temperature of 200 °C at
both pressures of 70 and 200 bar, respectively, produces
reducing sugars whose concentration is significantly higher
than that produces at 125 °C, while processing at 200 bar and
125 °C produces reducing sugars whose concentration is
slightly lower than that produced by processing at 70 bar and
125 °C. The high pressure should increase the penetration
power of ions (from IMS) against the cellulose surface and
facilitate the release of cellulose so that easier to be degraded
into the reducing sugar, but this effect is insignificant at low
temperature.

The work conducted at 70 bar at temperatures of 125 °C and
200 °C is slightly below the critical condition of CO,, while it is
in the area of supercritical state of CO, when conducted with
a pressure of 200 bar at 125 °C and 200 °C. The two pairs of
operating conditions differ in the solubility of CO, in water,*
and the concentration of the carbonic acid formed differs. It will
affect the physical and chemical properties of the mixture under
pressurization by CO,. At 70 bar, the solubility of CO, in water at
125 °C is far higher than at 200 °C. Conversely, the solubility of
CO, in water at 200 bar and at temperatures of 125 °C and
200 °C shows a solubility that is similar and is higher (two fold)

3490 | RSC Adv, 2021, 1, 3484-3494

than at 70 bar and 125 °C. The production of reducing sugars by
a process at a pressure of 70 bar and a temperature of 125 °C is
higher than that by a process at 200 bar and at 125 °C, as shown
in Fig. 6. It is seen that reducing sugar production at low
temperatures (125 °C) is insignificantly affected by the high
degree of acidity in the solution. Dissolved CO, acts as a cata-
lyst®® together with H,C,0,, and NaCl increases its degradation
power at high temperatures.*® It is shown in Fig. 5(a) that pro-
cessing at 70 bar and 200 °C for 1 hour causes a bigger crys-
tallinity change than processing at 125 °C for 1 hour. There are
some amorphous cellulose chains, and both cellulose I and II
might be degraded since the value is decreased. The reducing
sugar formed is under both higher operating conditions at
higher temperatures, as shown in Fig. 6 and 7.

3.2 Combination of sonication and hydrothermal processes

In this part of the study, all samples were first processed by
sonication (the processing effects are shown in Fig. 3(b) and (d)
as explained briefly above) and then by a hydrothermal process.
The hydrothermal operating conditions and product charac-
terization applied are similar to those mentioned in the
previous section. Fig. 3(d) shows the result of SEM analysis and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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shows the surface structure of cellulose after the initial treat-
ment by sonication. It is shown that the surface sample
becomes more damaged (fibrous) than the original one
(Fig. 3(d)). It is caused by the microjet attack and the chemical
effects originating from water degradation/dissociation along
the sonication process. Moreover, the presence of H,C,0, and
NaCl salt ions causes many exfoliated and released poly-
saccharide flakes. This situation will facilitate the process of
forming reducing sugars due to the degradation of poly-
saccharide flakes. Based on these initial conditions, this slurry
mixture sample will be easier for the degradation process in
a hydrothermal reactor. The initial sonication treatment has
caused the phenomenon of degradation in this section to be
very different from hydrothermal processing alone as
mentioned in the above section.

Fig. 8 shows the SEM images of the samples processed by the
combined sonication and hydrothermal processes. The original
cellulose/pure cellulose sample is depicted in Fig. 3(d). The
sample images processed at 70 bar at temperatures 125 °C and
200 °C for 1 hour, respectively, are shown in Fig. 8(a) and (b).
Fig. 8(c) and (d) show the sample images for the processing time
of 3 hours at temperatures 125 °C and 200 °C, respectively. It
appeared in Fig. 3(d) that the surface structure of the cellulose
becomes more damaged and destroyed if preliminary sonica-
tion treatment was given. Processing at 70 bar at 125 °C for 1
hour caused the sample to lose surface fibers due to sonication
pretreatment. During that 1 hour, the entire fibrous surface
disappears due to media reaction (Fig. 8(a)). When the oper-
ating temperature is 200 °C, the surface of the sample becomes
smoother because of surface reactions, and the particles
becomes smaller (Fig. 8(b)) than the original material, as shown
in Fig. 3(c). When the duration of the process is extended to 3
hours at 125 °C, the surface becomes rougher and swollen,
meaning that, after the surface of the fiber has finished react-
ing, there is the penetration of ions (IMS) into the particles
(Fig. 8(c)). When the operating temperature is 200 °C, the
fibrous surface reaction is faster, which is followed by a normal
surface reaction and then a fast one, without penetration, so the

50um

50m 50 um,

S0Lm
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particles are smooth (Fig. 8(d)). Processing at 200 bar at 125 °C
for 1 hour produces products with a fibrous surface. At a pres-
sure of 200 bar, the surface fibers decrease, but swelling occurs.
The reaction occurs throughout the fiber but also penetrates
into its core particles (Fig. 8(e)). When the operating tempera-
ture is 200 °C, the surface of the sample becomes smoother
because the part of the fiber has completely reacted causing
swelling of the particles (Fig. 8(f)). When the duration of the
process is extended to 3 hours at 125 °C, the surface becomes
rougher and swollen, meaning that, after the fiber surface has
finished reacting, there is ion penetration (IMS) into the particle
(Fig. 8(g)). When the operating temperature is 200 °C, the
fibrous surface reaction is faster, followed by a normal and fast
surface reaction and less penetration, and hence, the particles
are smooth (Fig. 8(h)). In this work, the fibrous part might
accelerate the process of penetration and peeling of saccha-
rides, which eventually turn into reducing sugars. However, it
carries a great risk for the next rapid reaction, which is the
subsequent reaction of reducing sugars to degradation products
such as HMF.

Trache et al.®® explained that the presence of NaCl ions in
water can reduce gas solubility, increase the viscosity of the
solution, and reduce the coalescence of bubbles. This system is
able to produce bubbles with small diameters and large quantities
per volume. The number of bubbles generated becomes more and
produces a microjet attack to the cellulose particles more inten-
sive. The sonication system has the ability to attack the surface of
the solid material for degradation of solid structures. Merouani
et al” reported that different ultrasonic frequencies produce
bubbles with varying diameters, temperatures, and pressures.
Based on this potential, sonication was able to turn the cellulose
shape into smaller flakes and produce some fibril, as shown in
Fig. 3(d). Some of them were converted into polysaccharides and
oligosaccharides, and then become monomers. Sonication might
have participated in cellulose structure breaking. This reinforces
the problem stated by Wong et al., which proves that sonication is
able to modify the structure of cellulose.*

S50pm

Mag=1000X 200bar 125C 1 hour Mag=1000x 200bar 200C 1 hour Mag=1000X 200bar 125C 3 hour Mag=1000X 200bar 200C 3 hour

Fig. 8 SEM images of cellulose after the hydrothermal process at 1000x magnification, at a pressure of 70 bar; after the hydrothermal process
for 1 hour at (a) 125 °C and (b) 200 °C; after the hydrothermal process for 3 hours at (c) 125 °C and (d) 200 °C. At a pressure of 200 bar; after the
hydrothermal process for 1 hour at (e) 125 °C and (f) 200 °C; after the hydrothermal process for 3 hours at (g) 125 °C and (h) 200 °C.
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The samples processed by sonication pretreatment, followed
by hydrothermal process, at 200 bar for 1 hour at processing
temperatures of 125 °C and 200 °C, respectively, are shown in
Fig. 8(e) and (f). The samples processed for 3 hours at pro-
cessing temperatures of 125 °C and 200 °C, respectively, are
shown in Fig. 8(g) and (h). The increase in pressurization with
CO, increases the system acidity,** which also leads to strong
penetration of the ionic component of the ionic solution to the
bulk materials. The IMS (of NaCl, H,C,0,, carbonic acid, and
dissociated water) at high pressures and temperatures swells
the particles and breaks or weakens the hydrogen bonds in the
intra- and intercellular chains. From Fig. 4, it can be observed
that hydrothermal processing alone produces larger and more
intact cellulose particles. However, in Fig. 8, the particles even
become destroyed. These changes will affect the internal
structure of cellulose, as indicated by changes in the crystal-
linity of the material. Providing sonication energy followed by
the hydrothermal process made the degradation effect on
polysaccharide cellulose more effective.

Fig. 9 is the crystallinity change of cellulose after the
hydrothermal process with sonication pretreatment. As in
Fig. 5, we compared the original cellulose sample with those
that had been hydrothermally processed without sonication
pretreatment. Sonication as explained in Fig. 3 did not shat-
tered the particles to become fibrous only but changed the
crystalline structure.*® Two peaks exist in the original cellulose
sample (namely, at 12.2° and 30.4°), which then disappeared
after for 1 hour of sonication. Since the fibrous product resul-
ted, as depicted in Fig. 3(b) and the SEM in (d), further pro-
cessing under hydrothermal process changed the crystallinity of
cellulose I and cellulose II under all operating conditions. When
compared to the original cellulose sample, the peak change in
the XRD pattern varies at pressures of 70 and 200 bar as a result
of swelling by temperature or the presence of components in
the media that enter the cellulose fibrous and/or particle. The
crystallinity change might be caused by the following reasons:
(i) cellulose I is transformed into cellulose II, (ii) part of both
cellulose types released/uprooted into the solvent media at high
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pressure and then partially decomposed, and (iii) amorphous
portion decomposes into oligomers and/or monomers after
uprooting into solvent media. These three possibilities can
occur due to the swelling of cellulose polymer under penetra-
tion by the presence of shared components racing to enter the
bulk and fibrous cellulose. The combination of sonication and
hydrothermal processes causes drastic changes in the crystal-
line structure, as shown in Fig. 9, in particular at a higher
pressure of 200 bar (Fig. 8(b)). The change in crystallinity might
be followed by the change in the structural composition of
cellulose type inside the particle.

At a pressure of 70 bar and a temperature of 125 °C for 1 hour
processing, the crystallinity of cellulose I and II dropped
dramatically, and after 3 hours, it rose again. After 3 hours, the
destruction of the amorphous part increases the movement of
the cellulose chain toward the crystal order, making the crys-
tallinity of cellulose I and II higher than the 1 hour one.
However, when the temperature is 200 °C, processing for 1 and
3 hours causes the crystallinity to decrease dramatically on
cellulose I (almost half of the original) and II (about 15% of the
original). Overall, the short diffusion distance of the mixture of
solution ions due to the shape of the fibers of cellulose particle
surface after the sonication process is able to change the crystalline
structure of cellulose especially at high temperatures of 200 °C. At
a pressure of 200 bar and a temperature of 125 °C, for 1 hour
processing, the crystallinity of cellulose I decreased slightly, while
that of cellulose II dropped dramatically. After 3 hours, the event is
equal to 70 bar pressure; the destruction of the amorphous part
increases the movement of the cellulose chain toward the crystal
order, so that the crystallinity of cellulose I and II is higher than
that after 1 hour. However, when the temperature is 200 °C, pro-
cessing for 1 and 3 hours causes the crystallinity to decrease
dramatically for cellulose I and II. High pressure helps the pene-
tration of ions as diluents and facilitates the movement of cellulose
chains, so that the crystallinity of cellulose is relatively stable. At
a temperature of 200 °C, the glycosidic bond cutting reaction is so
large that the crystallinity decreases, leading to an increase in the
reducing sugar production rate.
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Fig.9 Variation in the XRD patterns of the effects of ultrasonic pretreatment followed by hydrothermal processing at CO, pressures of 70 bar (a)
and 200 bar (b); for each temperature of 125 °C and 200 °C, for various times of degradation.
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Fig. 10 Total reducing sugars produced from sonication, followed by
the hydrothermal process of cellulose in a NaCl and H,C,0O4 mixture
solution.

In Fig. 10, two lower curves are processing at pressures of 70
and 200 bar and both are carried out at 125 °C. Processing at
a pressure of 200 bar produces reducing sugars in slightly
higher concentrations than that at 70 bar and has a maximum
value of 120 minutes. While under the same operating condi-
tions, processing with hydrothermal process alone produces
a closer reducing sugar, but the pressure of 70 bar is slightly higher
than at 200 bar when the time is more than 30 minutes (Fig. 5).
The ionic strength of shared materials in the penetration process
will be stronger at a higher pressure but insignificant at low
temperatures. Therefore, below the water critical point, the effect
of temperature on water as the reactant might affect the reducing
sugar products, which is greater than the pressure effects, as re-
ported in Kruse et al.*® This result is due to the fibrous state of the
sample after sonication causing the penetration of diffuse ions to
enter and interact with the cellulose chain, which is greater, and
a high-rate glycosidic reaction occurs.

An interesting phenomenon is shown by the processing
results at 200 °C. By processing at 200 bar, the reducing sugar
concentration is initially slightly higher than that at a pressure
of 70 bar. The concentration achieves a maximum of 3.21 g L™"
at 90 minutes, while the process at 70 bar shows an increase in
concentration and reaches a maximum of 3.3 g L' at 150
minutes. This result is higher than that under the same oper-
ating condition in the hydrothermal-only process (a maximum
of 2.6 g L' at 120 minutes, as appears in Fig. 5). Overall, it is
clear that the concentration of reducing sugars produced by the
combined sonication and hydrothermal process (Fig. 10) is
greater and the production is faster since the initial stages.
There is a competition between the processes of forming
reducing sugars and further degradation. Since the time
reached 30 minutes, both curves coincide with each other. As
the process continues, the results indicate that the two curves
are relatively flat until 90 minutes and then decreases after that
for 200 bar pressure and increases for 70 bar, indicating that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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further degradation of reducing sugars is faster than the
formation for processing at 200 bar and vice versa at 70 bar. The
results of the two types of processes are different due to the
sonication pretreatment on the material before hydrothermal
treatment as explained above.

4. Conclusions

Cellulose degradation by the hydrothermal method can
produce reducing sugars. Sonication pretreatment changes the
phenomenon of degradation, which occurs faster, further
increasing the degradation rate. The pressurization of the
H,C,0,4-NaCl solution with CO, has produced a solvent with
a high solvent power capable of penetrating, swelling, and
changing the cellulose chain interaction, resulting in the
reducing sugar production. The presence of internal structural
changes was explained by crystallinity, and crystalline type and
composition change were explored by XRD analysis data. The
competition in reducing sugar formation and further degrada-
tion has strictly occurred, and it should be controlled to get the
desired product composition. The combination of sonication
and hydrothermal processes (at high temperatures) has
a greater risk of further degradation than the hydrothermal
process alone.
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