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ABSTRACT

The main objective of the study was to investigate the effect of mixed acid concentration on
the morphology, crystallinity and thermal properties of cellulose nanocrystals (CNCs). Acid
hydrolysis using mixture of sulphuric (H,SO4) acid and perchloric (HCIO,) acid was used to
extract CNCs from sugarcane bagasse (SCB). The properties of the raw SCB, extracted
cellulose, 45% H,SO, hydrolysed CNCs, 45% H,SO4/HCIO, hydrolysed CNCs, 55%
H,S04/HCIO4 hydrolysed CNCs and 65% H,SO4/HCIO4 hydrolysed CNCs were analysed using
Fourier transmission infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
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microscopy (SEM) and thermogravimetric analysis (TGA). The crystallinity of SCB was
significantly increased after bleaching and acid hydrolysis. Acid hydrolysis using 55%
H,S0O4/HCIO4 showed the highest crystallinity. The TGA results showed significant increase in
thermal stability of 55% H,SO4/HCIO4 The lowest thermal stability was observed with 45%
H,SO, hydrolysed CNCs. The order of thermal stability was raw SCB < extracted cellulose <
45% H,SO4 hydrolysed CNCs < 65% H,SO4/HCIO4 hydrolysed CNCs < 45% H,SO4/HCIO,
hydrolysed CNCs < 55% H,SO4/HCIO4 hydrolysed CNCs. The SEM results showed fibre
breakage for 65% H,SO,/HCIO, hydrolysed CNCs. The fibre breakage seemed to be acid
concentration dependent.

KEYWORDS: Sugarcane bagasse, cellulose, sulphuric acid, perchloric acid, nanocrystals.

INTRODUCTION

Recently, cellulose nanocrystals (CNCs) have attracted attention due to their significant
abundance, renewability properties, low density and high reinforcing capabilities (Chen et al.
2019, Oun and Rhim 2016). Hence, they have also attracted significant applications in food
packaging, cosmetics, polymers, biomedical amongst others (Hubbe et al. 2008, Gonzalez et al.
2020, Ghafary et al. 2019, Abd Hamid et al. 2016, Akkera et al. 2017). Interestingly,
the properties of CNCs are influenced by the choice of extraction method and the source of
cellulosic material used (Oun and Rhim 2016). Furthermore, the isolation of CNC:s is affected by
reaction time, reaction temperature and the ratio of acid to fiber or cellulose (Arserim-Ugar et al.
2021). CNCs can be extracted through different methods including mechanical, enzymatic
hydrolysis and acid hydrolysis treatment. However, acid hydrolysis is by far the widely used
treatment of CNC isolation, particularly sulphuric acid (H,SO.) hydrolysis (Habibi et al. 2010,
Peng et al. 2012). This might probably due stable suspension with high yield and crystallization
produced, because of the sulphate ions (Zhong et al. 2020, Cui et al. 2016). On the contrary,
CNCs isolated through H,SO, hydrolysis produces suspensions with low thermal stability (Pandi
et al. 2021, Ji et al. 2019). Therefore, many researchers have investigated acid hydrolysis using
other acids such as HCI, H;PO,, HBr and HNO; (Yang et al. 2017, Pan et al. 2013, Kandhola et
al. 2020). It has been discovered that CNCs extracted from these acids aggregate easily due to
the abundance of surface hydroxyl groups which form strong intra-and inter-molecular hydrogen
bonding interaction (Li et al. 2019, Zheng et al. 2019). In a study conducted by Correa et. al. it
was observed that the rate of fibre aggregation increased with the increase in HCI concentration
(Corréa et al. 2010). However, the resultant CNCs showed improved thermal properties when
compare to H,SO4 hydrolysed CNCs. These two discoveries were due to the decrease in sulphate
ions.

Therefore, the focus has shifted to the use of acid mixtures to isolate CNCs (Zhang et al.
2017, Kassab et al. 2020). The resultant CNCs typically showed excellent reinforcing properties
in polymer nanocomposites manufacturing. Furthermore, they showed excellent dispersion in
several organic solvents such as ethanol. The isolation of CNCs using HCOOH/HCl interestingly
showed improved thermal and crystallinity properties due to the introduction of formate groups
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in a study by Kassab et al. (2020). Moreover, it was apparent from the study that reinforcing and
the reducibility are dependent on the capability formate group, thermal stability and crystallinity
of CNCs. Maciel et. al. (2019) investigated the effect of acid hydrolysis conditions of 50 wt%, 60
wt% and 64 wt% of sulphuric acid. Among these three acid concentrations, the optimal
properties were observed when using 64 wt% acid hydrolysis. However, in another study by Pan
et. al. (2013), it was discovered that an increase in acid concentration from 20 to 60 wt% led to
the breakage of CNCs fibres and produced suspension with lower crystallinity. It is apparent that
the choice of acids used and the acid concentration have an effect in the properties of the
resultant CNCs.

In this study, the effect of sulphuric acid mixed with perchloric acid (HClO4) with varying
acid concentration from 45 wt%, 55 wt% and 65 wt% was investigated. The thermal and
morphological properties of H,SO4/HCIO4 hydrolysed CNCs extracted from sugarcane bagasse
were determined.

MATERIALS AND METHODS

Materials

Sugarcane bagasse (SCB) waste was supplied by the sugar company at Empangeni
(Felixton) in KwaZulu Natal, South Africa. Sodium hydroxide (NaOH) 99.9%, sodium
hypochlorite (NaClO,) 80%, glacial acetic acid (CH;COOH), sulphuric acid (H,SO4) 95-99%,
and perchloric acid (HCIO4) 60% were purchased at Merck Chemicals and used without being
purified.

Extraction of cellulose

SCB was mechanically grounded using a Fritsch cutting mill pulveriser 15. The SCB was
then boiled with distilled water for 2 hours and left in the oven to dry overnight at 55°C.
The dried SCB was chemically treated with 4 wt% NaOH at 80°C for 1 hour followed by rinsing
with distilled water. The process was repeated 2 times. The alkali treated SCB was then left in an
oven to dry at 55°C overnight. The dried alkali treated SCB was then bleached using a buffer
solution (54 g of NaOH and 150 ml of CH;COOH mixed with 2L of 1.7 wt% solution of the
NaClO, solution) for an hour at 80°C; this step was repeated 2 times. Finally, the bleached
cellulose was filtered, washed with distilled water until a neutral pH was reached and dried
overnight at 55°C.

Extraction of cellulose nanocrystals

The dried cellulose sample was finely crushed in a Fritsch cutting mill Pulveriser 15. A finely
dried mass of 15 g of cellulose was weighed in 5 separate 600 ml beakers. A concentration of
45%, 55%, 65% H,S0O4/HCIO4 mixture of acid and a 65% H,SO4 were prepared. A volume of
250 ml of 45% H,SO4/HCIO, was added to a beaker in an ice bath of 10°C and stirred with a
mechanical stirrer for 30 min. The reaction was then quenched with distilled water and left
overnight. The mixture was then subjected to a centrifuge for 15 min. Subsequent, dialysis
against distilled water was executed for 5 days until pH was neutral. Finally, the CNCs were then
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dried in an oven over 5 days at 30°C. The same procedure was repeated for other acid
concentrations.

Characterization methods
Fourier transform infra-red spectroscopy

Perkin Elmer attenuated total reflection FTIR spectrometer (Perkin Elmer UATR Two)
operated in the diffuse reflectance mode was used to investigate structural functional groups of
polymer samples. The spectral region between 4000 and 500 cm™ was used during sample
analysis.

X-ray diffraction

Bruker AXS Advance D8 diffractometer, Karsruhe, Germany equipped with
monochromatic Cu Ka (A = 1.5406 A) as X-ray source operating at 40 kV and 40 mA at room
temperature was used to investigate the crystallinity of all the materials studied. Both the Segal
empirical method and deconvolution method were used to calculate the crystallinity index (CI)
according to Park et al. (2010).

Scanning electron microscopy

FEI Quanta 200 electron microscopy operated at an accelerating voltage of 20 kV was used
to investigate the morphological properties of the polymer materials studied. The samples were
carbon-coated before analysis, using Edward’s E306A coating system.

Thermogravimetric analysis

For the thermogravimetric analysis (TGA), the analysis was conducted using TGA analyser
(Perkin Elmer Pyris 6). Samples ranging from 10-15 mg were heated at a temperature range
35 to 800°C at a heating rate of 5°C per min under nitrogen environment at a flow rate of
20 ml'min™.

RESULTS AND DISCUSSION

FTIR spectroscopy analysis

The FTIR was employed to better understand the functional groups associated with CNCs
after acid hydrolysis. The FTIR spectra of raw SCB, cellulose, H,SO,/HCIO4 hydrolysed CNCs
(using 45%, 55% and 65% concentration of acid) and 45% H,SO,4 hydrolysed CNCs are
presented in Fig. 1.

The raw SCB showed characteristic of natural fibre with peaks observed at 3327 cm' (—OH
stretching), 2896 cm’ (C—H vibrations), 1361 c¢m’ (—CH, bending), 1028 cm’ (C—O
stretching) and 892 cm’' (—CH, bending) (Kalia et al. 2013, Wang et al. 2009, Ahmad et al. 2013,
Hu et al. 2015, Lani et al. 2014, Kunaver et al. 2016). There was a noticeable addition of a peak
at around 1309 cm’ for all CNCs and extracted cellulose spectra which was absent for raw SCB.
The peak maybe attributed to the C—H wagging when hydrogen bond was disrupted (Abidi et al.
2011). In addition, the extracted cellulose showed similar peaks patterns with the raw SCB, with

932



WOOD RESEARCH

the addition of the peak around 1309 cm’'. However, there was a decrease in peak intensity of
peaks around 1434 and 1236 cm™ and the increase in the peak intensity at 892 cm™ which could
be attributed to removal of the amorphous regions of cellulosic materials (Motaung et al. 2016,

A
W
U

55% HZSO4IHCI04 CNCs

45% HZSO4 CNCs

Transmittance (a.u.)

65% HZSO4IHCI04 CNCs

45% HZSO4IHCI04 CNCs
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4000 ' 35I00 ' 30IOO ' 25IOO ' 20I00 ' 15I00 ' 10IOO ' 500
Wavenumber (cm'ﬂ)

Fig. 1: FTIR spectra of the raw sugarcane bagasse, cellulose, 45% H>SO,hydrolysed CNCs

45% H,SO,/HCIO, hydrolysed CNCs, 55% H,SO/HCIO, hydrolysed CNCs and 65%

H,SO,/HCIO, hydrolysed CNCs.

With regards to the 45% H,SO, hydrolysed CNCs, the peaks appeared to be more
pronounced with the absence of the peak at 1557 cm™ when compared to the extracted cellulose
which could be attributed to further removal of the amorphous regions of cellulosic materials
(Motaung et al. 2016, 2017). For mixed acid hydrolysis, the 45% and 65% showed similar peak
patterns with peaks around 3327 and 2896 cm’ becoming more diminished compared to 55%
acid concentrations. With the introduction perchloric acid, there was a removal of the peak
around 1636 cm™ attributed to the C=0 stretching peak.

X-ray diffraction analysis

The XRD spectra of raw SCB, extracted cellulose, H,SO4/HCIO4 hydrolysed CNCs (using
45%, 55% and 65% concentration of acid) and 45% H,SO4 hydrolysed CNCs are shown in
Fig. 2. The raw SCB material displayed peaks at 20 = 15, 23 and 35°, typical of lignocellulosic
material (Park et al. 2010). Moreover, the extracted cellulose showed similar behaviour
compared to raw SCB with more pronounced peaks. Interestingly, the 45% H,SO, hydrolysed
CNCs and 65% H,SO4/HCIO, hydrolysed CNCs displayed similar peaks at 26 = 12, 20, 22 and
35°. However, the 55% H,SO4/HCIO, hydrolysed CNCs displayed more pronounced peaks
compared to 45% H,SO4+/HCIO, hydrolysed CNCs. In general, it can be noted that the intensity
of the diffraction peak increased after chemical treatment for all the samples. These might be
attributed by the removal of non-cellulosic materials such as hemicellulose, lignin and pectin.
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Fig. 2: XRD spectra of the raw sugarcane bagasse, cellulose, 45% H>SO,hydrolysed CNCs
45% H>SO/HCIO, hydrolysed CNCs, 55% H>SO/HCIO, hydrolysed CNCs and 65%
H>SO,/HCIO, hydrolysed CNCs.

Crystallinity index (CI) values were calculated using both the Segal empirical method and
deconvolution methods as shown in Tab. 1. Generally, there was a notable increase in the values
of CI values for extracted cellulose as compared to raw SCB. It is known that acid hydrolysis of
native cellulose result in an increase in crystallinity index due to the removal lignin, hemicellulose
and pectin after the chemical treatment (Motaung et al. 2017).

Tab. 1: Crystalline index values of materials studied using Segal and deconvolution methods.

Fiber type CI (%) CI (%)
(Segal) (deconvolution)
Raw SCB 50 32
Cellulose 68 49
45% H,SO4CNCs 72 51
45% H,S0O4/HC10, CNCs 73 53
55% H,S0,/HCIO4 CNCs 76 56
65% H,S0,/HCIO4 CNCs 74 54

In addition, there was a further increase in CI after 45% H,SO, hydrolysed CNCs which
could be attributed to further removal of amorphous regions in CNCs. As for the mixed acid
hydrolysis, 55% H,SO4/HCIO, hydrolysed CNCs displayed the highest CI followed by 65%
H,S0O, /HCIO,4 hydrolysed CNCs due to the high acidic concentration as well as the acidic
strength of perchloric acid. Hence, the removal of the amorphous regions was easily achieved
leading to formation of crystallites. The crystallinity index proved to be more favourable towards
a 55% mixed acid. This may be due to the formation of strong enough acid to remove the
amorphous regions and weak enough not to destroy the crystalline regions.

Scanning electron microscopy
SEM was conducted to investigate the morphological effect of mixed acid concentration on
extracted CNCs. The SEM images of raw SCB, extracted cellulose, 45% H,SO, hydrolysed
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CNCs, 45% H,SO4/HCIO4 hydrolysed CNCs, 55% H,SO4/HCIO, hydrolysed CNCs and 65%
H,S04/HCIO4 hydrolysed CNCs are presented in Fig. 3. In Fig. 3a, it can be clearly noticed that
there are particles on the surface of the images. These particles are most probably due to
the waxes, hemicellulose and pectin present in natural fibers. In addition, there were clearly
absent from Fig. 3b as the bleaching removed these amorphous regions as confirmed by both
FTIR and crystallinity results. It is also worth noting that extracted cellulose seems to have
maintained its rod like structure compared to the rest CNCs which appeared a bit deformed
(see arrows). Furthermore, it can be noted that the acid hydrolysis (Fig. 3c to 3¢) did not result in
any fibre breakage and pull-outs. These images showed smooth surface without fibre pull-outs
and breakages. Fig. 3f showed characteristics of fibre breakage on the surface. This could be
attributed to the high acid concentration. An acid concentration of 65% H,SO,/HCIO,is strong
enough to cause fibre breakages on the surface of CNCs. The results were further echoed by the
crystallinity results. The decrease in CI observed from a 55% compared to a 65% meant the acid

concentration is strong enough to cause fibre breakage hence decreasing CI (Abd Hamid et al.
2016).

Fig. 3: SEM images of the (a) the raw sugarcane bagasse, (b) cellulose, (c) 45% H,SO,
hydrolysed CNCs (d) 45% H>SO/HCIO, hydrolysed CNCs, (e) 55% H>SO,/HCIO, hydrolysed
CNCs and (f) 65% H>SO/HCIO, hydrolysed CNCs.

Thermogravimetric analysis

Thermogravimetric analysis studies were conducted to investigate the influence of acid
concentration on the thermal properties of mixture of acids hydrolysed CNCs. The TGA and
DTG curves are shown in Figs. 4 and 5 respectively. The raw SCB displayed two degradation
steps with the high char content. The first degradation step around 333°C was attributed to
removal of hemicellulose, waxes and pectin and the second degradation step at 492°C was
attributed to lignin degradation (Arserim-Ugar et al. 2021, Mortari et al. 2014, Roman et al.
2004, Petrik et al. 2020). However, the extracted cellulose displayed one degradation step at
around 337°C, which was attributed to non-cellulosic materials removal and gradual increase in
thermal stability as compared raw SCB (Mortari et al. 2014). Furthermore, the 45% H,SO4
hydrolysed CNCs also displayed one degradation step at 342°C attributed to complete removal
of amorphous regions by acid hydrolysis (Chen et al 2015). As for the mixture of acids
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hydrolysed CNCs, the 45 and 65% acid concentration displayed similar degradation pattern as
observed in the FTIR results with one degradation step at 347°C.

Raw SCB

Extracted cellulose

= 45% HS04 hydrolysed CNCs
=== 45% HS04/HCIO4 hydrolysed CNCs

100

= 55% HS04/HCIO4 hydrolysed CNCs

80 = 65% HS04/HCIO4 hydrolysed CNCs
— 60
X
-
——
<
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5 40+
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Fig. 4: TGA curve of the raw sugarcane bagasse, cellulose, 45% H>SO,hydrolysed CNCs 45%
H,SO,/HCIO, hydrolysed CNCs, 55% H,SO,/HCIO,hydrolysed CNCs and 65% H,SO,/HCIO,

hydrolysed CNCs.

Raw SCB

Extracted cellulose

T 45%H,S0, hydrolysed CNCs

DTG (%/°C)

45% H,S0,/HCIO, hydrolysed CNCs

55% H,SO4/HCIO, hydrolysed CNCs

65% H,S0,/HCIO,, hydrolysed CNCs

100 200 300 400 500 600 700 800

Temperature (°C)
Fig. 5: DTG curve of the raw sugarcane bagasse, cellulose, 45% H>SO,hydrolysed CNCs 45%
H,SO,/HCIO, hydrolysed CNCs, 55% H>SO,/HCIO,hydrolysed CNCs and 65% H,SO,/HCIO,

hydrolysed CNCs.

However, the 55% acid concentration displayed two degradation steps which are probably
attributed to removal of oxygen atoms and the alteration of the furan rings in the condensed
aromatic ring respectively. The thermal studies proved to be optimal for 55% H,SO./HCIO,
hydrolysed CNCs as it was observed with the crystallinity results. The order of thermal stability
was as follows: raw SCB < extracted cellulose < 45% H,SO4 hydrolysed CNCs < 65%
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H,SO4/HCIlO4 hydrolysed CNCs < 45% H,SO4/HCIO, hydrolysed CNCs < 55% H,SO4/HCIO,
hydrolysed CNCs. The 45% H,SO4hydrolysed CNCs displayed the lower thermal stability as
compared to other mixture of acids hydrolysed CNCs (Pandi et al. 2021, Ji et al. 2019).

CONCLUSION

The main objective of the study was to investigate the effect of H,SO4,/HCIO, acid mixture
concentration on crystallinity, morphological and thermal properties of the resultant CNCs.
The XRD results showed an increase in crystallinity after the extraction of cellulose, with more
pronounced results after mix acid hydrolysis. The increase in acid concentration from 45 wt% to
55 wt% resulted in increase in crystallinity index. The crystallinity results were echoed by both
the SEM and the thermal studies. The SEM results showed broken fibres for 65 wt% acid
concentrations which resulted in decrease in crystallinity index results. The results showed that
acid hydrolysis using only H,SO, resulted in lower thermal stability. Though, the addition of
HCIO, resultant in improved thermal stability of CNCs.
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