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In this study, we treated microcrystalline cellulose (MCC) with the ionic liquid (IL) 1-butyl-3-
methylimmidazolium chloride (BMIMCl) to elucidate the effects that IL treatment conditions have on the 
properties of amorphized cellulose (AC). Analysis of X-ray diffractograms confirmed that after 20 min of 
IL treatment AC crystallinity was reduced from 77.7 to 57.1%. After 10 h of IL treatment, AC crystallinity 
decreased to 29.6%. Chemical and morphological changes in the regenerated AC were determined via 
FT-IR and SEM studies. The rapid transformation of crystalline cellulose domains into amorphous domains 
is linked to the small MCC particle size (20 μm) and the presence of a moisture-free condition during IL 
treatment. Thermal stability of the treated cellulose, as determined by TGA and DSC profiling, decreased 
as the crystallinity index decreased. The high tunability of cellulose crystallinity by IL treatment provides a 
facile way for designing more efficient hybrid bioactive materials for biomedical applications.

Introduction
Cellulose is a naturally abundant polymer that can be isolated 
from different sources, such as plants, green algae, agro-indus-
trial waste, and bacteria. There is an increasing interest in cel-
lulose as a bioactive material for various biomedical applications 
due to its biocompatibility, favorable mechanical strength, and 
ease of integration with other materials. For example, Liu et al. 
synthesized a cellulose-based copolymer by grafting poly(N-
isopropyl acrylamide) (PNIPAm) to methylcellulose (MC; a 
cellulose derivative) [1]. The resulting PNIPAm-g-MC hydro-
gels exhibited stronger thermal responsiveness than PNIPAm 
hydrogels. The mechanical properties of the hydrogels were 
also enhanced by tuning the ratio of PNIPAm and MC, thus, 
enhancing their potential as blood vessel barriers. In another 
study, cellulose nanocrystals (CNC) were incorporated with 
PNIPAm via both covalent and non-covalent interactions to 
synthesize PNIPAm-CNC hybrid hydrogels [2]. This hybrid 
hydrogels showed clear thermoresponsive behavior and stronger 
mechanical properties than PNIPAm hydrogels. Moreover, the 
incorporated CNC provided higher structural integrity upon 
injection for wound dressing applications.

The physical and chemical behavior of cellulose is strongly 
influenced by the arrangement of crystalline and amorphous 
domains. In cellulose, each anhydroglucose unit has three differ-
ent hydroxyl groups. The hydroxyl groups at O(2) H, O(3) H, and 
O(6) H are the main reactive groups amenable to chemical modi-
fication (Fig. 1) [3]. During the chemical reaction, the accessibility 
of these hydroxyl groups on the cellulose fibril surface is a pivotal 
factor. Crystalline cellulose (CC) and microcrystalline cellulose 
(MCC) have highly ordered crystalline regions formed by strong 
hydrogen bonds [4]. Thereby, the compact structure of CC lim-
its the accessibility of reactive hydroxyl groups [5]. For example, 
the O(3) H is unreactive to chemical reagents when the cellulose 
surface is highly ordered (Fig. 1) [3]. In contrast, the hydroxyl 
groups are accessible and reactive in the amorphized cellulose 
(AC), where the cellulose surface is mostly less ordered (Fig. 1). 
Despite the unreactive feature of the cellulose crystalline region, it 
provides enhanced mechanical strength to the polymer structure 
[6]. The mass ratio of crystallinity in cellulose is expressed as the 
crystallinity index (CrI). The CrI has an influence on the stiffness 
and rigidity of cellulose [7]. Therefore, cellulose with an appro-
priate CrI will enable the development of mechanically strong 

© The Author(s) 2022

Article

http://orcid.org/0000-0002-1630-8419
http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00797-7&domain=pdf


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 2
 

 J
an

ua
ry

 2
02

3 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s) 2022 329

Article

hybrid bioactive materials for different applications. For example, 
the presence of reducing functional groups in AC made it suit-
able to serve as a carrier of therapeutic substances for wound and 
burn treatments [8]. AC can also be used to develop mechanically 
strong hybrid scaffolds for tissue engineering applications [9]. 
Furthermore, the increased hydrophilicity, reactivity, accessibil-
ity, and enzymatic digestibility of AC have spurred the exploration 
of potential applications in agriculture [10].

Native cellulose from different sources have a wide range 
of crystallinity (e.g., CrI of sugarcane bagasse, soy hulls, wheat 
straw, and bacterial microcrystalline cellulose are 50, 69.6, 77.8, 
and 82.4%, respectively) [11, 12]. Chemical and mechanical 
treatments can be used to tune the crystallinity of cellulose as 
per the application requirement. For instance, acid hydrolysis 
is commonly used to produce CC [13]. In contrast, mechanical 
methods including high-pressure homogenization [14], grind-
ing [15], cryocrushing [16], and ultrasonic techniques [17] 
are performed using high shear forces to produce AC [14, 18]. 

Despite the potential of these approaches, low productivity and 
high energy consumption limit their application.

Different solvent treatments have been developed to mod-
ify cellulose and its derivatives at milder conditions. Although 
solvent systems like N,N-dimethylacetamide (DMAc)/lithium 
chloride (LiCl), N-methyl-morpholine-N-oxide (NMMO)/
water, sodium hydroxide (NaOH)/urea, and dimethyl sulfox-
ide (DMSO)/paraformaldehyde have been successfully used to 
treat cellulose, there is a very limited adoption of these solvents 
due to toxicity, high cost, limited dissolving ability, uncontrolled 
side reactions, and limited stability during cellulose modifica-
tion [19, 20]. Ionic liquids (ILs) are organic salts with melting 
points below 100 °C and are regarded as green solvents [21, 22]. 
ILs have several advantages including lower volatility, non-flam-
mability, good dissolving and extracting ability, good thermal 
stability, easy recyclability, and lower viscosity [23]. Hence, ILs 
have emerged as promising green solvents to produce AC from 
different biomass feedstocks [21, 24].

Figure 1:   Molecular structure of cellulose obtained from biomass (e.g., plant source). Cellulose microstructure contains less reactive compact crystalline 
region and highly reactive amorphous region.
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ILs can disrupt the native cellulose crystalline structure 
and break structurally important chemical linkages (e.g., β-1,4-
glycosidic linkage). Furthermore, the cellulose dissolution con-
ditions in ILs are relatively mild. For instance, cellulose dissolu-
tion in ILs (having low melting points) occurs at relatively low 
temperatures (25–100 °C), due to the lower viscosities of these 
ILs [25]. Thus, IL treatment can potentially replace mechanical 
treatment methods resulting in a more energy efficient method 
for AC production. A wide range of ILs, such as tetrabutylphos-
phonium acetate ([P4444] [Ac]), 1-butyl-3-methylimidazolium 
chloride (BMIMCl), 1-allyl-3-methylimidazolium chloride 
(AMIMCl), and 1-ethyl-methylimidazolium chloride (EMIMCl) 
have been successfully used to dissolve cellulose [26]. BMIMCl 
is quite attractive, as it exhibits the highest hydrogen bonding 
basicity among commonly used ILs. The enhanced hydrogen 
bond accepting ability of Cl− of BMIMCl results in strong inter-
actions with the hydroxyl protons in cellulose, hence, leading 
to easier cellulose dissolution [27]. Several studies reported the 
transformation of cellulose I into cellulose II using BMIMCl, 
but the rate of cellulose amorphization (or decrystallization) 
in these studies is slow, and changes in CrI are low [28]. For 
instance, when highly crystalline cellulose (Avicel) was dissolved 
with BMIMCl and later regenerated, the crystallinity index (CrI) 
decreased from 76% in the original fibers to 65.4% in the case of 
fibers that have been dissolved in BMIMCI for 10 h [29].

Therefore, in this study, we investigate the effect that 
BMIMCl treatment time has on crystallinity, thermal properties, 
and the chemical structure of cellulose. Moreover, we explore 
modifications to the treatment conditions to increase the rate of 
the amorphization process and maximize the reduction in CrI.

Results and discussion
Cellulose crystallinity analysis

Changes in the cellulose structure result in distinctive XRD pat-
terns. XRD spectra of all ACx (where x = 20 min, 1, 3, 6, and 10 h 
of IL treatment, respectively) and MCC samples are depicted 
in Fig. 2. The untreated MCC has two peaks at around 2θ = 15° 
and 22.7°, corresponding to the (1-10) and (002) lattice planes. 
These are representative crystalline peaks of cellulose I [30]. For 
AC1h, the peak shifts from 2θ = 22.7° to 22.4°, which reflects the 
(020) plane of cellulose II [31]. Such conversion usually depends 
on treatment conditions and type of biomass or IL used. The 
peak shift remained constant in samples treated for 3 h (AC3h), 
6 h (AC6h), and 10 h (AC10h). Moreover, along with the cellu-
lose allomorph transformation, the decline in peak height with 
increasing treatment time indicates the conversion of crystalline 
structures to amorphous regions. Also, the appearance of peaks 
for 110 lattice planes (2θ = 15.6°) reflects the transformation of 
cellulose I to cellulose II [31].

The crystallinity index (CrI) is an important factor affect-
ing cellulose properties. The values of CrI of untreated MCC 
and treated AC20m, AC1h, AC3h, AC6h, and AC10h are presented 
in Table 1.

Crystallinity of MCC reduced significantly after short treat-
ment time in BMIMCl (20 min and 1 h). It is observed that 
around 20.6% crystallinity (from 77.7 to 57.1%, see Table 1) was 
reduced just after 20 min of BMIMCl treatment (AC20m). In a 
previous report, the crystallinity of Avicel (commercial micro-
crystalline cellulose; particle size: ~ 50 μm) was reduced by only 
8.4% after 1 h of treatment with BMIMCl at 120 °C [29]. Com-
pared to this previous report, the crystallinity reduction was ten 
times faster in the present study. The faster amorphization rate 
in the present study are likely due to differences in the size of the 
untreated cellulose and the vacuum conditions during treatment. 
Here, cellulose with lower particle size (~ 20 μm) become more 
accessible to the solvent, which increases the solubility and reac-
tivity of cellulose [32]. Treatment under vacuum, on the other 
hand, promotes the creation of a moisture-free environment. The 

Figure 2:   XRD diffractograms of untreated MCC and ACs obtained 
from different IL treatment duration. From the diffractograms, the 
fundamental peak (representative of the 002 lattice plane) consistently 
shifted with increasing IL treatment. Appearance of 020 (shifted peaks) 
and 110 lattice planes indicated the transformation of cellulose I to 
cellulose II.

TABLE 1:   Crystallinity index (CrI) of untreated MCC and IL treated AC sam-
ples.

Sample Treatment time Icr Iam

Crystallinity 
index (CrI) (%)

MCC 0 26.5 6.03 77.7

AC20m 20 min 14 6 57.1

AC1h 1 h 15.1 8.8 41.7

AC3h 3 h 16.9 11.4 33.1

AC6h 6 h 14.4 9.9 30.6

AC10h 10 h 13.5 9.5 29.6
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presence of moisture can inhibit cellulose dissolution in IL, as 
water causes the solvation of the IL anions, resulting in less sus-
tained interaction with cellulose [33, 34]. A moisture-free envi-
ronment was created by implementing vacuum condition along 
with constant nitrogen purging. Hence, in this study, in addition 
to the high weight ratio of cellulose to BMIMCl, the lower par-
ticle size of MCC and the moisture-free conditions enabled the 
fast reduction in crystallinity just after 20 min of IL treatment. 
With longer treatment time, it is evident that more crystalline 
structure of MCC transformed into amorphous regions; with the 
CrI value of AC10h after 10 h of IL treatment being just 29.6%, 
which is much lower than the original MCC (77.7%).

Cellulose morphology

Fibrillar characteristics of cellulose after IL treatment can be 
observed via SEM imaging. Figure 3 shows the results of SEM 
obtained for MCC and IL treated ACs. The fibrillation of cel-
lulose can be clearly distinguished from the untreated cellulose. 
Cellulose with high crystallinity (MCC) has less fibrillation on 
the surface [Fig. 3(a)].

In contrast, cellulose samples showed greater presence of 
fibrils with the increase in IL treatment time. AC from higher IL 

treatment time (AC10h) presented higher organization of fibrils 
[Fig. 3(f)]. It is presumed that the cellulose sample was separated 
mostly into fibers after IL treatment for 10 h. As was proven by 
XRD analysis, increasing IL treatment time resulted in lower 
crystallinity index and more disorganized cellulose (higher con-
tent of amorphous or fibrillar domains). Morphology of cellu-
lose samples from SEM imaging also supported similar results.

Chemical structure analysis

Fourier-transform infrared spectroscopy (FT-IR) is widely 
used in the analysis of the structure of cellulose [35]. The FT-IR 
spectra of all six samples (MCC, AC20m, AC1h, AC3h, AC6h, 
and AC10h) are depicted in Fig. 4. The identical peaks in the 
2921–2871 and at 3340 cm−1 indicates that both untreated MCC 
and treated ACs preserves similar functional groups in each 
wavenumber.

The peak at 1641 cm−1 corresponds to O–H bending of 
adsorbed water. Due to the strong cellulose-water interac-
tion, water adsorbed during the cellulose regeneration step 
is very difficult to remove even after stringent drying condi-
tions [36]. The peak at 1155 cm−1 corresponds to the C–OH 
and C–O–C pyranose ring stretching vibration in cellulose. 

Figure 3:   SEM images of cellulose samples. (a) untreated MCC, (b) AC20m, (c) AC1h, (d) AC3h, (e) AC6h, and (f ) AC10h. With the increase in IL treatment time, 
fibrillation of cellulose also increased (b–f ).
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The C–C ring stretching band in cellulose can be seen in the 
peak at 1108 cm−1. The peak at 1020 cm−1 is due to C–O–C 
stretching, while the typical absorption peak at 898 cm−1 rep-
resents C–O–C stretching vibration for β-glycosidic linkage 
of cellulose.

Structural changes can be seen in the 1500–850 cm−1 wave-
number region [37, 38]. The absorption peaks at 1108 and 
1419 cm−1 are representative peaks for the C–C ring stretch-
ing and –CH2 symmetric bending vibration in crystalline cel-
lulose I. These peaks are sharp in the untreated MCC spectrum, 
which is highly crystalline, but in the spectra obtained from 
the BMIMCl treated samples, these peaks became weak, which 
indicates the dominance of amorphous regions in these sam-
ples. Moreover, the peaks at 1260, 1313, and 1367 cm−1 are 
representative peaks for –CH bending vibration in cellulose 
II,  –CH2 wagging vibration in cellulose II, and –CH bend-
ing vibration in both cellulose I and II, respectively. These 
peaks show a predominance of crystalline cellulose II in the 
BMIMCl treated AC samples, while these peaks are missing 
in the spectrum of untreated MCC sample. The absorption 
peak at 898 cm−1, corresponding to the C–O–C stretching at 
β-glycosidic linkages of cellulose II, and predominant in the 
AC spectra while weak in the MCC spectrum.

The FT-IR of MCC and ACs are consistent with the previ-
ously reported FT-IR profiles of both commercial microcrys-
talline cellulose and regenerated cellulose [37, 39–41]. FT-IR 
confirms there were significant changes in the chemical struc-
ture of the originally microcrystalline cellulose. Moreover, the 
changes in the spectra support the hypothesis that there was a 
transition from cellulose I to cellulose II.

Thermal stability study

Thermogravimetric analysis (TGA)

TGA curves of MCC and BMIMCl treated ACs are presented 
in Fig. 5. The TGA curves show that the thermal stability of the 
cellulose samples became less stable with increasing BMIMCl 
treatment time. All the samples exhibited nearly the same trend 
with three regions of thermal degradation. Region I, between 20 
and 270 °C, is attributed to the vaporization of moisture with a 
slight mass loss [42]. It can be seen from the thermograms that 
the slight mass loss for MCC was extended to 270 °C, while 
other AC samples with different treatment time evaporated the 
moisture within 230–260 °C. This was associated with the pres-
ence of highest crystallinity in MCC compared to lower crys-
tallinity of AC samples. This result is consistent with the XRD 
study as discussed in the previous section.

The major thermal degradation event (Region II) were started 
much earlier (from 230 °C) in AC3h, AC6h, AC10h compared to 
MCC, AC20m, and AC1h. It is observed that the thermal stability 
decreased with increasing IL treatment time, which is reflected 
by the decrease in the initial temperatures (Ti) of the main mass 
loss event (Fig. 5). This is attributed to more disruption of crys-
talline regions of cellulose during BMIMCl treatment for longer 
time, resulted in decreased crystallinity. This in turn reduced the 
thermal resistance of the amorphized cellulose. The endpoint tem-
perature (Tmax) of this major mass loss event for MCC was 370 °C. 
The Tmax gradually decreased with the IL treatment time in cellu-
lose samples. The gradual decrease of the main thermal degrada-
tion event of IL treated ACs indicates that these cellulose samples 
displayed lower thermal stability than the untreated MCC.

Region III started at endpoint of region II (for each sample) 
up to 800 °C. This region mainly corresponded to the further 

Figure 4:   Comparative FT-IR spectra of MCC (untreated) and ACs from 
different IL treatment time. Peak strengths and absence/presence of 
peaks (representative of organic moieties of cellulose I and II) indicated 
the fibrillation and regeneration of ACs after various IL treatment time.

Figure 5:   Thermogravimetric curves of MCC and IL treated AC samples. 
Three mass loss events were observed here. Major mass loss (Region II) 
of AC6h and AC10h started earlier compared to other due to the presence 
of higher amorphous domains.
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break down of thermal degradation intermediates, producing 
volatile materials like hydrogen, ethane, and ethylene [43].

Differential scanning calorimetric (DSC) analysis

The first and second order thermal transitions of cellulose sam-
ples, i.e., crystallization transition (Tc), glass transition (Tg), and 
thermal decomposition (Td) were observed via DSC thermal 
analysis [44]. The DSC thermograms of all samples are shown 
in Fig. 6. For untreated MCC, the DSC curve exhibited an initial 
endothermic peak at approximately 120 °C which corresponds 
to the Tg for highly crystalline cellulose. The endothermic peak 
for glass transition temperature or Tg is prominent in polymers 
that contains higher ratio of amorphous region. In MCC, this 
early Tg value is due to the presence of a lower fraction of amor-
phous regions in its structure. The strong exothermic peak at 
around 340 °C represents the presence of a high degree of crys-
tallinity in its structure [45], which is supported by the result 
obtained in XRD. Compared to untreated MCC sample, AC20m 
and AC1h also exhibited small exothermic peaks (representative 
of Tc for crystallinity) at around 175 and 256 °C, respectively. 
Despite this, all AC samples showed more prominent endother-
mic peaks which represents strong glass transition phenomenon 
during thermal analysis. All the five AC samples exhibited endo-
thermic peaks within the temperature range between 269 and 
340 °C. Interestingly, in the DSC curves of AC6h and AC10h, there 
are sharp endothermic peaks at approximately 269 and 278 °C, 
while no exothermic peaks are present in these two curves. This 
indicated the presence of highly amorphous regions in the cel-
lulose structures due to the longer IL treatment time (6 and 10 h, 
respectively) [46]. This result further confirms the conclusions 
drawn from the XRD and TGA analyses as described earlier.

On the other hand, AC20m, AC1h, and AC3h shows endother-
mic peaks (representative of Tg values) at higher temperatures, 
i.e., 340, 326, and 329 °C, respectively. The XRD study indi-
cated that these samples (AC20m, AC1h, and AC3h, respectively) 
shared a substantial portion of both crystalline and amorphous 
domains in their structure. Therefore, it is anticipated that due to 
the presence of significant ratios of crystallinity and amorphous 
regions, delayed endothermic peaks for Tg values were observed 
in their DSC curves. Moreover, it is important to note that DSC 
method is not a precise tool to determine the Tg of polymeric 
materials [46]. Hence, more precise thermal analysis tool (e.g., 
thermomechanical analysis or TMA, dynamic mechanical analy-
sis or DMA) is needed in future to overcome the inconsistency 
of Tg values of a polymer obtained using different tools. Finally, 
an endothermic peak encountered at the later stage in all DSC 
thermograms (at around 384  °C) which represent thermal 
decomposition of cellulose samples. The decomposition tem-
peratures were close to the onset thermal decomposition tem-
peratures obtained from the region III in TGA thermograms. 
It is also clear from the thermal property analysis of untreated 
MCC, and IL treated ACs that the thermal stability was higher 
in highly crystalline cellulose (i.e., MCC). The BMIMCl treat-
ment has significantly affected the thermal stability of cellulose. 
The thermal stability of the ACs reduced significantly with the 
decrease in cellulose crystallinity due to the BMIMCl treatment 
at various time duration. Therefore, MCC showed the highest 
thermal stability due to highest percentage of crystallinity, while 
AC10h showed the lowest thermal stability because of lowest per-
centage of crystallinity.

Conclusion
During IL treatment, high vacuum environment was main-
tained along with nitrogen purging to keep high moisture-free 
environment for maximum cellulose dissolution. BMIMCl 
treatment of untreated cellulose substrate (MCC) at 100 °C 
for different treatment time (i.e., 20 min, 1, 3, 6, and 10 h) 
resulted in the gradual transformation of native cellulose 
crystalline I structure to cellulose II (highly amorphous). For 
all cases, the data indicate that IL treatment for all time vari-
ation resulted in the transformation from cellulose I to cel-
lulose II lattice. Interestingly, just after 20 min of treatment, 
crystallinity of cellulose decreased dramatically from 77.7 
to 57.1%. More than half of the crystalline regions of MCC 
transformed to amorphous regions after 3 h of IL treatment 
(i.e., 33.1%). Rapid decrease in the crystallinity up to 10 times 
(initial 20 min of treatment) faster than the previous report 
was observed in this study. The chemical characterization by 
FT-IR, morphology analysis by SEM, and thermal stability 
analysis also supported this drastic transformation from cel-
lulose I to cellulose II after IL treatment. This study opens the 

Figure 6:   DSC thermograms of MCC and AC samples obtained from 
different IL treatment duration. From the thermograms, MCC, AC20m, 
and AC1h shows exothermic peaks indicative of crystallization transition 
due to the presence of significant number of crystalline domains. All the 
AC samples shows endothermic peaks representative of glass transition 
which confirms the presence of amorphous domains in their structure.
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potential of ionic liquid treated cellulose with different crys-
tallinity and amorphous ratio in mechanically strong hybrid 
material development for future biomedical applications.

Experimental methods
Materials

Microcrystalline cellulose (MCC, average diameter: 20 μm) 
and 1-butyl-3-methylimidazolium chloride (BMIMCl) 
were purchased from Sigma Aldrich. Nitrogen gas 
(purity: > 99.999%) was purchased from Air Liquide Canada 
Inc. Deionized water (Resistivity: 18.2 MΩ/cm ± 0.01 MΩ/cm) 
was used for all the relevant experiments.

Dissolution of cellulose: IL treatment
For each dissolution experiment, cellulose (e.g., 1 g) was dried 
overnight in a vacuum dryer at 50 °C (P = 20 kPa). Ionic liquid 
BMIMCl (e.g., 49 g) was added into a flask and stirred con-
tinuously under vacuum condition at 100 °C with nitrogen 
(N2) gas purging to form clear solution. Dried cellulose with a 
weight ratio of 2% (cellulose to BMIMCl) was added into clear 
solution. This mixture was stirred at 100 °C under vacuum 
condition and N2 purging for different time duration.

Operating at 100 °C provided a suitable balance between 
BMIMCl viscosity and energy consumption. The melting 
point of BMIMCl is about 70 °C, but near this temperature, 
viscosity is too high, and a long time is required to achieve 
adequate dissolution of cellulose. As temperature increases, IL 
viscosity decreases. On the other hand, energy consumption 
will increase as temperature increases. Preliminary experi-
ments at 85 °C indicated that viscosity was too high, and cel-
lulose was not effectively dissolved, while at 100 °C there was 
no difficulty in achieving complete cellulose dissolution.

Treatment time varied from 20 min to 10 h. Preliminary 
experiments indicated that 20 min was the minimum time 
required for effective cellulose dissolution. As no significant 
changes were observed between samples treated for 6 or 10 h, 
longer treatment times were not further explored.

Regeneration of cellulose

After complete dissolution of cellulose in IL, the cellu-
lose-BMIMCl mixture was slowly poured into water in 2:1 
(water:BMIMCl) ratio with vigorous agitation at room tempera-
ture (25 °C). The precipitate was collected by vacuum filtration 
and washed thoroughly with water via centrifugation to elimi-
nate IL. The washed precipitate (regenerated cellulose) was then 
dried at 60 °C for 24 h and stored for subsequent experiments.

Crystallinity study: XRD analysis

The crystal structure of AC samples was studied by X-ray 
powder diffraction measurements using a model Bruker® D8 
Advance diffractometer. The analysis was performed in the scat-
tering angle range from 5° to 60° with 2°/min scanning speed 
and a 2θ step interval of 0.05° at room temperature. The crystal-
linity index (CrI) was calculated by,

here, I002 is the maximum intensity of the (002) lattice diffrac-
tion, located around 2θ = 22.5° and represents crystalline region, 
Iam is the scattered intensity due to the amorphous part evalu-
ated as the minimum intensity between the main and secondary 
peaks and located 2θ = 18° [47, 48].

Morphology analysis

SEM imaging was performed to check the effect of IL treatment 
on the cellulose crystallinity by comparing the surface morphol-
ogy of untreated cellulose and regenerated cellulose (AC). The 
dried samples were then coated with platinum using a sputter 
coater to avoid subsequent charging before imaging by SEM.

Chemical structure analysis: FT‑IR study

Spectroscopic study was conducted to observe the structural 
changes with the differences of crystallinity in dried untreated 
cellulose and ACs after IL treatment. For the FT-IR study, ATR 
unit with zinc selenide (ZnSe) crystals was used to record 
absorption spectra of 0.03 g sample using an FT-IR instrument 
(Bruker®, model: Vertex 70). The scanning wavelength range for 
all samples were chosen between 600 and 3800 cm−1.

Thermal stability study

The thermal stability of the untreated cellulose and AC sam-
ples were analyzed by thermogravimetric (TGA) differential 
scanning calorimetric (DSC) analysis using a thermal analyzer 
(Netzsch-Gerätebau GmbH, model: STA 409 PC/PG Luxx®). 
For TGA and DSC measurements, 0.01 g of samples were used 
under N2 atmosphere with a gas flow of 60 mL/min by heating 
the material from 20 to 500 °C (for DSC) and 800 °C (for TGA) 
at a heating rate of 10 K/min.
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