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ABSTRACT

Dehydration of wet bacterial cellulose (BC) mainly focuses on the physical

characteristic or mechanical strength, but its polymorph crystal structure and

thermal properties were rarely discussed. Herein, this study utilizes the drying

method of hot-pressed and freeze-dried to the wet BC to elucidate the BC

polymorph crystal structure in correlation with the BC crystallinity and thermal

properties. The results indicate that dehydration of BC using hot-pressed (BC-

HP) method reduced the cellulose Ia allomorph fraction by ± 5.0%, increased

the crystallinity by ± 5.0%, but lower in thermal stability compared to freeze-

dried (BC-FD) method. Additionally, BC-HP shows an exothermic reaction of

melting at lower enthalpy value which is contradict to BC-FD and plant cellu-

lose that presented an endothermic reaction with higher enthalpy values. Thus,

investigation on BC polymorph crystal structure and thermal properties may

offer an important role to regulate the desired characteristic of the dried BC.

Introduction

Recently, the utilization of agro-industrial wastes as

an alternative fermentation medium in bacterial cel-

lulose (BC) production has been explored extensively

due to the limitation of the current conventional

medium such as HS medium and coconut water

medium that required expensive investment for the

carbon source and nutrients [1]. The capability of the

alternative mediums diverges greatly in terms of

nutritional quality and quantity, thus leading to a
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variation in BC optimum production [2]. Meanwhile,

the nature of the BC produced varies significantly

depending on the type of bacteria used for cultivation

and the chemical components and compositions of

selected medium [3]. Furthermore, the post-process-

ing procedures for BC cleansing including the

removal of cell body mass and medium residue by

using chemical treatment such NaOH could further

altered the characteristic of BC considerably [4].

Purified BC as the final product can be accepted in

the form of wet or dry state of pellicles, homogenous

fibrous slurry, dried thin films, etc. Normally, the

application of BC in industry will determined the

final form of the BC to be delivered. For example, a

product of Nata de Coco contained of small cube of

wet BC pellicles, while tailored form of wet BC pel-

licles is applied as an artificial skin for wound healing

treatment, and dried thin films are used as an

acoustic element [5–7]. On top of that, for the appli-

cation of BC as an intermediate material especially in

drug delivery and food additives, a dry state form is

preferable for easier in handling, storage, and trans-

portation of the final product [8].

Drying of wet BC can be achieved by dehydration

process commonly using either thermo-mechanical

method such as hot-pressed or cold method such as

freeze-dried [9]. The drying procedures are the key

factors to the distinctions in BC properties and

characteristic. Previous studies were mainly focusing

on the effect of drying regarding the morphology,

water holding capacity, mechanical properties, and

crystallinity of the dried BC. For instance, the BC

nanofibril appeared in a densely layered structure by

using air-drying method, while freeze-drying method

leads to a complex microporous network [10, 11].

However, despite the afore-mentioned studies of the

dried BC properties and applications, information

and research of the effect of drying method to the BC

polymorph crystalline structure and its correlation to

the crystallinity and thermal properties are lacking.

Hence, investigation on this matter may offer a new

perspective to further elucidate the dried BC prop-

erties and characteristic.

Therefore, this study aims to investigate the effect

of drying method applied to the wet BC pellicles

newly produced from OPF juice medium in associa-

tion with cellulose allomorph crystalline structure

and its correlation to the BC crystallinity, crystallite

size, and thermal properties. The works presented

include depth analysis using FTIR, XRD, TGA, and

DSC for the dried BC samples from hot-pressed

method and freeze-dried method. Moreover, a sys-

tematic comparison using a-cellulose and MCC from

plant-based cellulose is also carried out.

Material and method

Materials

Fresh OPF petioles were pressed using pilot scale

hydraulic pressing machine (Matsuo Inc., Japan) for

juice extraction [12] and stored at - 18 �C up until

usage. Sodium hydroxide pellets (NaOH, ACS

reagent, R&M Chemicals) and glacial acetic acid

(CH3CO2H, A.R., R&M Chemicals), a-cellulose
(Sigma-Aldrich (M)), and microcrystalline cellulose

(MCC, Sigma-Aldrich (M)) were used as received.

The NaOH pellets were dissolved using distilled

water and further diluted to 0.5 N solution, while the

acetic acid was diluted using distilled water to 50%

v/v concentration. Acetobacter xylinum 0416 liquid

inoculum was obtained from Malaysian Agricultural

Research and Development Institute (MARDI) and

used as received.

BC production

OPF juice was defrosted and vacuum filtered through

a cotton filter cloth to remove solid particle residues

from the juice. The culture medium was prepared in

250-ml conical flask containing 100 ml of OPF juice

that was diluted to 60 v/v% concentration by using

distilled water, and the pH medium was adjusted to

pH 4.0 using acetic acid 50% (v/v) aqueous solution

[13]. For sterilization procedure, the media were

autoclaved for 10 min at 121 �C.
The starter liquid inoculum was added at 10% v/v

into the medium aseptically and incubated statically

for at least 14 days at 30 �C for a maximum BC pro-

duction. The BC pellicles obtained from the incuba-

tion process were washed and then treated with

0.5 N NaOH solution at 80 �C for 1 h for cell mass

and medium residue removal. Further purification on

the BC pellicles was done by immersing in 5% (v/v)

NaOCl solution to completely remove NaOH residue

for 12 h followed by thorough washing and rinsing

until neutralized.
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BC dehydration

The purified BC pellicles were separated into two

types of drying. First, the BC pellicles were placed in

between filter papers and hot-pressed at 80 �C for

10 min and air-dried until constant weight and the

sample was noted as BC-HP. Secondly, the BC pelli-

cles were placed on polystyrene Petri dish and freeze-

dried at - 80 �C for 48 h and the sample was noted

as BC-FD. The morphology of BC-FD and BC-HP was

examined using field emission scanning electron

microscope (FE-SEM) JEOL JSM 7800 F with an

accelerating voltage of 5–15 kV. The surface of the

sample was coated with platinum using JEOL JFC-

1600 Auto Fine Coater at 5 kV.

FTIR

A chemical structure of the a-cellulose, MCC, BC-FD,

and BC-HP sample was analyzed using FTIR spec-

trometry (Thermo Scientific Co., Nicolet iS5) based on

attenuated total reflection (ATR) data ranging over

4000–400 cm-1. The spectra were recorded with an

accumulation of 256 scans at 4 cm-1 resolutions in

the absorbance mode.

Further analysis has been done from the data

obtained which were the crystallinity index (CrI) [14]

and the cellulose I a fraction [15]. The value of CrI has

been approximated by using the absorption ratio as

follows (Eq. 1) [14].

CrI ¼ A1420=A897 ð1Þ

where A1420 and A897—absorption value at 1420 cm-1

and 897 cm-1.

Meanwhile, the fraction of cellulose Ia (fir) was

specified from the following Eq. (2) [15]:

fir ¼
A750

A750 þ A710
� 100 ð2Þ

The band area of Ia at 750 cm-1 (A750) and Ib at

710 cm-1 (A710) was obtained by peak deconvolution

using Gaussian–Lorentzian curve fitting analysis.

XRD

The cellulose crystal structure of the a-cellulose,
MCC, BC-FD, and BC-HP sample was observed

using Bruker D8 Advanced X-ray Diffractometer

(XRD) with Ni-filtered CuKa radiation

(k = 0.154056 nm). The XRD was operated at 45 kV

and 40 mA. The samples were scanned covering 2h
angle range from 5� to 60� at a rate of 2� per minutes.

The value of crystallinity index (CrI) for each

sample was evaluated between the height of the

maximum intensity of crystalline fraction and inten-

sity of amorphous fraction without baseline subtrac-

tion as described by Segal method and presented in

the following equation (Eq. 3) [16]:

CrI %ð Þ ¼ I002 � Iam
I002

� 100 ð3Þ

Additionally, the value for crystallinity (Cr) was

also calculated by peak deconvolution method using

Origin software. Each possible crystalline peak was

deconvoluted using Gaussian function after baseline

subtraction to separate the amorphous and crystalline

diffraction spectrum. Then, Crwas determined by the

ratio of the total area of crystalline peaks to the total

area of the spectra from 10� to 40� 2h as the baseline

using the following equation (Eq. 4) [17]:

Cr %ð Þ ¼ Areacyrstalline
Areatotal

� 100 ð4Þ

The interplanar spacing (d-spacing) of respected

plane was determined by the Bragg’s Eq. (5) [18]:

d ¼ k
2 sin h

ð5Þ

where k is the X-ray wavelength at 0.154056 nm, and

h is the Bragg angle.

Furthermore, the Scherrer formula was employed

to calculate the crystallite size (CS) for each sample as

follows (Eq. 6)[19]:

CS ¼ kk
b cos h

ð6Þ

herein k indicated the X-ray wavelength at

0.154056 nm, k is the value for Scherrer constant at

0.9, b is referred as the full-width at half peak of D in

radian, and h is the Bragg angle.

The monoclinic and triclinic relation (Ia/Ib) was

estimated using the function established by Wada

et al. [20] from the discriminant analysis of two

equatorial d-spacings (d1 and d2) as shown in equa-

tion (Eq. 7)[20]:

Z ¼ 1693d1 nmð Þ � 902d2 nmð Þ � 549 ð7Þ

where d1 and d2 were obtained from the calculation of

d-spacing at peak 1 (100Ia or 110Ib) and peak 2 (110Ib or

010Ia) respectively. Herein, for Z[ 0 specifies the
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cellulose sample is Ia-rich type, while Z\ 0 specifies

for Ib-dominant type.

TGA and DSC

The dynamic weight loss and thermal decomposition

behavior of the a-cellulose, MCC, BC-FD, and BC-HP

sample were analyzed by operating a thermogravi-

metric analyzer (TGA 2000, TA Instruments, USA).

The samples were heated on an alumina sampling

pan from 25 to 600 �C at a rate of 10 �C/min under

the nitrogen (N2) gas purging with a flow rate of

40 mL/min.

The heat flow analysis of the samples was mea-

sured and analyzed by operating a differential scan-

ning calorimeter (DSC Q2000, TA Instruments, USA).

The samples were weight around 5.0 mg in an alu-

minum sample pan and sealed with lid using

encapsulating press. The heat flow measurement was

recorded from - 50 to 550 �C at a rate of 10 K/min in

N2 gas flow of 40 mL/min under N2 atmosphere at

60 mL/min with an empty aluminum-sealed pan

used as the reference.

Results and discussion

Bacterial cellulose pellicles

Figure 1a shows the BC pellicles produced by Aceto-

bacter xylinum 0416 cultivated using OPF juice med-

ium. From Fig. 1b, the purified wet BC pellicles

visualized as a white semi-transparent pellicle with a

soft gel-like structure. This appearance of the BC

pellicles was attributed to the high-water loading

capacity of the BC nanofibrils structure synthesized

by the bacterial. However, the physical appearance

and characteristic of the BC pellicles significantly

changed as dehydration took place upon drying.

From Fig. 1c, the appearance of BC-HP resembled a

plastic-like semi-transparent thin sheet film upon

drying by using the hot-pressed unit. This phe-

nomenon can be related to the thermo-mechanical

force applied to the BC pellicles that vaporized the

water molecules via in situ heat and pressing, thus

pilling the nanofibrillated structure densely as shown

in Fig. 1e [9]. Meanwhile, from Fig. 1d, as the result

of applying the freeze-drying method, the BC-FD

appeared to be a milky white with sponge-like

structure. This result suggested that thru freeze-

drying, while maintaining the shape of the pellicle,

the water forcibly removed at instant thus leaving the

microporous structure unattended in the BC pellicles

as shown in Fig. 1f [10]. Overall, in regard to the

unique physical appearances possessed by BC-FD

and BC-HP, detail analysis was carried out

microstructure level to emphasize the significant of

drying method for further application.

FTIR analysis

The FTIR spectra of the bacterial cellulose produced

are illustrated in Fig. 2, along with a-cellulose and

MCC as a comparison. The BC-HP and BC-FD pre-

sented almost comparable in characteristic peaks

found in a-cellulose and MCC with either slightly

amplified in intensity or shifted to increase or

decrease in wave number. These variances suggest

that biosynthesis of cellulose by bacteria has a dif-

ferent arrangement in cellulose structure compared

to plant cellulose, but the chemical structure of cel-

lulose remains unchanged [21]. Furthermore, FTIR

spectra for BC-HP and BC-FD were nearly identical

in terms of peak appearances, which suggest that

drying process (heating to 80 �C nor freeze-dried

at - 80 �C) process did not altered the cellulose

chemical structure in BC. However, the intensity of

the BC-HP spectra was higher than BC-FD with

variances in peak characteristic.

The cellulose crystalline form and amorphous form

can be elucidated by the absorbance band at

1430 cm-1 (crystalline) and 897 cm-1 (amorphous).

In addition, peak characteristic at these bands is able

to give an insight on the degree of cellulose crys-

tallinity relatively. Hence, the cellulose crystallinity

index (CrI-IR) was calculated using Eq. (2) by the

ratio of the absorbance value at 1430 cm-1 and

897 cm-1 [15] as shown in Table 1. BC-HP was

observed to have the highest value of CrI, followed

by BC-FD, MCC, and a-cellulose. This trend indi-

cated that BC has higher crystallinity compared to

other cellulose sources that were consistent with

other researches cited in the literature [17]. On the

other hand, the peak at 1430 cm-1 for a-cellulose is

observed to have broader band characteristic com-

pared to others which appeared to have sharp band

characteristic. In the meantime, at 897 cm-1 band, a

sharp and higher in intensity band for a-cellulose is

observed, while other samples show lower in inten-

sity and broader band characteristic. These
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phenomena are related to the degree of crystallinity

in cellulose which suggested that the crystallinity

increases as the band at 1430 cm-1 became sharper

and more distinct, while at 897 cm-1, the band

became broader and less distinct or conversely vice

versa as the crystallinity decreases [22]. However, CrI

obtained from FTIR data is limited only in relative

value (higher or lower) that can be used conveniently

for qualitative comparison [17], but other method

assessing the CrI, mainly XRD, is expected to give the

most realistic value [23].

Figure 2b, c show FTIR spectra at around O–H

stretching group and polymorph crystalline peak of

cellulose Ia (triclinic) and Ib (monoclinic). According

to Sugiyama et al. [24], the absorbance bands at

3220 cm-1 and 750 cm-1 assigned for the cellulose Ia
allomorph, whereas the absorbance band at

3280 cm-1 and 710 cm-1 accounts for the cellulose Ib

allomorph. BC produced in this study evidently

showed that it contained polymorph of Ia and Ib
based on this peak’s visibility. However, the

appearance of peak 3220 cm-1 was shifted to

3230 cm-1 and the peak of 750 cm-1 was shifted to

748 cm-1 for BC-FD and BC-HP. Meanwhile, the

appearance of peak 3280 cm-1 was shifted to

3330 cm-1 and the peak of 710 cm-1 was shifted to

711 cm-1 for BC-FD and BC-HP. It is noteworthy to

mention that the peaks for Ia allomorph at BC-HP

spectra have a lower and broader range compared to

BC-FD and thus suggested that BC-HP has lower

amount of Ia allomorph. Instead, for the a-cellulose
and MCC, both were dominated mainly by the cel-

lulose Ib allomorph based on peaks disappearance at

3230 cm-1 and 750 cm-1. Further analysis was car-

ried out to evaluate the fraction of cellulose Ia to

cellulose Ib allomorph as listed in Table 1. The result

Figure 1 Physical

appearances of BC pellicles

produced from OPF juice

medium. a BC pellicles after

14 days of cultivation period,

b purified wet BC pellicles,

c hot-pressed drying applied to

the BC pellicles, d freeze-

dried drying applied to the BC

pellicles, e BC-HP surface

view at 30 k9 magnification,

f BC-FD surface view at

30 k9 magnification.
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shows that the value of Ia fraction (fir) in BC-FD was

slightly higher than BC-HP and hence confirmed the

afore-mentioned on the peak characteristic differ-

ences. This result also suggested that heating process

for drying applied to BC-HP has changing some of

the fractions of metastable cellulose Ia to a stable cel-

lulose Ib structure [25]. Meanwhile, the Ia fraction

value for a-cellulose and MCC was not able to be

estimated due to disappearance of the peak at

3220 cm-1 and 750 cm-1 respectively. The peak dis-

appearance can be interpreted by the relationship

between O–H stretching groups and allomorph

peaks. Furthermore, peak desertion at around

3240 cm-1 indicates a lower content of Ia allomorph

and suggests that the inter-molecular bonds are

weaker and low in crystallinity [26, 27].

XRD analysis

Figure 3 illustrates the crystalline structure of BC-FD,

BC-HP, a-cellulose, and MCC. The XRD patterns

correspond to the Miller indices, the invariant peaks

of [(100), (010), (110)] crystallographic planes of cel-

lulose Ia orientation for BC-HP and BC-FD [28] and,

meanwhile, the peaks of [(110), (1–10), (200), (004)]

crystallographic planes of cellulose Ib orientation for

a-cellulose and MCC [28]. Moreover, the XRD pat-

terns for BC, a-cellulose, and MCC were consistent

with other works [29, 30]. However, BC-HP repre-

sents relatively higher-intensity values of peaks

compared to BC-FD, indicating a possibility of the

nature sample’s physical property related to the

drying or higher degree in cellulose crystallinity. It

has been reported that the peaks intensity was

affected by the sample particle size, which the pow-

dered sample has a lower-intensity value compared

to solid sample [31]. It is noteworthy that the BC-HP

thin-film sample was not subjected to pulverize as the

attempted grinding process using various types of

grinding machines has utterly damaging the samples.

On the other hand, for the (010) plane, BC-HP and

BC-FD shared similar pattern of XRD spectra, while

the a-cellulose and MCC represent comparable XRD

pattern to each other with shoulder peak at (110)

plane. Additionally, it is observed that XRD spectra

for a-cellulose and MCC exhibited a sharp distinct

peak at 34.74� and 34.64�, respectively, which

assigned to (004) plane compared to BC-FD and BC-

HP that exhibit a weak broad peak at this point.

According to the report by Tyagi et al. [32], diffrac-

tion peak at 34.5� of wood cellulose was attributed to

Ib phase and this suggests that a-cellulose and MCC

possessed a higher content of cellulose Ib.

Table 2 summarizes the principal peaks observed

at 2h, the difference in Bragg angle, and the result

obtained for the calculation of crystallinity index (CrI)

and crystallinity (Cr). For the principal peaks’

observation, the BC-HP and BC-FD have a larger

angle of peak (010) compared to a-cellulose and

Figure 2 FTIR spectra of cellulose samples. a IR spectra for

functional group determination and analysis on degree of

crystallinity. b and c IR spectra analysis for cellulose allomorphs.

Table 1 FTIR data analysis for cellulose samples

Samples Crystallinity index (CrI) Ia fraction (fir) (%)

BC-FD 0.5913 75.08

BC-HP 0.7021 70.67

a-Cellulose 0.4215 NA

MCC 0.5349 NA
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MCC. The smaller angle of peak (110) for a-cellulose
and MCC indicates a lower cellulose Ia content

[24, 33]. Furthermore, the differences between Bragg

angle of peak at (100) plane and peak at (010) for BC

samples show that BC-HP has lower value than BC-

FD. This proposes that BC-FD has higher preferences

in cellulose Ia compared to BC-HP, thus confirming

the previous result obtained from FTIR analysis

[33, 34]. The peak deconvolution method for obtain-

ing the crystallinity values for each sample is shown

in Fig. 4. From the results, the crystallinity index and

crystallinity for BC-FD and BC-HP show a higher

value compared to MCC and a-cellulose. The value of
crystallinity index for BC-HP was significantly higher

than BC-FD which might suggest that drying method

applied has an impact to the change in the crys-

tallinity of BC. Furthermore, the value of crystallinity

using peak deconvolution method shows similar

trends but with lower value. It can be considered the

calculation of the crystallinity index using Segal

method only for empirical measurement to allow

rapid comparison in cellulose crystallinity [17] as the

intensity in XRD spectra is not consistent even using

the repeated sample. On the other hand, the peak

deconvolution method demonstrates a reliable data

for the cellulose crystallinity and the comparison of

crystallinity value reported by Park et al. [17] was in

good agreement with the NMR method. Neverthe-

less, although the methods between peak intensity

and peak deconvolution presented different in crys-

tallinity values, the order of crystallinity for the given

samples shows a consistent comparison by each

method.

Table 3 shows that the interplanar distances (d-

spacings) for BC-FD and BC-HP have no significant

change with each other. Furthermore, the d-spacings

for a-cellulose and MCC are observed to give the

similar trending with almost similar values. How-

ever, the BC samples show greater values for d1 and

d2 compared to a-cellulose and MCC, but the d3 val-

ues are not obviously different. Additionally, the

value obtained for d1, d2, and d3 for all samples is

comparable with previous works by Castro et al.[35]

and Wada et al. [36]. Moreover, Wada et al. [20] have

proposed a simple method for categorizing native

celluloses into an Ia-rich type (algal–bacterial) and an

Ib-dominant type (cotton–ramie) by estimating the

monoclinic and triclinic relation (Ia/Ib) from the dis-

criminant analysis of two equatorial d-spacings (d1
and d2) known as Z-value. As presented in Table 3,

BC-FD and BC-HP show the Z-value[ 0 which

indicate that the BC produced was attributed to

algal–bacterial group with Ia -rich type, while a-cel-
lulose and MCC demonstrate the Z-value\ 0 which

belong to cotton–ramie group and Ib -dominant type.

Furthermore, BC-FD shows a slightly higher value of

Z-value compared to BC-HP thus suggested that Ia
possessed by BC-FD was greater. On the other hand,

the crystallite size of BC-HD and BC-FD generally

does not show any significant different but can be

summarized in the following order: BC-HP[BC-

FD[MCC[ a-cellulose. This order indicated that

BC BC-FD and BC-HP have larger crystallite size

compared to a-cellulose and MCC [37]. Additionally,

BC-HP possessed larger crystallite size than BC-FD

which contributed to the highest crystallinity value,

thus distinguishing the effect of drying method in

this study.

Figure 3 XRD patterns for the spectra of cellulose samples.

a BC-HP and BC-FD XRD spectra and b a-cellulose and MCC

XRD spectra.
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Thermal analysis using TGA

Figure 5 shows the thermogravimetric (TG) and dif-

ferential thermal degradation (DTG) curves of cellu-

lose samples depicted from thermogravimetric

analysis (TGA). Two main stages of dynamic weight

loss were observed for each cellulose sample. The

first stage of sample weight loss was considered as

dehydration and volatilization of low molecular

weight component bounded to cellulosic structures

ranging from 5 to 9% at 25–150 �C. The a-cellulose
was estimated to have the highest moisture content

attributed to higher amorphous region compared to

BC-OD, BC-FD, and MCC which have higher crys-

tallinity region. Meanwhile, the highest percentage of

weight loss occurred significantly in the second stage

of TG graphs which credited to the depolymerization

of b-glucan polymeric chains and oxidation of cellu-

losic materials to carbonaceous residue. From

Table 4, the weight loss occurred at the second stage

indicates a lower percentage for BC-HP and BC-FD

compared to a-cellulose and MCC. Furthermore, the

final residue weight percentage for BC-HP and BC-

FD was significantly higher than a-cellulose and

MCC. These results showed that higher crystallinity

content in BC, especially in BC-HP, performs as a

flame retardant, thus delaying the thermal decom-

position process [38]. Conversely, the facts that BC-

FD exhibited higher weight loss and lower residue

than BC-HP suggested that the freeze-drying appli-

cation generated highly porous structure, thus low-

ering the effect of flame retardant [38, 39]. However,

the initial and maximum thermal degradation tem-

perature presented in DTG analysis for BC-HP and

BC-FD was considerably lower compared to a-cellu-
lose and MCC. This corresponded to the fraction of

cellulose Ia (triclinic) structure in BC-HP and BC-FD

that has lower stability than the cellulose Ib (mono-

clinic) structure, hence reducing the energy needed

thermal decomposition [25]. Thus, it is noteworthy to

claim that the BC has higher thermal resistibility

Table 2 XRD data analysis of

cellulose samples for the

calculation of cellulose

crystallinity, peak position

determination, full width at

half maximum (FWHM), and

differences of Bragg’s angle

for peak 1 and peak 2

Sample Crystallinity (%) Peak position (2h) FWHM D Bragg angle

CI Cr (100) (010) (110) (100) (010) (110)

BC-FD 88.4 74.8 14.66 16.95 22.85 1.709 1.368 1.658 2.289

BC-HP 92.0 79.8 14.62 16.84 22.83 1.704 1.105 1.479 2.222

Sample Crystallinity (%) Peak position (2h) FWHM D Bragg angle

CI Cr (1–10) (110) (200) (1–10) (110) (200)

a-Cellulose 68.2 53.4 14.90 16.05 22.47 1.865 2.355 1.946 1.151

MCC 80.6 69.9 14.57 16.19 22.66 1.670 2.767 1.759 1.628

Figure 4 XRD spectra of cellulose samples after background

subtraction and baseline correction for cellulose crystallinity

calculation using peak deconvolution method. a BC-HP, b BC-

FD, c MCC, and d a-cellulose XRD spectra.
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compared to others in terms of lower percentage of

weight loss and higher in residue.

Thermal analysis through DSC

Further thermal analysis has been carried out using

DSC thermograph to elucidate the thermal behavior

of cellulose samples as shown in Fig. 6. The earlier

peaks occurred at 25–160 �C were representing the

endothermic reaction of sample dehydration. In this

case, BC-HP shows the lowest dehydration reaction

rate followed by BC-FD and MCC with respect to the

order of higher crystallinity structures. Meanwhile,

the a-cellulose demonstrates the highest dehydration

reaction rate compared to others due to physical

sponge-like appearances and possessed highest

amorphous region that favorably entraps more water

molecules in the structures [40]. The next calorimetric

peaks that occurred at 270–370 �C indicate melting

reaction of crystalline structures and denaturation of

glucose units. Surprisingly, BC-HP demonstrated an

exothermic reaction peak with the lowest melting

point temperature and enthalpy value. It is suspected

that the drying approach for the BC-HP resulted to

the thin-film appearances similar to the plastic poly-

mer material, thus affecting the thermal melting

behavior of the sample [10], whereas BC-FD was

Table 3 XRD data analysis of

cellulose samples for the

calculation of d-spacing,

crystallite size, and Z-value

Sample d-spacing (nm) Crystallite size (nm) Z-value

d1 d2 d3 c1 c2 c3

BC-FD 0.604 0.523 0.388 4.387 5.480 4.563 1.758

BC-HP 0.605 0.526 0.389 4.375 6.782 5.115 1.552

a-cellulose 0.594 0.552 0.395 4.010 3.179 3.885 - 40.913

MCC 0.608 0.549 0.392 4.476 2.706 4.299 - 13.583

Figure 5 TGA and DTG thermograph of bacterial cellulose and

plant cellulose samples.

Table 4 TGA data analysis for cellulose samples

Samples Second stage weight loss (mg)% Residue (mg)% DTG peak range (�C) DTG max (�C)

BC-FD 68.11 13.1 186–363 343.6

BC-HP 49.18 25.94 199–347 313.4

a-Cellulose 75.01 4.77 214–365 354.4

MCC 78.48 3.1 243–350 338.8
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representing the endothermic of melting peak com-

parable to the a-cellulose and MCC due to the

physically fibrous porous structures of the samples

[11]. Additionally, despite possessing the highest

crystallinity values, BC-HP and BC-FD show a lower

enthalpy of melting compared to MCC. As men-

tioned before, BC-HP and BC-FD contain cellulose Ia
(triclinic) fractions which has less stability compared

to the cellulose Ib (monoclinic) structure that are

dominant in MCC [25]. Overall, BC-HP has lower

thermal stability compared to BC-FD and a-cellulose
and MCC based on the enthalpy value and melting

peak temperature range.

Conclusion

The effect of drying method applied to the BC pelli-

cles on the crystalline structure characteristic and

thermal properties was confirmed. FTIR analysis

revealed that the fraction of cellulose Ia crystalline

structure decreased in BC-HP compared to BC-FD.

Meanwhile, the FTIR and XRD analysis on the crys-

tallinity favorably fall into BC-HP compared to BC-

FD. Furthermore, the thermal analysis using TGA

and DSC demonstrated that BC-HP possessed higher

thermal resistivity but lower thermal stability com-

pared to BC-FD. Therefore, applying different meth-

ods of drying to the BC pellicles was significantly

affected the crystallinity and thermal behavior of BC.

Based on this fact, further material application using

different approach of drying the BC should particu-

larly take into consideration.
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