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Bacterial cellulose (BC) is a polymeric material that presents unique structural and mechanical properties, high 
crystallinity, biocompatibility, and biodegradability. All these excellent properties make BC attractive for various 
biotechnological applications, ranging from biomedical to electronic devices. However, the cultivation 
conditions to produce BC as well as the downstream processing steps can affect the properties of BC films by 
modifying the microstructure of the material. This paper reports on the effect of drying method on BC films 
produced by Gluconacetobacter hansenii using two different procedures (oven drying at 50°C and freeze-
drying). Structural changes in the BC films were evaluated using scanning electron microscopy (SEM), 
thermogravimetric analyses (TGA), X-ray diffraction (XRD), and Fourier-Transform Infrared (FT-IR). The two 
samples were visually different, as the oven dried BC was transparent while the freeze-dried BC was whitish. 
SEM micrographs showed that the samples had similar interweaving, but the freeze-dried material presented 
a higher porosity while oven dried presented collapsed fibers, leading to a volume reduction of the film. The 
analysis of the thermal stability showed that the films have a similar degradation profile, starting the process of 
degradation at 319 °C for the oven and at 325 °C for the freeze-dried samples. The BC films showed also 
similar crystallinities (85%), although their diffratograms exhibit different peaks suggesting that the drying 
process changed the percentage of Iα/Iβ polymorphs of the films, which was corroborated by the FT-IR results. 
These differences in the BC films characteristics submitted to different drying procedures can have an impact 
on their mechanical properties and water absorption capability, thus potentially influencing the type of possible 
applications. 

1. Introduction 
The bacterial cellulose (BC) is a polymeric material that presents remarkable properties as nanostructure, high 
crystallinity, capacity of chemical modifications, biocompatibility, biodegradability, high mechanical strength 
and capacity for water retention, slow capacity for water evaporation, non-toxicity, and ability to be molded 3-
dimensional and with chemical modifications structures during biosynthesis. In face of all these excellent 
properties, the BC becomes attractive for various biotechnological applications including biomedical, cosmetic, 
food, pulp, paper, optical, electrical, magnetic, BC membranes and sewage purification (Iguchi et al., 2000). 
BC is produced mainly by the acid bacteria Gluconacetobacter, such as G. xylinus and G. hansenii, by 
cultivation in a liquid medium rich in carbohydrates, chemically defined or complex, under stirring or static 
condition (Esa et al., 2014). The current challenges limiting the application of BC in a broader and larger scale 
is related to bioprocess developments to increase its production. The process used to produce BC affects 
directly its properties and consequently its application. The effects of cultivation type (static or agitated; batch 
or fed batch process), the different bacterial strains and the culture medium (complex or industrial waste) on 
the BC properties has been widely studied. Besides, the downstream processing treatment of the BC can also 
impact the final characteristics of the material. However, how the drying process affects the properties of BC 
still needs to be further investigated, since most of the studies compare the properties of the film produced 
under different cultivations conditions using a unique drying process or during the preparation of BC 
composites (Hu et al., 2014; Zeng et al., 2014a). The aim of this work was to evaluate how the drying process 
of BC affects its properties. For this purpose BC films were produced by G. hansenii under static cultivation, 
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followed by purification step and then dried under two different procedures, oven dried or freeze-dried. Both 
resulting BC films were then fully characterized by microscopic, thermogravimetric, X-ray and FT-IR analysis. 

2. Materials and methods 
2.1 BC Synthesis, purification and drying process 

The bacteria used in this work was the Gluconacetobacter hansenii (ATCC 23769). The methodology for the 
synthesis of BC was divided into four steps: activation, pre-inoculum, inoculum and cultivation. The culture 
medium used was the Hestrin and Schramm (1954) and the pH was adjusted to 5.0 with a citric acid solution. 
In the activation phase the bacteria was inoculated into HS-agar medium and incubated at 30°C until growth. 
The next step was the pre-inoculum in liquid medium, in which the grown cells on the agar was removed and 
transferred to 20 mL of fresh HS medium. After three days, 10 mL of pre-inoculum was added into 40 mL of 
fresh medium and was incubated for more three days. The cultivation for BC production started by inoculating 
4% of the inoculum into fresh HS medium and incubating it for 7 days. The whole process took place at 30 °C 
under static conditions. The purification was carried out by separating the BC from the medium and boiling 
(~95°C) in a 1% (w/v) sodium hydroxide solution for 60 min for removal of cells and medium embedded in the 
cellulose film. After purification, the film was rinsed with distilled water until neutral pH. The BC films were 
either oven dried (Oven FANEM 502, Brazil) at 50 °C on a silicon surface for 48 hours, until constant weight 
(Oven-dried BC) or frozen at -30 °C and then freeze dried (Freeze Drier LIOBRAS 101, Brazil) on petri dishes 
(Freeze-dried BC).  

2.2  Characterization Analyzes 

Scanning Electron Microscopy SEM analysis was performed on a microscope JEOL (Model JSM-6510) 
equipped with a secondary electron detector (SEI) and operated at 10 kV. For these analyses, all samples 
were attached to aluminum stubs using adhesive carbon tape and then coated with gold (Leica Sputter Coater 
- SCD050 Coating system). The BC films were fixed directly onto the carbon tape. Bacterial sample was 
prepared on a slice of glass, using for fixing a Karnovsky solution. For dehydration, the samples were washed 
with acetone solution at different concentrations and freeze dried. The samples used for all analyses were 
randomly picked from the BC films. 
Thermogravimetric analysis (TGA) of BC samples was carried out using a TA instruments (TGA Q500 V6.3 
build 189) using sample of about 7 mg in a platinum sample holder. Each sample was scanned over a 
temperature range from ambient temperature to 600°C at a heating rate of 10 °C/min under nitrogen 
atmosphere with a sample flow rate 50 mL/min and balance flow rate 50 mL/min to avoid sample oxidation. 
Thermogravimetric derivative (DTG) was also obtained from the data. 
The X-ray diffraction (XDR) was performed with a high-resolution X-ray diffractometer (Shimadzu 6000) with a 
Ni-filtered Cu Kα (1,540562 Å) radiation source operated at voltage 30 Kv and 30 mA electric current. The 
dried BC samples were scanned from 5° to 85° 2θ range with a step of 0,02°, a step time of 4,0 sec and scan 
speed 2°/min. The % Crystallinity was calculated by two methods, the Height peak method (%CH) Eq(1)(Segal 
et al., 1959) and the Area peak method Eq(2) (%CA) (Park et al., 2010). A peak fitting program (OringiPro) 
was used, assuming pVoigt functions for each crystalline peak and a broad peak around 22° assigned to the 
amorphous phase. The equations used are below: 

% 	=	 I002-IAM

I002
x100                                                                                                                            (1)                          

 % 	=	(1- ) ∗ 100                                                                                                                           (2) 

Where I002 is the maximum intensity of the lattice diffraction (2ϴ of 22° to 23°) and IAM is that of the amorphous 
material where the intensity is minimum (2ϴ of 18° to 19°), AA is the area relative to the amorphous fraction 
and AT is the total area of the original diffractogram. 
Attenuated Total Reflectance Fourier-Trasnform Infrared (ATR-FTIR) spectroscopy analyses was carried out 
on the BC films on a Vertex 70 FTIR spectrometer (Brunker), equipped with a Universal ATR accessory, using 
32 scans and a resolution of 4 cm-1, over the range 4000-400 com-1 and their background was recorded with 
an empty cell for each sample. The spectra’s were normalized and cellulose Iα fraction (Kataoka and Kondo, 
1999) and Iα, Iβ content (Bi et al., 2014) were calculated using the peak heights at 750 and 710 cm-1 as 
showed the following equations: I	 fraction = + 																																																																																																																																															(3)																						 
 			 = 2.55 ∗ fraction − 0.32																																																																																																																																						(4) 
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3. Results and discussions 
3.1 Synthesis, Purification and Drying Process of BC 

Morphological characterization of G. hansenii, the crude BC film and the purified BC oven dried was carried 
out using SEM. From Figure 1, it is possible to show that the purification process was effective in removing 
bacteria intertwined in the cellulose film and traces of culture medium. The purification process also increased 
the BC films transparency. 

 

Figure 1: SEM micrographs of G. hansenii (ATCC- 23769) (A), BC films after 7 days of static cultivation at 30 
°C before (B) and after (C) purification with NaOH 1 % (w/v) for 60 min at 100 °C.  

The BC samples produced and purified were subjected to two different drying processes: oven dried or freeze-
dried. Figure 2 shows the appearance of the samples at the end of the different drying processes. It can be 
seen that the over dried BC (Figure 2A) has transparency while the freeze-dried BC (Figure 2B) does not, 
looking like a “Styrofoam”. The structure of the cellulose membranes was investigated with higher resolution 
using SEM (Figure 2C and 2D), in which the BC fibers dispersion and the interfacial adhesion are shown. 
Similarly to previous reports, BC films show a hierarchical structure with pores of different sizes from macro to 
micro scale. It is notable that both samples show similarity between the interweaving of the fibers. However 
the freeze-dried BC has a higher porosity while the oven dried sample the fibers are more collapsed, 
presenting a lower porosity.  

 

Figure 2: BC films oven dried (A) and freeze dried (B) and SEM micrographs of BC films oven dried (C) and 
freeze dried (D). 

The thickness of the oven-dried membrane was much lower than the freeze-dried, 12±2 and 627±84 µm, 
respectively. A simple visual observation does not provide information about the crosslink forming the film, but 
probably the reduced volume of oven dried BC is related to the collapse of the polymer chains that form the 
structural network of the membrane. The diversity of applications and biological functions of BC membranes 
are based on their distinct morphology, and the intertwining of the fibers in films is responsible for its 
considerable mechanical strength and water absorption capacity. Zeng et al. (2014b) confirmed these 
differences evaluating three different drying processes: room temperature drying, freeze drying and 
supercritical CO2 drying, and found out that mechanical properties, such as penetration depth, hardness, and 
also water absorption capacity were modified by the drying process, and each process favors a specific 
characteristic. 
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3.2 BC Characterization 

The TGA and DTG curves of bacterial cellulose are presented in Figure 3. It is possible to observe that oven-
dried BC and freeze-dried BC have similar behavior in relation to heat degradation, showing the typical single 
step thermal degradation profile. Three stages of mass loss were associated with the TGA curves. A first 
stage below 150 °C, with less than 10% weight loss, is associated with the release of water and other volatile 
compounds present in the film. A second stage, at range 250 - 450 °C, shows a severe weight loss. This event 
is associated with the process of cellulose degradation, involving depolymerization, dehydration and 
decomposition of glycosyl units followed by the formation of a charred residue (Mohammadkazemi et al, 
2015). The third stage extends to the usual ending test temperature at 600°C. The single step confirms that 
the adopted purification process promoted the removal of all contaminants. 
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Figure 3: TGA (---) and DTG (- - -) of cellulose produced by G. hansenii in HS medium under different drying 
processes. 

The results of temperature of Tonset and main DTG peak are listed in Table 1. It was observed no significant 
differences between BC samples under the drying processes studied. This indicates that the drying process 
did not affect the thermal degradation. The high thermal resistance of BC with a decomposition temperature 
around 355°C is in agreement with previous studies using alkaline treatment and similar drying processes, 
freeze dried (Mohite and Patil, 2014) and oven dried (Zeng et al., 2014b). 

Table 1:  Details of TGA, DTG, DRX and FT-IR characterization of BC films under different drying processes 

BC Sample Tonset (°C) 
Main DTG peak 

temp. (°C) 
%CH %CA Iα fraction Iα Iβ 

Oven dried 319.6 355.4 84 68 0.35 57.2 42.8 
Freeze dried 325.2 354.5 85 64 0.37 62.3 37.7 

 
The BC is a semi-crystalline material and its structure is composed of cellulose I, predominantly by polymorph 
Iα (Zeng et al., 2014b). To compare the microstructure changes in the BC oven dried and freeze-dried, X-ray 
diffraction was used. The diffractograms of the samples are presented in Figure 4A. The peaks found for the 
two samples only suggest the presence of cellulose I, peak 1 (~15°) corresponds to the 100 plane of cellulose 
Iα or to the  110 plane of cellulose Iβ, peak 2 (~17°) corresponds to the 010 plane of cellulose Iα  or to the 110 
plane of cellulose Iβ and peak 3 (~23°) corresponds to the 110 plane of cellulose Iα or to the 200 plane of 
cellulose Iβ (Wada et al, 2001). The samples have different peaks and intensity, each diffracted peak presents 
only one contribution of the corresponding diffractions of the phase Iα and Iβ, which is difficult to estimate due 
to overlapping of the planes reflections. The diffractograms also reveals the presence of the amorphous region 
in BC (Iam~20°). The % crystallinity (%C) was calculated using two different methods and the results are 
presented in Table 1. The %CH showed no difference between the samples dried by different processes and 
both have high crystallinity (%CH~85%), when the peak area was used there was also no significant difference 
in crystallinity between the drying processes, but the %CA value was reduced in almost 20% (%CA~65%). The 
difference of the values between the methods was expected, since the height method is an empirical 
measurement to allow relative rapid comparison between samples. However, there is some reasons that it 
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should not be used as a method for estimating the amount of crystalline and amorphous material in a cellulose 
sample, as the height used for amorphous fraction is not aligned with the maximum height of the amorphous 
peak, only the highest crystalline peak is used in the calculation and only the height is taken into account 
being that width also plays a very important role (Park et al., 2010). 
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Figure 4:  X-ray diffractogram (A) and FTIR vibrational spectra (B) of BC produced by G. hansenii in HS 
medium under different drying processes. 

The results suggest that different drying methods are not influencing the crystallinity of BC, but the methods 
are changing the proportion of polymorphs Iα/Iβ. Zeng et al. (2014b) found similar crystallinity results and 
peaks for films to dried at room temperature and freeze-dried. 
The FT-IR spectra of oven- and freeze-dried cellulose are presented in Figure 4B. It is possible to observe that 
the films have similar profile, the absorption bands at 798, 867, 1035, 1637, 2851, 2919, 2964 and 3350 cm-1 
in the spectra characterize the material as bacterial cellulose. The region between the bands 3600-3000 cm-1 
corresponds to hydrogen bond O-H stretching, hydrogen bonds for cellulose I include two intramolecular 
bonding namely, O(2)H-O(6) bonding (3405-340 cm-1) and O(3)H-O(5) bonding (3340-3375 cm-1) and one 
intramolecular bonding O(6)H-O(3) (3230-3310 cm-1) (Fan et al., 2012). The presence of the bands 1429, 
1163, 1111, 897 cm-1 also characterizes the formation of cellulose I (Nelson andand O'Connor, 1964). These 
results indicate that the drying process used was not able to transform cellulose I into II, but the increased 
intensity of the band around 993 cm-1 in the oven-dried film suggests the formation of a new crystal structure 
with a cellulose II characteristic (Yue et al., 2015). The appearance of cellulose II may be related to the 
process of film purification with sodium hydroxide, as the appearance of cellulose II after the alkaline 
purification process has been reported by Zeng et al. (2014b). 
It is possible to observe some changes around 800-950 cm-1 band. This region is sensitive to the amount of 
amorphous cellulose, i.e. broadening of this band indicates higher amount of disordered structure (Ang et al., 
2012; Proniewicz et al., 2002) and the increase in the intensity of the 2900 cm-1 band in the oven-dried 
cellulose spectrum are indications that this film is more crystalline (Ciolacu et al., 2011). The efficiency of the 
purification process also can be confirmed through the FT-IR spectro, due to the absence at 1642 cm-1 band 
which relate to amide presence (Zeng et al., 2014b). 
Table 1 shows the Iα fraction and the amount of α and β polyforms of cellulose I. The results indicate that 
freeze dried process slightly increased the cellulose Iα amount in the BC film, suggesting that the dried 
process would affect the formation of two distinct crystalline variation in the crystalline structure of cellulose I: 
meta stable state cellulose Iα and stable state cellulose Iβ (Nelson and O'Connor, 1964). Bi and co-workers 
(2014) reported that different strains can produce cellulose film with different concentrations of cellulose Iα in 
agitation culture. The drying technique can modify the chemical bonds, as the disorder of cellulosic structure 
may be caused by the different arrangements in the angles around β-glycoside linkages and hydrogen bond 
rearrangement (Proniewicz et al., 2002). 

4. Conclusions 
The results of this work using two different drying processes allowed the production of different BC films with 
different structural properties. Such materials could be used to create novel complex nanocomposites with 
different applications. The oven drying and freeze-drying methods did not affect the thermal stability and 
crystallinity of the film, but modified the transparency, porosity and polymorphs composition of BC films, what 
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can interfere directly in the potential applications. A better understanding of how the drying process affects the 
properties of the BC films may contribute for the development of novel biotechnological materials for different 
applications.  
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