
Introduction

The production of materials of medical interest from renewable 

sources has great impact on the health and quality of life of the 

population. Polysaccharides represent a great potential for the 

development of the industry of biomaterials. Cellulose is one of 

most abundant polymers on Earth. Its naturally synthesized 

structure has among its properties to be biocompatible and 

hydrophilic and it is appropriate for the development of 

biomaterials for medical uses (Torres et al., 2012; Aparecida et 

al., 2007; Czaja et al., 2007).

Cellulose is a semicrystalline polymer and its crystallinity 

depends of the source of isolation and processing methods. The 

cellulose complex structure and hierarchy, due to its hydrogen 

bonding, there is the existence of several polymorphs 

(crystalline forms). Native cellulose has a polymorph 

structure of cellulose in two crystalline forms: I  (in algae α

and bacteria) and I  (in higher plants) (Gatenholm and β

Klemm, 2010; Czaja et al., 2007).

Despite of the same structure chemical, the bacterial 

cellulose has greater purity than the cellulose obtained from 

higher plants. This feature gives it a greater interest to the 

development of biomaterials (Torres et al., 2012).

The cellulose has poor solubility due to the high amount of 

hydrogen bonds which affecting their extensive use in the 

development of biomaterials for medical use (Elidrissi et al., 

2012).  This disadvantage is conventionally overcome by 

chemical modification of cellulose. During the process of 

bacterial cellulose production, hydrogel form is first 

obtained. The objective of this work, it is to change 

chemically the hydrogel by acid treatment with phosphoric 

acid.

Materials and methods

Bacterial cellulose hydrogel were supplied by Innovatec´s - 

Biotechnology Research and Development LTDA, São 
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Carlos – São Paulo, Brazil. The cultivation of the bacteria 

Gluconacetobacter xylinus was accomplished in middle of 

culture standardized by Innovatec´s that uses a middle of culture 

with green tea for the production of the cellulose (Olyveira et al., 

2016). Previously, humidity content and total ashes in the 

hydrogel was determined according to recent literature 

(Olyveira et al., 2014a). To obtain dry hydrogel, samples of the 

material were placed in an oven to 80 ºC during 24 hours. 

To achieve the modification of dry hydrogel, phosphoric acid 

(85%), supplied by Merck was used (hydrolysis to room 

temperature (32 ± 2 ºC) under constant stirring during 60 

minutes) (Han et al., 2014). The hydrolyzed pulp was thoroughly 

washed with distilled water until pH 7.0, and then was wetted 

with ethanol and dried in an oven at 37 °C until constant mass.

The yield was determined from the regenerated dry hydrogel 

treated on the basis of the weighing initial, according to the 

following equation (Ioelovich, 2012): 

Y= (%) = (w/wo) 100

Where  is initial dry weight of the sample and  is weight of wo w

dried sediment.

Whereas the solubility  of cellulose in solutions of phosphoric (S)

acid was calculated as follows:

S (%) = 100 [1 - (w/wo)]

Where  is initial dry weight of the sample and  is dry weight wo w

of insoluble part of the sample.

Thermogravimetric Analysis 

Thermogravimetric analysis (TG) of bacterial cellulose 

hydrogel dry and bacterial cellulose hydrogel dry treated with 

phosphoric acid were determined using a SDT-2960 

Simultaneous DTA/DTG de TA Instruments (USA). Analysis 

was performed on samples of 10 – 15 mg in a nitrogen 

atmosphere from 30ºC to 800ºC at a heating rate of 5 °C/minute

X-ray powder diffraction studies

The XRD spectra were recorded at room temperature (25 ºC) 

with a SIEMENS D5000, DIFFRAC PLUS XRD diffractometer 

(Germany) Cu K  radiation  with BRAGG-Brentano geometry, α

( =0.154 nm),    λ Flicker detector and graphite monochromator. 

The scattering angle range from 4º to 80º with 2  step interval of θ

0.02º was used. Cellulose samples were cut into small pieces and 

laid on the glass sample holder, analyzed under plateau 

conditions. An operating voltage of 40 kV and current of 30 mA 

was utilized, and the intensities were measured in the range of 5° 

< 2θ < 30°. Peak separations were carried out using Gaussian 

deconvolution. The d-spacings were calculated using the Bragg 

equation. Crystallographica search match software was used to 

identify the crystal structure of samples.

The surface method estimates the crystallinity index of the 

cellulose samples was carried out according to Ciolacu et al. 

(2011) using the following equation: 

Cr I. (%) = (Sc/St) · 100

where:  is the area of the crystalline domain and St is the Sc

area of the total domain.

FTIR spectroscopy 

FTIR spectra of the samples were measured on a FTIR - 

VERTEX 70 / BRUKER spectrometer (Germany). A total 

of 64 cumulative scans were taken, with a resolution of 4 

cm , in the frequency range of 4000 to 400 cm , in -1 -1

transmission mode.

The HBI (Hydrogen Bands Intensity), LOI (Lateral Order 

Index) and cell I/cell II ration was determined (Wada et al., 

2010; Nelson and Oconnor, 1964).  

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) imaging of 

crystalline cellulose was carried out using a FEG-MEV; 

JEOL 7500F scanning electron microscope (Germany). 

The equipment was operated at an acceleration voltage of 2 

kV. For each sample, different parts of the grid were used to 

determine both average shape and size distributions. The 

samples were coated with a carbon layer with a thickness of 

15 nm.

Results

The previous analysis showed the moisture content was 

higher than 97% (97,7%), while the total ash content is less 

than 0.1 mg / 100 g in the hydrogel.

The effect of phosphoric acid concentration on structure 

and properties the cellulose were studied. The results 

showed the solubility of the initial sample increased 

approximately 34, 9%, while the yield was superior to 65%, 

considered adequate to the working scale used (table 1).

Table 1. Determination of crystallinity index, yield and 

solubility samples treated with phosphoric acid

Thermogravimetric Analysis 

The thermogravimetric curve of dry hydrogel show two 

main stages of mass loss within the temperature range 25-

600 °C (Figure 1). Around 52 °C the first degradation 

process occurred due to water loss (10% mass loss) 

(Olyveira et al., 2014b; Cabrales and Abidi, 2010; 

Zohuriaan and Shokrolahi, 2004). A second step of 
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Treated sample CI (%) Yield (%) Solubility (%)

Dry Hydrogel 97, 3 - -

Dry hydrogel treated 41, 6 65, 1 34, 9
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degradation occurs with loss of mass within the temperature 

range 150-600 °C. In this range, two peaks of degradation were 

observed (168 °C and 329,1 °C with mass losses 0,26% and 

40,1%, respectively). This result suggests the peak observed at 

168°C related intermolecular water loss of the sample evaluated 

and the observed peak at 329, 1°C is linked to thermal 

degradation of cellulose (Olyveira et al., 2015). 

In the case of samples treated with phosphoric acid, the TG curve 

showed three peaks of degradation. Around 52°C the first 

degradation process occurred due to water loss (2, 3% mass loss); 

the peak at 109, 5°C may correspond to phosphate amorphous 

region (16,3% mass loss) and the peak at 180°C may corresponds 

to the portion of the material not phosphate (8, 3% mass loss).

Figure 1. Results of thermal analysis. Top: Analysis of dry 

hydrogel; Lower: analysis of dry hydrogel treated with 

phosphoric acid

X-ray diffraction studies

The XRD of dry hydrogel showed characteristic peaks of 

cellulose I at the 2θ of 10,3°; 14,5°; 16,6° and 22,8° and cellulose 

II at the 2θ of 10,3°, respectively (Olyveira et al., 2015; Kumar et 

al., 2014; Lengowki et al., 2013; Zhang et al., 2009). Bacterial 

cellulose was identified as native cellulose (PDF 502241) and the 

characteristic peak are indexed. These peaks correspond to the 

(110), (200), and (004) diffraction planes, respectively (Figure 2) 

(Huntley et al., 2015; Kumar et al., 2014). After treated sample a 

significant decrease occurs in the intensity of peaks 

representative cellulose. On the other hand, an intense peak at 2θ 

= 31,8° was observed. 

The crystallinity index of untreated cellulose was 97,3%. The 

calculated crystallinity indexes of the sample treated are given in 

Table 1. A strong decrease of the crystallinity degree equivalent 

to 42,8% for the samples treated with phosphoric acid solutions 

was observed. 

FTIR spectroscopy 

Figure 3 shows FTIR spectra of untreated and treated 

bacterial cellulose hydrogel dry. 

The bands at 3349 (O-H stretching intra and intermolecular 

H-bonds for cellulose I), 2883 (C-H stretching), 1642 

(associated to the bending mode of the naturally absorbed 

water), 1103, 1051, 1029, and 886 cm  are associated with -1

bacterial cellulose (Kumar et al., 2014; Johnson et al., 2010; 

Swatloski et al., 2002; Richmond, 1991). After treatment 

with phosphoric acid a band at 1733 cm  (P=O stretching -1

vibration for the ester linkages) and new bands in the 

regions 950-980 and 700-800 cm  were observed -1

(Zhbankou, 1966). 

The parameters HBI, LOI and cell I/cell II ration were 

calculated. The LOI decrease around the 22 % in the 

samples of dry hydrogel treated with phosphoric acid. The 

parameters HBI and cell I/cell II ration not vary (Table 2). 

Figure 2. X-ray diffractogram. a: Rx analysis of dry 

hydrogel, b: Rx analysis of  dry hydrogel treated with 

phosphoric acid 

Figure 3. FTIR spectra of original and treated dry hydrogel. 

a: FITR analysis of dry hydrogel, b: FITR analysis of  dry 

hydrogel treated with phosphoric acid 

Scanning Electron Microscopy 

Figure 4 shows SEM micrographs of the untreated and 
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treated cellulose dry hydrogel. We observed the untreated 

bacterial cellulose shows three-dimensional structure formed by 

nanometric fibers (Figure 4a). In the case of the samples treated 

with phosphoric acid, swelling and arrangement of the fibers was 

observed (Figure 4b).

Table 2. FTIR analysis parameters for calculated HBI, LOI and 

Cell I/Cell II ration

Figure 4. Results of analysis by scanning electron microscopy. a: 

dry hydrogel; b: Dry hydrogel treated with phosphoric acid 

Discussion

The reaction of cellulose with the phosphoric acid takes place in 

two stages. An esterification reaction between the alcoholic 

hydroxyl groups of cellulose and phosphoric acid to form 

cellulose phosphate; and competitive hydrogen-bond formation 

between the hydroxyl groups of the cellulose chains and water 

molecules on hydrogen ion. During this process the crystalline 

cellulose configuration gradually transforms from cellulose I to 

amorphous cellulose (Din, 2013). 

The difference between thermal stability of the samples before 

and after treatment with phosphoric acid observed in the TG 

analysis can be attributed to the loss of crystallinity of the sample. 

The main degradation of the treated sample takes place to 109, 

5ºC correspond to phosphate amorphous region. The hydrogen 

ion form phosphoric acid is relative small and could enter the 

space between adjacent cellulose chains avoiding the formation 

of inter-molecular hydrogen bond during the regeneration 

process (Din, 2013).

The ratio of crystalline regions and amorphous determines the 

crystallinity index of the cellulose, which in combination with 

the orientation of the crystalline and amorphous areas in the fiber 

affect the mechanical properties of the cellulose (Swatloski et al., 

2002). X-ray diffraction is a common technique used to evaluate 

changes into cellulose crystallinity (Johnson et al., 2010). 

In this study, the results showed the hydrolysis with phosphoric 

acid modifies the pattern of X-ray with change of relative 

intensity of the peaks and degree of crystallinity of the 

samples. A significant decrease of the crystallinity of 

cellulose was observed.

The XRD spectra show a significant decrease of the peaks. 

The peaks of the plane 020 (2θ = 23, 0) and 110 (2θ = 22, 4) 

was observed. This result indicates that the phosphoric acid 

prevent the formation of inter-molecular hydrogen bond 

during the regeneration process. While competition 

between hydrogen-bond formation between cellulose 

chains, and between cellulose chains and other hydrogen 

ions this happening at the same time (Din, 2013). 

The regenerated cellulose prepared with phosphoric acid 

had low crystallinity, the crystal peaks decreased greatly, 

and the degree of crystallinity also decreased from 97.3 % 

to 41.6 %. This result confirms that the reaction with 

phosphoric acid had markedly destroyed the crystal regions 

of the dry hydrogel.  Similar results were reported in the 

literature for other types of cellulose (Din, 2013).  

The results of the evaluation by FTIR spectroscopy show 

the spectrum characteristic of an ester of cellulose. Bands in 

the region between 700 cm  and 1050 cm , some with light -1 -1

intensity, characteristics of the phosphoric ester was 

observed. On the other hand, a sharp band to 1343,8 cm-1 

characteristic of the vibration P = O groups was observed.

Reported studies by Zhbankou (1966) on cellulose and its 

derivatives showed the frequency of the unassociated P = O 

group normally lies in the region 1250 cm-1 and 1300 cm-1, 

but in the case of treated with phosphoric acid the P = O 

band it moved towards higher wavelengths, assuming that 

this band corresponds to the link between the cellulose 

hydroxyl and P = O group. 

The LOI is correlated to the overall degree of order in the 

cellulose and can be used to interpret qualitative changes in 

cellulose crystallinity and is based on the ratio of 

absorbance bands at specific wavenumbers. Generally, 

when this index decreases, crystallinity also decreases. Low 

LOI values indicate the dry hydrogel treated with 

phosphoric acid is composed of more amorphous domains 

compared with untreated dry hydrogel. This result confirms 

the results obtained in the evaluation by X-ray (Wada et al., 

2010; Nelson and Oconnor, 1964). 

The evaluations by electron microscopy showed that the 

treatment with acid modifies the structure of dry hydrogel. 

A rearrangement of nanofibers was observed. 

Conclusions

This result confirms the formation of cellulose ester after 

treatment with phosphoric acid. The acid treatment causes 
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Samples HBI LOI Cell I/cell II

Dry Hydrogel 1,01 0,97 0,92

Dry hydrogel treated 0,99 0,76 1,01
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an increase of the amorphous regions in the dry hydrogel. With 

this process could be obtained soluble cellulose which may be 

enriched with calcium for use as biomaterial on bone tissue 

regeneration.
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