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ARTICLE

Comprehensive Characterisation of the Morphological, Thermal 
and Kinetic Degradation Properties of Gluconacetobacter xylinus 
synthesised Bacterial Nanocellulose
Bemgba B. Nyakuma a, Syieluing Wongb, Laura N. Utume c, Tuan Amran T. Abdullahd, 
Mustapha Abbae, Olagoke Oladokunf, Tertsegha J-P. Ivaseg, and Ezekiel B. Ogunbodeh

aResearch Initiative for Sustainable Energy Technologies (RISET), Makurdi, Benue State, Nigeria; bDepartamento 
Matemática Aplicada, Ciencia E Ingeniería De Materiales Y Tecnología Electrónica, Universidad Rey Juan Carlos, 
Madrid, Spain; cDepartment of Biological Sciences, Faculty of Sciences, Benue State University, Makurdi, Benue State, 
Nigeria; dSchool of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, Skudai, 
Johor, Malaysia; eDepartment of Microbiology, Faculty of Science, Bauchi Statem, University, Gadau, Bauchi State, 
Nigeria; fDepartment of Chemical Engineering, College of Engineering, Covenant University, Ota, Ogun State, Nigeria; 
gBio-Resource Development Centre, National Biotechnology Development Agency, Makurdi, Benue State, Nigeria; 
hDepartment of Building, Federal University of Technology Minna (FUT Minna), Niger State, Nigeria

ABSTRACT
Microbial-assisted synthesis can advance nanocellulose production, while 
addressing the economics and environmental friendliness of conventional 
techniques. Bacterial nanocellulose (BNC) is a linear exopolysaccharide with 
3-D structures and nanofibril networks synthesized by various bacteria. The 
physical, chemical and mechanical properties of BNC have been characterized 
for various applications. However, limited knowledge of the thermal degrada
tion and kinetic properties of BNC currently hampers its utilization as renew
able biopolymers as heat, temperature, and heating rates influence life span 
and future applications. Therefore, this study examines the thermal, chemical, 
morphological, microstructure, and kinetic properties of Gluconacetobacter 
xylinus synthesized BNC through thermogravimetric analysis (TGA), scanning 
electron microscopy (SEM), energy dispersive X-ray (EDX), and isoconversional 
Ozawa–Flynn–Wall (OFW) kinetic modeling. The SEM results showed that BNC 
has a highly dense fibril structure with overlapping knots, which denotes 
a high surface area, porosity and crystallinity, whereas EDX revealed C, O, 
and Na. TGA revealed BNC undergoes three-stage thermal degradation with 
mass loss of 53.57% and residual mass of 46.43% on average. Kinetic modeling 
revealed the average activation energy (Ea = 59.39 kJ/mol) and pre- 
exponential factor (ko = 1.62 × 1010 min−1) for BNC indicating high thermal 
reactivity. Thus, G. xylinus- synthesized BNC has potential for many applica
tions in the future.

摘要

微生物辅助合成可以促进纳米纤维素的生产, 同时解决传统技术的经济性 
和环境友好性. 细菌纳米纤维素（BNC）是由多种细菌合成的具有三维结 
构和纳米纤维网络的线性胞外多糖. BNC的物理、化学和机械性能已在各 
种应用中得到表征. 然而, 有限的知识热降解和动力学性质的BNC目前阻碍 
了其作为可再生生物聚合物的利用, 因为热量, 温度和加热率影响寿命和未 
来的应用. 因此, 本研究通过热重分析（TGA）、扫描电子显微镜 
（SEM）、能量色散X射线（EDX）和等转化率Ozawa-Flynn-Wall（OFW） 
动力学模型研究了葡萄糖酸杆菌合成BNC的热、化学、形态、微观结构和 
动力学性质. 扫描电镜（SEM）结果表明, BNC具有高度致密的纤维结构

KEYWORDS 
Thermogravimetry; kinetics; 
bacterial nanocellulose; 
Gluconacetobacter xylinus
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和重叠的节, 这表明BNC具有较高的比表面积、孔隙率和结晶度, 而EDX显 
示C、O和Na. TGA分析表明, BNC经历了三个阶段的热降解FF0C质量损失为 
53.57%, 平均残余质量为46.43%. 动力学模型显示BNC的平均活化能 
（Ea=59.39kJ/mol）和指数前因子（ko=1.62×1010min-1）表明其具有较 
高的热反应活性. 因此, 木霉合成的BNC具有广阔的应用前景.

Introduction

The isolation and synthesis of nanocelluloses (NC) have gained significant attention over the years due 
to their unique material properties (Kargarzadeh et al. 2012). The NC materials derived from renew
able and sustainable sources are abundant, low cost, biodegradable, and environmentally friendly 
(Jozala et al. 2016; Shah et al. 2013a; Shankar and Rhim 2016). However, current techniques such as 
acid hydrolysis (Peretz et al., 2019), electrospinning (Han et al., 2019), irradiation (Kim et al., 2016), 
mechanical grinding (Zhuo et al. 2017), and combined ozonation with hydrolysis (Peretz et al., 2019) 
utilized for isolating and synthesizing NCs are hazardous, expensive, and time-consuming (Kalia et al., 
2011; Reddy and Rhim, 2014). Furthermore, the isolation or synthesis of NCs from agricultural waste 
is characterized by low yields and process efficiencies along with high product impurities due to the 
presence of lignin and other polysaccharides found in plants (Li et al. 2018; Phanthong et al. 2016). 
Hence, the NCs require additional treatments or purifications to obtain pure variants for specialized 
applications in the pharmaceutical and biomedical industries. Scientists have examined the synthesis 
of NCs from microbial species such as bacteria to address these challenges (Fu et al. 2013b; Jozala et al. 
2016). Numerous studies have isolated and synthesized bacterial nanocellulose (BNC) from various 
bacteria genera such as Rhizobium leguminosarum (Mohammadkazemi et al. 2015), Gluconacetobacter 
xylinus (Jozala et al. 2016), Pseudomonas putida, and Salmonella enterica (Blanco et al. 2018), 
Komagataeibacter (Skočaj 2019), Agrobacterium tumefaciens, Dickeya dadantii and Escherichia coli 
(Jacek et al. 2019) among others reported in the literature.

BNC is a linear exopolysaccharide comprising β-D-glucopyranose monomer components con
nected by β-1,4-glycosidic chains (Jacek et al. 2019; Martínez Ávila et al. 2014). BNC contains 99% 
moisture in its natural state, which makes it a hydrogel with interesting materials applications (Klemm 
et al. 2001). The structure of BNC consists of a 3-D network is comprised of nanofibrils that range 
from 70 to 140 nm wide, which is similar to collagen. It is also characterized by high surface area, 
which is stabilized by inter- and intra-fibrillar hydrogen bonds (Martínez Ávila et al. 2014). BNC has 
high mechanical strength, crystallinity, purity, porosity, young modulus, water-binding capacity, 
tensile strength properties along with high surface area, low density and oxygen permeability 
(Blanco et al. 2018; Martínez Ávila et al. 2014; Zhuo et al. 2017), which are critical to the production 
of biopolymers for various applications. The excellent mechanical properties of BNC are responsible 
for its application as a reinforcing agent for drug delivery, scaffolds regeneration, skin transplants, 
wounds and burn dressings (Fu et al. 2013b; Gatenholm and Klemm 2010). Other notable applications 
include biotechnology, pharmaceuticals, medicine, bio-based packaging, cosmetics, paper manufac
turing, coating and composite materials (Curvello, Raghuwanshi, and Garnier 2019; Kamel et al. 2020; 
Lin and Dufresne 2014). The ability of bacteria to synthesize BNC as an advanced functional material 
has future potential far beyond the existing applications reported in the literature.

Previous studies have employed various analytical techniques such as X-ray diffraction (XRD), 
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), Fourier transform infrared 
(FTIR) spectroscopy, and thermogravimetric analysis (TGA) to investigate the crystallinity, morphol
ogy, bulk chemical composition, functional group chemistry and thermal properties of bio-based 
materials (Abba et al. 2020; Bhattacharya et al. 2020; Derami et al. 2019; Nyakuma et al. 2020b). The 
previous study by Abba et al. (2017) isolated BNC from G. xylinus and characterized its material 
properties through FTIR, XRD, SEM, and EDX. However, there are limited studies on the thermal 
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degradation behavior and kinetic decomposition mechanism of BNC in the literature. Since tempera
ture and heating rates play an influential role in the thermal stability, performance, life span, and 
potential applications of polymeric materials, it is critical to examine the thermal and kinetic proper
ties of BNC. Hence, the present study seeks to investigate the thermal degradation behavior and 
decomposition kinetics of BNC synthesized from G. xylinus under non-isothermal and multiple 
heating rate-TGA using the isoconversional kinetic model of Ozawa-Flynn-Wall (OFW). The study 
also presents the morphological, microstructure, and bulk chemical properties of G. xylinus synthe
sized BNC. To the best of the author’s knowledge, this is the first comprehensive study on the multiple 
heating rate thermal, non-isothermal and isoconversional kinetic characterization of G. xylinus 
synthesized bacterial nanocellulose (BNC) in the literature.

Materials and Methods

Materials, Synthesis, and Purification of BNC from G. xylimus BCZM

The reagents employed in the synthesis, recovery and purification of BNC from G. xylinus were as 
follows: peptone, citric acid, disodium hydrogen phosphate, glucose, yeast extracts, sodium hydroxide, 
agar, ethanol and sodium hydroxide, which were all purchased in analytical grade from Bacto, Merck 
and Sigma–Aldrich (USA). Contamination was avoided through aseptic handling and storage of 
samples and the media before and after each experiment. The Hestrin and Schramm (HS) broth 
selected for the synthesis of G. xylinus in this study was prepared at pH 5.5 (Hestrin and Schramm 
1954). The pre-inoculum was prepared by transporting the pure G. xylinus BCZM colonies to the 
50 mL HS broth before incubating for 3 days at 30°C with constant stirring at 100 rpm. The energetic 
agitation of the culture broth was performed to release the cells into the broth. The inoculum was 
prepared in triplicates using 10% v/v with fresh HS broth in a 250-mL conical flask. The flask was 
subsequently incubated for 7 days under static conditions at 30°C. The formation of a thick gelatinous 
layer on the surface of the culture broth confirmed the production of BNC (Jozala et al. 2016; Yang 
et al. 2013). The BNC pellicles were recovered by simple filtration and cleaned with deionized water to 
remove extraneous materials and impurities. The BNC was then purified and treated based on the 
procedures of the alkaline method described by Abba et al. (2017). Lastly, the purified BNC was 
subjected to oven and freeze-drying to obtain the dried film used for material characterization and 
further analysis.

Morphological and Bulk Chemical Analyses

The scanning electron microscope (SEM, JOEL JSM-6390 LV, Japan) was employed to examine the 
morphology and microstructure of the synthesized BNC. The sample surface was prepared for SEM 
analysis by sputter coating a thin layer of gold (Au) using the automatic sputter coater (Quorum 
Q150R S, U.K). Sputter coating was done to enhance the conductivity of the sample and the image 
quality of the SEM micrographs (Trovatti et al., 2011). The sample was then transferred to the sample 
chamber and degassed before scanning at a magnification of ×30,000 to obtain the SEM micrographs. 
The SEM microscope was operated under high vacuum at the following conditions; 50 pA, 30 kV 
(accelerating voltage), and 5 mm (working distance). In contrast, the energy dispersive X-ray (EDX) 
technique was employed to examine the bulk chemical properties of the BNC sample. The EDX 
analysis was performed using the point ID and mapping feature of the SEM Microscope to compute 
the composition of chemical elements (weight percent, wt.%) of BNC from the charge balance.

Thermogravimetric Analysis (TGA)

The thermal degradation behavior and properties of the G. xylinus BCZM-synthesized BNC were 
examined by thermogravimetric analysis (TGA). During each TGA test, approximately 16 ± 0.60 mg 
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of the BNC sample was placed in an alumina crucible after which the furnace was purged with 
nitrogen gas (N2, flow rate 20 mL/min) to ensure an inert environment in the TGA furnace (Shimadzu 
TG-50, Japan). Next, each sample was heated at the selected heating rate from 10°C/min to 50°C/min 
(in 10°C/min increments) from 28°C to 700°C based on the selected non-isothermal TGA program. 
On completion, the raw thermogram data were analyzed using the thermal analysis software 
(Shimadzu TA-60WS workstation) to acquire the stepwise mass loss (ML) and derivative ML data 
for each TGA run. Next, the thermogravimetric (TG, %) and derivative thermogravimetric (DTG, %) 
data were plotted against temperature (°C) in Microsoft Excel.

Temperature Profile Analysis (TPA)

The effects of temperature, heating rates, and reaction time on the thermal degradation behavior and 
residual product properties after TGA were examined through the temperature profile characteristics 
(TPC). In this study, the TPCs were deduced from the TG-DTG plots using the data analysis feature of 
the Shimadzu TA-60WS workstation software, as described in the literature (Nyakuma et al. 2020a; 
Nyakuma, Wong, and Oladokun 2019). Based on the TG plots, the TPCs, namely; ignition (Tons), 
midpoint (Tmid), peak decomposition (Tmax), burnout (Toff) temperatures along with the mass loss 
(ML) residual mass (RM) were determined. In contrast, the TPCs, namely drying peaks I and II (Tdry,I 
and Tdry,II), maximum decomposition peak (Tmax) temperature, and lastly mass-loss rates (MLR I, II) 
and MLR III for drying and devolatilization were deduced from the DTG plots, respectively.

Kinetic Modeling Analysis (KMA)

The analysis of the kinetic parameters, activation energy (Ea) and pre-exponential factor (ko) for the 
thermal degradation of BNC, was computed from the isoconversional kinetic model of Ozawa–Flynn– 
Wall (OFW). The OFW model is widely employed to examine the kinetic parameters of thermally 
degrading carbonaceous materials under multiple heating rates, non-isothermal, and non-oxidative 
conditions (Dwivedi, Karmakar, and Chatterjee 2020; Soria-Verdugo et al. 2018). The governing 
equations of the OFW model presented in Equation 1 are derived from the one-step global model 
and the temperature-dependent Arrhenius relation described in detail in the literature (Nyakuma, 
Wong, and Oladokun 2019). The OFW model equation is given as; 

ln βð Þ ¼ ln
koEa

Rg αð Þ

� �

� 5:331 � 1:052
Ea

RT

� �

(1) 

Based on Equation 1, ln βð Þ is plotted against 1
T

� �
to deduce the Ea (kJ/mol) and ko (/min) for BNC 

from α = 0.5 to 0.95 during TGA. The terms β, R, and T denote the heating rate (K/min), molar gas 
constant (J/mol K); and temperature (K). Thus, the Ea and ko were computed from the slope �
1:052 Ea

R

� �
and intercept ln koEa

R

� �
, respectively.

Results and discussion

Isolated BNC product properties

The appearance of a white jelly sheet between the air and liquid layers of the HS broth indicated the 
effective production of BNC. The raw synthesized BNC initially appeared as brownish-yellow pellicles 
embedded with the components of the synthesis medium, as shown in Figure 1(a). The subsequent 
treatment and purification with a low concentration of sodium hydroxide (NaOH) turned the BNC 
pellicles into a brighter and transparent film, as shown in Figure 1(b). BNC is hydrogel in nature with 
99% water content that comprises a cellulose-based network of microfibrils (Abba et al. 2017; Moon 
et al. 2011).
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Morphological and bulk chemical properties

The morphology, microstructure, and bulk chemical composition of the G. xylinus synthesized BNC 
were examined by SEM and EDX techniques. The SEM micrograph of the BNC sample examined in 
this study is presented in Figure 2. The SEM micrograph revealed a rough surface and morphology 
characterized by highly dense fibrils and overlapping knots with asymmetric orientation. The 
unevenly dispersed fibrils and knots are interrupted by pores or spaces, which suggest a high surface 
area, roughness, porosity, and crystallinity (Mohammadkazemi et al. 2015). The roughness and 
porosity are typically ascribed to the selected techniques for treatment, purification or substrate 
employed in the isolation and synthesis of BNC. The selected techniques for producing BNC also 
influence the chemical composition of the final product. This observation is corroborated by Thorat 
and Dastager (2018) whose study showed marked differences in the BNC synthesized from glycerol 
(compact network and structure) and glucose (porous and reticular network structure). The bulk 

Figure 1. Synthesized BNC before treatment (a) after NaOH purification (b).

Figure 2. SEM micrograph of G. xylinus synthesized BNC at mag. ×1000.
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chemical analysis of the BNC was examined through EDX analysis, as presented in the spectra in 
Figure 3. The bulk chemical properties of BNC determined by EDX analysis indicates that carbon (C), 
oxygen (O) and sodium (Na) are the primary elements in its chemical structure. The composition of 
the elements is in the order C > O > Na as shown in the EDX spectra. The high C and O content of 
BNC could be ascribed to cellulose, which has an empirical formula of (C6H10O5)n. In this study, the 
composition of C and O accounts for 87.1% of the overall elemental composition of BNC, which is in 
fairly good agreement with 93.83% computed for cellulose-based on its empirical formula. In contrast, 
the detection of Na in BNC during EDX is due to the alkali (NaOH) used to purify BNC post-synthesis 
and isolation. Similar findings are reported in the literature (Sakwises, Rodthongkum, and 
Ummartyotin 2017; Sanchis et al. 2017).

Thermal properties

Figure 4 presents the mass loss (TG, %) plots for the thermal degradation of G. xylinus synthesized 
BNC at multiple heating rates under the non-isothermal and non-oxidative conditions examined in 
this study. The TG plots reveal downward sloping curves from the left to the right-hand side of the 
graph indicating a significant loss of mass, typical of thermally degrading materials during TGA. The 
findings indicate that the stepwise increase in temperature from 28°C to 700°C resulted in the 
significant thermal degradation of BNC. Similarly, it was observed that TG plots shifted further to 
the right-hand side with increasing heating rates from 10°C/min to 50°C/min. These changes are 
ascribed to the thermal-time lag, which takes place when the heating rates are increased to higher 
values during TGA (Slopiecka, Bartocci, and Fantozzi 2012). Hence, the reaction time needed to attain 
equilibrium temperature by the thermally degrading materials is reduced, thereby causing the TG 
curves and their corresponding temperature profile characteristics (TPC) to shift to higher values. 
Table 1 presents the TPCs for BNC thermal degradation for each heating rate examined from the TG 
plots in this study. The findings reveal that the ignition (Tons), midpoint (Tmid), burnout (Toff) 
temperatures of BNC all increased markedly with increasing heating rates during TGA. As can be 
observed in Table 1, the Tons temperature increased by 25.14°C from 183.24°C to 208.38°C, whereas 
Tmid increased by 29.31°C from 269.30°C to 298.61°C, whereas Toff increased by 36.99°C from 363.79° 
C to 400.78°C. Hence, all the TPCs derived from the TG plots increased with increasing heating rates. 
Hence, the BNC degradation primarily occurred from 183.24°C to 400.78°C based on the minima and 
maxima of the Tons and Toff, respectively, while the mean values of Tons, Tmid, and Toff are 194.04°C, 
283.69°C, and 384.15°C.

Figure 3. EDX spectrum of G. xylinus synthesized BNC at mag. ×1000.
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In comparison, the findings of Thorat and Dastager (2018) revealed Tons and Toff values of 270°C 
and 395°C, whereas Niamsap, Lam, and Sukyai (2019) reported values between 292°C and 360°C, and 
Bhattacharya et al. (2020) revealed values of 250°C and 380°C for the thermal degradation of BNC, 
respectively. Hence, the results presented in this study are in good agreement with other reports in the 
literature. The mass loss (ML) and residual mass (RM) of BNC were also examined in this study. As 
observed in Table 1, the ML decreased from 57.24% to 50.74% (or 53.57% on average), whereas the 
RM showed an increasing trend from 42.76% to 49.26% (or 46.43% on average) with increasing 
heating rates during TGA. The trends observed for the ML and RM are ascribed to the effect of 
variable heating rates on thermal resistance and crystallinity of the nanosized BNC particles. Other 
factors such as the selected source of cellulose and pre-treatment methods also influence the thermal 
behavior of BNC (Santmartí and Lee 2018). Figure 5 shows the DTG plots for BNC thermal 
decomposition comprising several peaks of various sizes, shapes and symmetry during TGA. In 
general, the peaks broadly occurred in the ranges of (i) 28–200°C; (ii) 200–600°C; and (iii) 600–700°C.

The findings indicate that a series of complex and overlapping reactions also occurred during the 
multi-stage thermal degradation of BNC. The ML during the thermal degradation of BNC from 28°C to 
200°C is characterized by a pair of small peaks typically ascribed to the loss of surface and inherent 
moisture (or drying) (Bhattacharya et al. 2020; Thorat and Dastager 2018). According to various authors 
(Molina-Ramírez et al. 2020; Ray and Cooney 2018), this drying stage is also termed the initiation stage 
of thermal degradation in the literature. The ML between 200°C and 600°C, also termed the prolonga
tion stage (Molina-Ramírez et al. 2020; Ray and Cooney 2018), denotes the depolymerization, devola
tilization, and degradation of cellulose and other volatile components (Thorat and Dastager 2018). 
However, Bhattacharya et al. (2020) attribute the ML to the mineralization of BNC in addition to 

Table 1. Mass loss (TG, %) TPC values for BNC.

Heating rate (°C/min)
Onset 

(Tons, °C)
Midpoint 
(Tmid, °C)

Burnout 
(Toff, °C)

Mass Lost  
(ML, %)

Residual 
Mass (RM, %)

10 183.24 269.30 363.79 57.24 42.76
20 188.11 272.47 370.05 54.21 45.79
30 194.35 285.00 386.32 53.21 46.79
40 196.12 293.09 399.80 52.46 47.54
50 208.38 298.61 400.78 50.74 49.26

Figure 4. TG plots for thermal decomposition of BNC.
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cellulose depolymerization. The peaks in this stage are larger than the drying peaks and are characterized 
by the peak decomposition temperature denoted as Tmax (see Table 2). The last stage or the termination 
step observed from 600°C to 700°C may be due to the degradation of pyrolytic char (Molina-Ramírez 
et al. 2020) formed by the depolymerization and devolatilization of cellulose during the TGA process.

Table 2 presents the TPC values for the derivative mass loss (DTG) plots for the thermal degrada
tion of BNC. The TPCs comprise the drying peaks I and II (Tdry,I and Tdry,II), maximum decomposi
tion peak (Tmax) temperature, and lastly mass-loss rates (MLR I, II) and MLR III for drying and 
devolatilization of BNC as deduced from Figure 5. The higher heating rates significantly influenced the 
TPCs and rate of mass loss during TGA. For all heating rates, the values of the drying peaks I and II 
(Tdry,I and Tdry,II) and maximum decomposition peak (Tmax) temperatures shifted to higher values as 
also observed for the TG plots. Hence, the average values for the TPCs at the drying peaks I and II 
(Tdry,I and Tdry,II) are 112.67°C and 123.82°C, whereas the 311.50°C was computed for the maximum 
decomposition peak (Tmax) temperatures. Conversely, the average mass loss rates are 3.90%/min 
(MLR I) and 2.55%/min (MLR II) for drying and 6.13%/min (MLR III) for the devolatilization of 
BNC. In comparison, the Tmax for the BNC in this study ranged from 295.53°C to 323.18°C (or 311.50° 
C on average), which is lower than 361.50°C (Yingkamhaeng, Intapan, and Sukyai 2018), 395°C 
(Thorat and Dastager 2018), 348°C (Niamsap, Lam, and Sukyai 2019) and 353.30°C to 357.50°C 
(Molina-Ramírez et al. 2020) reported in the literature. The lower value of BNC in the current study 
may be due to the presence of Na as detected during EDX. The presence of metal elements typically 
catalyses the thermal degradation of bio-based materials. Besides, the TPCs and thermal degradation 
behavior of BNC are related to their physicochemical and mechanical attributes (e.g. surface area, 
density, and synthesis method) (Molina-Ramírez et al. 2020).

Figure 5. DTG plots for thermal decomposition of BNC.

Table 2. Derivative mass loss (DTG, %/min) TPC values for BNC.

Heating rate (°C/min)
Drying 

Peak I (°C) MLR I (%/min) Drying Peak II (°C)
MLR II  

(%/min) Decomp. Peak (Tmax, °C) MLR III (%/min)

10 71.95 1.21 109.32 1.32 295.53 2.50
20 91.34 2.74 126.21 2.08 307.92 4.25
30 103.23 3.52 135.94 4.26 314.46 6.00
40 141.95 5.44 145.67 6.44 316.42 8.04
50 154.88 6.57 154.50 8.62 323.18 9.86
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Kinetic properties

The activation energy (Ea) and pre-exponential factor (ko) for BNC thermal degradation were 
computed from the plots of the Ozawa–Flynn–Wall (OFW) model presented in Figure 6. The 
OFW kinetic plots consist of various identically parallel plotted lines that indicate the BNC 
degradation process occurs through the first-order reaction. Typically, the order or arrangement of 
kinetic plots is critical for a comprehensive understanding of the process of biomass degradation 
(Abrishami et al. 2019) along with the reactivity, reaction pathway, and the potential yield and 
distribution of products (Nyakuma et al. 2015; Nyakuma, Wong, and Oladokun 2019). In this study, 
the kinetic parameters Ea and ko were computed from the slope and intercepts of the kinetic plots of 
BNC degradation for conversions, α = 0.05–0.95 (or 5–95% conversions), as presented in Table 3. 
The findings showed that the kinetic parameters for the BNC degradation process ranged from 
22.52 kJ/mol to 108.09 kJ/mol for activation energy (Ea), whereas ko was between 8.99 × 101 min−1 

and 1.32 × 1011 min−1 resulting in the regression coefficient (R2 = 0.0390–0.9925). The average 
values of the Ea = 59.39 kJ/mol, ko = 1.62 × 1010 min−1 and R2 = 0.66 indicate that BNC is highly 
thermally reactive compared to oil palm pellets (146.63 kJ/mol) (Nyakuma, Wong, and Oladokun 
2019), corn stalk (206.40 kJ/mol), oak tree (236.20 kJ/mol), sawdust (232.60 kJ/mol) (Sun et al. 
2006), cocoa shell (135.62 kJ/mol) (Mumbach et al. 2020), sugar cane bagasse (170.70 kJ/mol) (Da 
Silva et al. 2020).

Figure 7 presents the plot of the kinetic parameters (Ea and ko) against the degree of conversion (α). 
As observed, the kinetic parameters fluctuated significantly during BNC degradation. Furthermore, 
the kinetic parameters versus degree of conversion plots reasonably confirm that the BNC degradation 
process occurs in three stages (I, II, and III), as earlier surmised. The values of kinetic parameters 
declined from α = 0.05 to 0.15, which denotes the first stage (I) i.e. drying or initiation of BNC as 
observed during TGA. Next, the parameters increased sharply from α = 0.15 to 0.50 with the 
maximum values of Ea and ko observed at 108.09 kJ/mol and 1.13 × 1011 min−1, respectively 
α = 0.30. These observations demarcate the second stage (II) or prolongation stage of the BNC 

Figure 6. OFW plots for BNC kinetic degradation.
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degradation. Based on the maximal values observed, this stage is considered the slow or rate- 
determining stage, which is majorly characterized by the depolymerization and degradation of 
cellulose during TGA. The last stage (III) or termination was observed between α = 0.50 and 0.95 
although the maximum Ea was observed at α = 0.6. Overall, the fluctuations confirm the BNC 
degradation process is a complex, multistep and first-order thermal process.

Potential applications of G. xylinus synthesized BNC

The synthesis of BNC from G. xylinus presents significant opportunities for application in various 
fields. The findings of this study indicate that the G. xylinus synthesized BNC has a high surface area, 
roughness, and porosity, which could be effectively applied in medical applications such as artificial 

Figure 7. Kinetic parameter plots for BNC degradation.

Table 3. Computed kinetic parameters for BNC thermal degradation.

Conversion 
(a) Coefficient of Regression (R2)

Activation Energy 
(Ea, kJ/mol)

Pre-exponential 
factor (ko, min−1)

0.05 0.9925 42.11 3.51 × 107

0.10 0.9740 39.75 5.19 × 106

0.15 0.8530 37.69 8.61 × 105

0.20 0.9840 94.75 3.84 × 1010

0.25 0.9877 104.73 1.32 × 1011

0.30 0.9899 108.09 1.13 × 1011

0.35 0.9908 104.39 2.44 × 1010

0.40 0.9595 87.14 3.28 × 108

0.45 0.8887 73.91 5.68 × 106

0.50 0.7686 48.04 2.09 × 104

0.55 0.9607 52.72 8.42 × 103

0.60 0.8440 64.82 7.47 × 103

0.65 0.5438 63.19 2.47 × 103

0.70 0.3171 52.32 6.63 × 102

0.75 0.1890 42.33 2.74 × 102

0.80 0.1188 34.90 1.62 × 102

0.85 0.0787 29.52 1.20 × 102

0.90 0.0544 25.55 9.99 × 101

0.95 0.0390 22.52 8.99 × 101

Average *** 59.39 1.62 × 1010
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skins for the treatment of burns, ulcers, vascular grafts, dental implants, artificial blood vessels, and 
antimicrobial wound dressings as reported in the literature (Jozala et al. 2016; Shah et al. 2013a). 
Likewise, the 3D structural network of BNC has potential applications as natural scaffolds for tissue 
generation (Fu, Zhang, and Yang 2013a; Rajwade, Paknikar, and Kumbhar 2015). Other studies have 
also highlighted that BNC can be used to enhance drug delivery, protein loading and release, and 
oncological therapy (Müller et al. 2013; Numata, Mazzarino, and Borsali 2015). The myriad potentials 
of BNC for medical applications are due to its high elasticity, compatibility, transparency, and 
conformability. Furthermore, the high crystallinity presents opportunities for pharmaceutical applica
tions such as the chemical conjugation and functional group modifications required for innovative 
loading and release of medicines (Akhlaghi, Berry, and Tam 2013; Jozala et al. 2016). Likewise, the 
detection of metal elements such as Na reported in this study, Cd (Bhattacharya et al. 2020), Fe 
nanoparticles (Yingkamhaeng, Intapan, and Sukyai 2018), together with Ca and P (Niamsap, Lam, and 
Sukyai 2019) indicates that in BNC can be tuned, functionalized, or impregnated for specialized 
applications. Alternatively, the high surface area and porosity of BNC could serve as absorbent or 
adsorbent materials for water or wastewater treatment, bioremediation, or the removal of heavy metals 
such as cadmium (Cd) and chromium (Cr) (Bhattacharya et al. 2020; Derami et al. 2019; Dong et al. 
2019; Jahan, Kumar, and Verma 2018). The kinetic properties indicate that although BNC has low 
average activation energy (i.e. highly reactive), it is fairly thermally stable during degradation. Hence, 
BNC could be effectively applied in low-temperature cellulose applications.

Conclusions

The study presented novel findings on the comprehensive characterization of the morphological, 
thermal, and kinetic properties of Gluconacetobacter xylinus synthesized bacterial nanocellulose 
(BNC). Morphological analysis showed that BNC is characterized by high surface area, porosity and 
crystal structure, whereas the bulk chemical analysis revealed the presence of cellulose building block 
elements such as C and O, whereas Na metal was detected due to the alkali purification and treatment 
process. Thermal analysis under non-isothermal, multiple heating rates and non-oxidative conditions 
revealed BNC undergoes three-stage thermal degradation resulting in the mass loss (ML = 50.74% to 
57.24%) and residual mass (RM = 42.76% to 49.26%). Kinetic analysis based on the isoconversional 
Ozawa–Flynn–Wall (OFW) model showed that BNC has low values of activation energies but high 
pre-exponential factors. Overall, the morphological, thermal, and kinetic properties of G. xylinus 
synthesized BNC highlight its potential for various medical, pharmaceutical, and materials 
applications.
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