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(1.12  g/L). The BC products were characterized by 
FT-IR spectroscopy, XRD, TG, and SEM analysis. 
Compared to the BC produced by HS medium, the 
morphology of BC produced by detoxification corn-
cob hydrolysate showed a lower value of the coeffi-
cient of variation (37.59%) and higher mean diameter 
(55.23  nm). XRD data showed higher crystallinity 
(77.50%) and TG analysis showed high thermal sta-
bility. The current study demonstrated that corncob is 
a promising carbon source for the sustainable produc-
tion of BC.

Keywords  Bacterial cellulose · Corncob · 
Kombucha · Hydrolysis · Hydrothermal process

Introduction

The production of natural biopolymers and their 
application as biodegradable materials are green 
chemical and biotechnological methods, which can 
improve the efficiency of traditional technology and 
help in environmental protection (El-Gendi et  al. 
2023). Cellulose is a three-dimensional (3D) net-
work polymer, consisting of glucose units, which are 
connected by β-1, 4 glycosidic bonds. Each repeat-
ing glucose unit has three hydroxyl groups, which 
render cellulose hydrophilic, biodegradable, and 
functionalizable (Choi et  al. 2022). Meanwhile, cel-
lulose is one of the most abundant and eco-friendly 
natural biopolymers and it can be categorized into 
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two types according to the source: plant-based cellu-
lose (PC) and bacterial cellulose (BC) (Kumar et al. 
2019). PC is mainly obtained from wood and agri-
cultural waste (sugar cane, rice wheat, wheat straw) 
(Babaei-Ghazvini et al. 2024). In this case, it is vital 
to remove hemicellulose, lignin, and other impurities 
wrapped together in PC for application, which would 
involve harsh processes that cause environmental pol-
lution (El-Gendi et al. 2022). BC is obtained from a 
variety of bacterial strains belonging to Gluconaceto-
bacter, Sarcina, and Aerobacter genera, but kombu-
cha with a relatively high capacity to produce cellu-
lose, could be a good candidate for fundamental and 
applied research (Leonarski et al. 2021). In compari-
son to PC (Guo et al. 2023), BC has the advantages 
of high purity, strength, crystallinity, biocompatibil-
ity, and large specific surface area. Hence, BC has 
been widely applied in medicine (Yuan et al. 2020), 
food packaging (Chen et al. 2022), paper (Chen et al. 
2023), cosmetics (Mbituyimana et  al. 2021), and 
electronics (Luo et al. 2022). However, the high pro-
duction cost of BC has limited its wide scope of aca-
demic studies and commercial applications (El-Gendi 
et al. 2023). The cost of medium accounts for about 
30% of the total BC production cost. Hence, several 
industrial and agricultural wastes have been tested as 
alternative media for BC production, which include 
pecan nutshell (Dorame-Miranda et al. 2019), potato 
peel waste (Abdelraof et al. 2019), orange peel waste 
(Padmanabhan et  al. 2022), and distillery effluent 
(Jahan et  al. 2018). Maize is the second most pro-
duced crop worldwide, with 1.1  billion metric tons 
produced in 2021. This accounts for 21% of the global 
crop production between 2000 and 2019, wherein the 
corncob was about 5.6% of the entire grain harvested, 
that is, 61.6  million metric tons (Jesus et  al. 2023). 
However, corncob is generally less utilized and most 
of it is burned directly, leading to haze, which is one 
of the most troublesome environmental issues and 
waste of resources (Zhang et al. 2023). Corncob has 
also been converted into high-value products, such 
as furfuryl alcohol and xylitol (Pan et al. 2022; Yuan 
et al. 2023). Although corncob has been used for the 
production of many chemicals, there has been limited 
research on their potential use as a substrate for BC 
production. Therefore, this study evaluates the possi-
bility of using corncobs as a matrix for the production 
of BC.

Meanwhile, current academic research has focused 
on innovative and sustainable methods to reuse bio-
mass residues. The hydrothermal technique is com-
monly used to pretreat lignocellulosic raw materials, 
which destroy the material structure, promotes the 
hydrolysis of hemicellulose, and improves the acces-
sibility of cellulose (Sieborg et  al. 2020). Mineral 
acid has been widely used in the hydrothermal pro-
cess, due to its high catabolic activity (Chen et  al. 
2016). However, the use of mineral acid has many 
disadvantages, which include the corrosion of equip-
ment and the generation of sewage. Acetic acid has 
the characteristics of recyclability and low acidity 
that can prevent water pollution and further assist in 
the subsequent process (Wen et al. 2021; Zhao et al. 
2023). Most of the corncob hemicellulose can be 
hydrolyzed by hydrothermal treatment using acetic 
acid, but complete degradation of cellulose cannot be 
achieved (Guo et al. 2021). To maximize the utiliza-
tion of corncob to produce sugars, cellulase was fur-
ther added to hydrolyze the corncob for BC prepara-
tion. This paper reports a green and highly efficient 
synthesis of corncob hydrolysate. Thus, the aim was 
to achieve the production of BC through effective 
hydrolysis. The morphology, structural properties, 
and thermostability of BC prepared from a corncob 
culture medium were also studied.

Materials and methods

Hydrolysis of corncobs

Corncob hydrolysate was obtained by hydroly-
sis using acetic acid and cellulase. The factors that 
mainly affected further fermentation were the concen-
tration of reducing sugar, furfural, 5-hydroxymethyl-
furfural (HMF), lignin, and cellulase, as well as the 
temperature and time of acid hydrolysis and enzyme 
hydrolysis. Corncob (5  g) was immersed in 50 mL 
of 2% (w/v) acetic acid and treated at 100, 120, 140, 
160, 180, and 200 °C under high pressure for 20, 40, 
60, 80, and 100 min to optimize the acid hydrolysis 
process for hydrolysate preparation. The corncob 
residue obtained under optimal conditions of acid 
pretreatment was washed three times to neutral with 
1000 ml deionized water at room temperature for the 
next enzymatic hydrolysis.
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Commercial cellulase enzyme (64,001,132, Sin-
opharm Chemical Reagent Co., Ltd, China) was used 
for enzymatic hydrolysis. The activity of endoglu-
canase was 1225 U/g enzyme analyzed using carbox-
ymethyl cellulose sodium salt (CMCNa) as substrate. 
The activity of exoglucanase was 310 U/g enzyme 
measured using avicel as a substrate. β- glucosidase 
activities were 4022 U/g enzyme measured using 
pNPG (p-nitrophenyl β-D-glucopyranoside) (Jung 
et al. 2015).

The effect of enzyme loading on reducing sugar 
concentration in enzymatic hydrolysis process was 
investigated. Enzymatic hydrolysis was conducted 
using 5.5  g pretreated corncob residue and various 
enzyme loadings (2, 4, 6, 8, 10, 12, and 14 U/mL) 
in 50 mL citric acid-sodium citrate buffer solution 
(0.1 mol/L, pH = 5.0) at 50 °C for 48 h.

To investigate the effect of enzymatic time on the 
reducing sugar concentration of hydrolysate, enzy-
matic hydrolysis was conducted using 5.5 g pretreated 
corncob residue, 6 U/ml cellulase in 50 mL cellulase 
buffer solution at 50  °C for various time (6, 12, 18, 
24, 30, 36, 42, and 48 h). The acid hydrolysate and 
enzyme hydrolysate prepared under optimal condi-
tions were mixed in a volume ratio of 1:1 and treated 
with 2% activated carbon (AC) at 40 °C for 0.5 h to 
remove lignin, furfural, and HMF in the preparation 
of the corncob culture medium.

Production of BC

The kombucha starter culture (obtained from Shan-
dong Ruyun Edible Fungus Planting Co. Ltd., 
Liaocheng, China.) consists of tea fungus (symbiotic 
culture of yeasts, acetic acid bacteria and lactic acid 
bacteria), fermented broth, cellulosic layer and teabag 
(5  g black tea). The activation of kombucha starter 
culture was slightly adjusted compared to previous 
studies (Aung and Eun 2021; Sharma and Bhardwaj 
2019). 100  g sucrose was added to 1  L water and 
boiled, then 5  g black tea teabag (purchased from 
Hubei Picking Flower Tea Industry Co., LTD) was 
added. After 5 min, the infused teabag was removed. 
The tea fungus, fermented broth and cellulosic layer 
were added to the sugar-tea water cooled to 30 ℃. The 
mixture was placed in an incubator and fermented at 
30 ℃ for 15 days for subsequent experiments.

10% (V/V) inoculation volume of the kombucha 
strain was added into Hestrin-schramm medium, 

corncob hydrolysate medium without AC detoxifi-
cation and corncob hydrolysate medium with AC 
detoxification separately, then cultured at room tem-
perature for 15 d statically. Hestrin-Schramm medium 
was used as the standard control, whereas corncob 
hydrolysate medium without and with AC detoxifi-
cation was used as experimental groups to study the 
effect of medium type on BC yield. After fermenta-
tion, the BC membrane was treated with 0.1 mol L−1 
sodium hydroxide solution in an 80 °C water bath for 
60 min to remove the remaining bacteria and culture 
medium. It was then freeze-dried in a -80 °C refrig-
erator for 24 h. Figure 1 summarizes the process for 
the preparation of BC samples in this study and the 
annual yield of corncob was obtained from the pre-
vious publications (Li et al. 2015; Wang et al. 2016) 
and industry report online (Chinafeed 2022). BC pro-
duction was recorded as the dry weight of BC within 
the volume of the medium, according to the following 
equation:

where m was the dry weight of BC, and V was the 
volume of the medium for BC production.

Analysis of constituents of corncob and corncob 
hydrolysate

The main components of corncob were determined 
according to the procedure of “Determination of 
Structural Carbohydrates and Lignin in Biomass” 
(NREL/TP-510-42618) (Liu et  al. 2020). The con-
centrations of glucose, cellobiose, xylose, arabinose, 
furfural, and HMF were determined by HPLC, which 
was equipped with an 87-H column and RID (Agilent 
1200, USA). The mobile phase used was 0.02 M sul-
furic acid at a flow rate of 0.6 mL min−1. The column 
temperature was 50 °C and the detector temperature 
was 45 °C.

The reducing sugar content of corncob hydrolysate 
was determined colorimetrically using 3, 5 dinitro 
salicylic acid (DNS) (Miller 1959). The absorbances 
were recorded at 540 nm using a UV-VIS spectropho-
tometer (UV-2700, Japan).

The lignin content was estimated by determining 
the polyphenol content by the Folin-phenol reagent 
method (Way et  al. 2020). The absorbances were 

(1)BC production (g∕L) =
m (g)

V (L)
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recorded at 765 nm using a UV-VIS spectrophotom-
eter (UV-2700, Japan).

Scanning electron microscopy (SEM)

The morphological analysis of BC was conducted 
by SEM (JSM-6390LV, Japan). The BC sample was 
cut into small pieces and fixed on the sample plate 
with a conductive adhesive, then coated with gold 
and observed at 10  kV voltage under high-vacuum 
conditions.

Fourier transform infrared (FTIR)

The functional groups present in BC were examined 
by FTIR (Thermo Fisher Scientific, USA) in the 
wavelength region of 4000 to 500  cm−1. Data were 

acquired on a Nicolet iS 50 FTIR spectrometer in the 
ATR mode at a resolution of 4 cm−1.

13C solid‑state nuclear magnetic resonance (13 C 
NMR) spectroscopy

Solid-state 13C CP/MAS NMR spectra were 
recorded on an Agilent 600 DD2 spectrometer 
(Agilent, USA, magnetic field strength 14.1 T) 
at the resonance frequency of 150.72  MHz using 
the cross-polarization (CP), magic-angle spinning 
(MAS), and high-power 1  H decoupling methods. 
Samples in the form of powder were placed in a 
pencil-type zirconia rotor of 4.0 mm o.d. The spec-
tra were obtained at a spinning speed of 10  kHz 
(4.2 µs 90° pulses), a 2 ms CP pulse, and a recycle 
delay of 3 s. The carbon signal of tetramethylsilane 
(TMS) at 0 ppm was used as the reference for the 
13C chemical shift.

Fig. 1   Schematic representation of the process for the preparation of BC
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X‑ray diffraction (XRD) analysis

The crystal structure analysis of BC was conducted 
by XRD (SHI-MADZU, Japan). The BC sample was 
placed on a sample plate and measured in the range of 
5° − 40° at the speed of 4 °min−1. The diffraction pro-
file was processed by Origin fitting analysis and trans-
formed to basic crystallographic features: d-spaces of 
equatorial lattice planes. The interplanar distance of 
crystallographic planes (d-spacing) was calculated by 
Bragg’s law. The crystallinity was calculated accord-
ing to the following expression:

where I200 was the maximum intensity of the crystal-
line peak lattice diffraction (at about 2θ = 22.5° for 
cellulose I) and Iam was the intensity of amorphous 
part diffraction (at about 2θ = 18° for cellulose I) 
(Segal et al. 1959).

Viscosity measurement and determination of degree 
of polymerization (DP)

The viscosity of BC was determined using an Ubbe-
lohde viscometer. The freeze-dried samples were dis-
solved in copper (II) ethylenediamine solution and 
immersed in a water bath at a constant temperature 
(25 ± 0.5  °C). The degree of polymerization was 
calculated from the viscosity values according to 
(Andritsou et al. 2018).

Thermal analyses by thermogravimetry) (TG) and 
derivative thermogravimetry (DTG)

The thermal stability of BC was tested by TG analysis 
(TGA5500, USA), wherein about 4 mg of BC sample 

(2)CI (%) = 100 ×
I
200

− Iam

I
200

was loaded in an alumina crucible. The sample was 
heated from 30 °C to 750 °C at a rate of 10 °C min−1 
under a nitrogen atmosphere.

Results and discussion

Chemical composition of corncob

Generally, lignocellulosic corncob contains polysac-
charides, lignin, and ash. Further, cellulose contains 
glucan, whereas hemicellulose contains xylan and 
arabinan, which can be degraded into sugars under 
certain conditions. As seen from Table  1, corncob 
contained the highest amount of glucan (35.06%), as 
compared with other components. This indicated that 
it contained more cellulose than other components. 
Moreover, the xylan, lignin, and ash contents were 
higher, which were 21.98%, 15.46%, and 13.04%, 
respectively. The arabinan content was comparatively 
lower. The higher contents of hemicellulose and cel-
lulose in corncob guaranteed the generation of a 
higher content of sugars in the subsequent hydrolysis 
process.

Optimization of corncob hydrolysate

Figure 2 shows the effects of temperature and time of 
acetic acid hydrolysis of corncob. The removal rate 
of corncob increased with an increase in tempera-
ture (Fig. 2a). The reason was that with an increase in 
temperature the hydrolysis reaction of corncob inten-
sified (Joshi and Gogate 2020). Cellulose and hemi-
cellulose were degraded into monosaccharides or 
oligosaccharides, whereas lignin disintegrated totally 
into phenols under acidic conditions along with 
high temperature and pressure (Fig.  4) (Feng et  al. 
2017; French 2017; Liu et al. 2017b). Therefore, the 

Table 1   Chromatogram data of CC composition measured by HPLC and the main components of CC

a The values presented are mean of three values (n = 3) ± standard deviation

Sugar types HPLC chromatogram 
data (g/L)

Componenta Composition (%) Componenta Composition (%)

Glucose 1.36 ± 0.01 Glucan 35.06 ± 0.11 Acid soluble lignin 2.00 ± 0.01
Cellobiose 0
Xylose 0.86 ± 0.01 Xylan 21.98 ± 0.18 Acid insoluble lignin 13.46 ± 0.44
Arabinose 0.15 ± 0.01 Arabinan 3.69 ± 0.12 Ash 13.04 ± 1.11
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reducing sugar and phenols contents in the corncob 
hydrolysate increased with an increase in tempera-
ture (Fig. 2b). When the temperature reached 160 °C, 
furfural was produced in the hydrolysate and furfural 
content increased as the temperature increased. This 
was because the extent of conversion of arabinose 

and xylose into furfural increased at high-temperature 
(Ouyang et  al. 2023). This was also consistent with 
the obvious decrease in arabinose and xylose contents 
when the temperature exceeded 180  °C (Fig.  2c). 
When the reaction time reached 80 min, the reducing 
sugar content was maximum (28 g/L). With a further 

Fig. 2   Effects of temperature and time of acetic acid hydrol-
ysis on corncob. a  removal and recovery rates of corncob at 
different temperatures; b  the main chemical constituents in 
hydrolysate at different temperatures; c  contents of main sug-

ars in the hydrolysate at different temperatures; d removal and 
recovery rates of corncob at different times; e the main chemi-
cal constituents in hydrolysate at different times; f components 
of corncob under optimized conditions of temperature and time
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increase in reaction time, the content of reducing 
sugar decreased (Fig. 2e). The reason was that up to 
80 min, the cellulose and hemicellulose in the corn-
cob underwent maximum hydrolysis. This was con-
sistent with no obvious change in the removal rate of 
the corncob beyond 80 min (Fig. 2d). With the further 
prolongation of time, the glucose, xylose, and arab-
inose sugars in the hydrolysate was converted to HMF 
and furfural, which resulted in a decreased reducing 
sugar content (Nayebi et  al. 2023). Therefore, pre-
treatment conditions of corncob at 180 °C for 80 min 
were optimal, with a relatively high reducing sugar 
content of 28 g/L and low contents of furfural 1.3 g/L 
and lignin 256.5 mg/L. Meanwhile, acetic acid, as a 
weak acid, is recyclable, easy to handle and store, and 
less corrosive to process equipment. Also, acid pre-
treatment of lignocellulosic biomass by hydrothermal 
process has been scale-up applied (Lee et  al. 2011). 

Thus, pretreatment of corn cob with 2% acetic acid 
has the prospect of large-scale production. Finally, 
the hemicellulose content in corncob was reduced to 
6.52%, whereas the cellulose content increased up to 
53.52% (Fig. 2f), which was convenient for a further 
hydrolysis reaction using cellulase.

From Table  1; Fig.  2f, it was evident that some 
portion of hemicellulose was removed from the corn-
cob after acetic acid hydrolysis, which destroyed the 
structure of the corncob. Hence, cellulase could react 
more easily with the cellulose in corncob and degrade 
it into glucose by enzymic hydrolysis (Ma et  al. 
2018).

Figure  3 shows the effects of enzyme load and 
time on enzymatic hydrolysis of pretreated corncob. 
The concentration of reducing sugar increased grad-
ually in a certain enzyme load and time and tended 
to be stable (Fig. 3a and c). This was because more 

Fig. 3   Effects of enzyme load and time on enzymic hydrolysis 
of corncob. a, b the concentration of reducing sugar and lignin 
of hydrolysate with different enzyme loads; c the concentration 

of reducing sugar of hydrolysate at different times; d different 
components and their recovery rates from corncob under opti-
mized conditions of temperature and time
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cellulose could be hydrolyzed in the pretreated corn-
cob with the increase of enzyme load and time, and 
the exposed cellulose of the substrate completely 
reacted as the enzyme load and hydrolysis time 
reached 6 U/ml and 24  h, respectively. The con-
centration of lignin in enzymatic hydrolysate raged 
from 480 to 560 mg/L with enzyme load increasing 
(Fig.  3b). The reason for lignin presented in enzy-
matic hydrolysate may be that the thermal pretreat-
ment severity could result in the formation of soluble 
lignin-derived phenolic compounds. The cellulose 
content in corncob decreased with the increase of 
enzyme load, which exposed more lignin-derived 
polyphenol complex causing an increase in the 
amount of lignin small molecules in the enzymatic 
hydrolysate (Yuan et  al. 2021). After the acetic acid 
pretreatment, the corncob was treated with 6 U/mL 
cellulase for 24  h to achieve a maximum reducing 
sugar concentration of about 17.4 g/L. The hemicel-
lulose and cellulose contents of corncob were 15.7% 
and 39.9%, respectively, and their respective recovery 
rates reached 15.76% and 40.02% under optimized 

pretreatment conditions (Fig.  3d). The incomplete 
hydrolysis of hemicellulose and cellulose could 
be attributed to the lignin present around the corn-
cob, owing to which the hemicellulose and cellulose 
wrapped in the corncob were not fully accessible to 
acetic acid solution and cellulase (Fig. 4).

Yields of BC prepared using different culture media

Corncob hydrolysate also contains furfural, HMF, 
and lignin besides sugars (Table  2), which have an 
inhibitory effect on both the metabolism of kombu-
cha bacteria and the BC yield (Liu et al. 2017a; Yosh-
ioka et  al. 2018). This is probably due to the inter-
ference of lignin with the cell membrane through its 
functional groups and changes in its protein-to-lipid 
ratio (Leif et al. 2013). Undissociated acids enter the 
cell by diffusion across the cell membrane and then 
dissociate due to the neutral cytosolic pH. The dis-
sociation of acid leads to a decrease in intracellular 
pH, causing cell death. This impact is intensified by 
furfural and HMF due to their higher permeability 

Fig. 4   Scheme showing the mechanism of hydrolysis of corncob
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through the cell membrane. This disturbs the proton 
gradient over the inner mitochondrial membrane, 
which prevents the duplication of ATP and finally 
causes cell death (Chandel et al. 2012). The presence 
of inhibitors in the hydrolysate, especially lignin, 
seems crucial for the subsequent fermentation process 
(Kucera et  al. 2017). Thus, a detoxification reagent 
is required for lignin removal to improve the yield of 
BC. A study showed that the removal rate of lignin 
from lignocellulosic hydrolysate by activated carbon 
could reach 85% (Wang et al. 2016). This result was 
consistent with the results of the present study where 
the lignin removal rate reached 80% after activated 
carbon treatment (Table 2). Meanwhile, the removal 
rates of furfural and HMF were 13.21% and 26.77%, 
respectively. This could probably be due to the fact 
that the molecular structure of lignin was larger than 
those of furfural and HMF, and that it was easier for 
AC to capture it. The acetic acid concentration of 
10.1  g/L did not change significantly after detoxifi-
cation treatment, which was consistent with the pH 
range required for the growth of kombucha bacteria. 
The sugar content was 21.01 g/L after AC treatment, 
which was 7.44% lower than that obtained without 
AC treatment and could still provide sufficient nutri-
tion for BC production.

Changes of pH value, sugar consumption and BC 
yield during fermentation are shown in Fig. 5. The pH 
value of culture media plays an important role in cell 
growth and BC production (Kongruang 2008). The 
pH value of HS, untreated CC medium, AC-treated 
CC medium began at 3.50, 3.13, 3.22 and decreased 
to 2.61, 2.70, 2.43 in the fermentation process, 
respectively, which was similar to the previous pub-
lications (Leonarski et  al. 2021; Sharma and Bhard-
waj 2019). The decrease of pH value in culture media 
was attributed to various organic acids produced by 

bacteria, which may disturb enzyme activity and met-
abolic pathways during fermentation (Ye et al. 2019). 
The sugar consumption in HS, untreated CC and AC-
treated CC medium was 52.50%, 31.72% and 48.60% 
on the 15th day, which was similar to the previous 
studies (Gaggìa et  al. 2018; Leonarski et  al. 2021). 
The results showed that the yield of BC obtained 
from AC-treated CC medium (1.36  g/L) was higher 
than HS (1.13  g/L) and untreated CC (0.25  g/L) 
medium, which indicated that it was necessary to 
treat corncob hydrolysate with AC to remove lignin 
and corncob hydrolysate could be used as a medium 
for BC production.

FTIR and 13C NMR analyses

FTIR spectroscopy is an important tool to determine 
the presence of different functional groups and the 
nature of chemical bonding in molecules. The spec-
tra of BC produced using HS medium, untreated 
CC medium, and AC-treated CC medium are shown 
in Fig.  6a. The spectra showed a broad absorption 
peak at 3340 cm−1, attributed to the stretching vibra-
tions of intra-chain and inter-chain -OH groups, 
which was in agreement with previous observa-
tions (Salama and El-Sakhawy 2016). This peak was 
broader in the case of BC prepared from AC-treated 
CC medium, as compared to those of BC prod-
ucts produced from HS medium and untreated CC 
medium suggesting a higher number of -OH groups. 
The peak at 2900 cm−1 was consistent with the sym-
metric and anti-symmetric C-H stretching vibrations 
of CH2 groups (Leonarski et  al. 2021). The peak at 
1430  cm−1 was ascribed to the in-plane bending 
vibrations of -CH, further confirming the presence of 
the CH group (Xu et al. 2022). Peaks for the stretch-
ing vibrations of C-OH and C-O-C groups appeared 

Table 2   Compositions of culture media

HS, untreated CC, and AC-treated CC represent Hestrin-Schramm medium, corncob hydrolysate without active carbon treatment, 
and corncob hydrolysate treated with active carbon, respectively

HS Constituent Content (g/L) Untreated CC 
Constituent

Content (g/L) AC-treated CC 
Constituent

Content (g/L) Removal rate(%)

Glucose 20.000 Sugar 22.700 Sugar 21.010 7.440
Peptone 5.000 Furfural 0.530 Furfural 0.460 13.210
Yeast 5.000 HMF 0.150 HMF 0.110 26.770
Na2HPO4 7.000 Lignin 0.004 Lignin 0.0008 80.000
Citric acid 1.000 Acetic acid 10.190 Acetic acid 10.100 0.880



6634	 Cellulose (2024) 31:6625–6642

1 3
Vol:. (1234567890)

in the 1163 –1000 cm−1 region. The absorption peaks 
at 1160  cm−1, 1110  cm−1, and 1059  cm−1 could be 
attributed to the stretching vibrations of C-O-C, 
C–OH, and C–C–OH bonds in secondary and pri-
mary alcohols, respectively (Lin et  al. 2022). The 

spectra of BC produced from untreated CC medium 
and AC-treated CC medium exhibited peaks similar 
to those of BC obtained from HS medium. These 
results were consistent with the basic structure of cel-
lulose, which was also similar to the structure found 

Fig. 5   Changes in pH, BC yield and sugar consumption of different media during fermentation. a  HS medium; b  untreated CC 
medium; c AC-treated CC medium

Fig. 6   FTIR analysis of functional groups in BC (a) and CP/MAS 13C NMR spectra of BC (b)
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in cellulose produced by other BC-producing bacteria 
like Acetobacter (Nie et al. 2022).

The structural framework of BC was studied by 
13C NMR spectroscopy as shown in Fig.  6b. The 
peaks were labeled as C1-C6, which represented the 
different species of C in the structural formula of BC. 
The chemical shifts of C in BC products derived from 
three different culture media were all similar, with 
almost no change in their chemical shifts. Instead of 
a double resonance peak of Iβ, the presence of a dis-
tinct and strong resonant peak at 107.4 ppm for C1 
as well as a distinct peak at 91.4 ppm for C4 proved 
the presence of cellulose Iα (Atalla and Vander-
Hart 1999). Peaks for C2, C3, and C5 appeared as a 
resonance cluster between 76.8 ppm and 74.8 ppm 
(Dubey et al. 2017). Meanwhile, the resonance peak 
at 67.6 ppm was attributed to C6. These results were 
consistent with previous studies (Gao et al. 2012).

SEM analysis

The BC products obtained from all three media 
showed densely arranged ultrafine fibers with a 3D 
network structure (Fig.  7). Significantly, the fiber 
strands of BC cultured by untreated CC medium 
showed increased coalescence, as compared to BC 
obtained from AC-treated CC medium and HS 
medium, which was due to the self-aggregation of 
unremoved lignin in the obtained BC (Berglund et al. 
2020). To check further morphological differences, 
100 BC fibers were randomly chosen and their diam-
eter distribution and average diameters were manually 
calculated based on the SEM images. The BC fibers 
produced from HS medium had a narrow distribution 
range of diameter (10–80 nm), with an average diam-
eter of 38 nm (Fig. 7a1). The binding of lignin to cel-
lulose increased the entanglements between molecu-
lar chains and thus increased the cellulose diameter 
(Zhao et al. 2015). As can be seen from Fig. 7b1, the 
diameters BC produced from untreated CC medium 
had a broader range (25–225  nm), with an average 
fiber diameter of 61.02  nm. This was 10.4% higher 
than that in case of AC-treated CC (Fig. 7c1), prob-
ably due to the binding of more lignin molecules on 
the fibers in the case of untreated CC medium. The 
coefficient of variation (CV) is the coefficient of 
change in fiber diameter, which represents the average 
changes in the diameter of N number of fibers. The 
fiber strength decreases with an increase in diameter 

variability and increases with an increase in diame-
ter (Moradi et al. 2018). From Fig. 7, it was evident 
that as compared to BC produced by HS medium, 
BC produced by AC-treated CC medium exhibited a 
lower CV value (37.59%) and higher mean diameter 
(55.23 nm), which demonstrated a higher strength of 
the obtained BC. Meanwhile, the unique nanofiber 
network morphology of BC mimics the properties of 
extracellular matrix to some extent, which makes it 
potential to be used as a scaffold for tissue engineer-
ing (Huang et al. 2013).

XRD analysis

The crystal structures and crystallinities of BC sam-
ples were analyzed by XRD. Figure 8 shows the XRD 
patterns of BC products prepared using HS medium 
and corncob hydrolysate. Three major peaks appeared 
corresponding to triclinic Iα crystallographic planes 
(100), (010), (110) and monoclinic Iβ crystallo-
graphic planes (1–10), (110), (200) of BC at d-spac-
ing values approaching 6.0, 5.3, and 3.9 Å, respec-
tively, which were consistent with previous studies 
(French 2014; Hu et al. 2018; Nie et al. 2022; Ruan 
et al. 2016).

Crystal allomorphs (cellulose Iα and Iβ) were ana-
lyzed using the equation (Z = 1693d1 − 902d2 − 549) 
(Wada et al. 2001), where d1 is the d-spacing of (100) 
reflection and d2 is the d-spacing of 010 reflections. 
If Z > 0, then BC is rich in Iα form, whereas if Z < 0, 
BC is rich in Iβ form. The proportions of Iα and Iβ 
in BC were calculated according to the following 
two equations (Iα = 56.32d1 − 63.37d2; Iβ = 64.53d2 
− 55.69d1), as described by Wada et  al. (2001) and 
Ruan et al. (2016). The results in Table 3 showed that 
all BC samples were Iα-rich, among which Iα con-
tent of BC produced from the untreated CC medium 
was the lowest. That was due to the fact that all three 
BC samples underwent the same purification process 
involving sodium hydroxide treatment. However, 
the BC produced from the untreated CC medium 
had the lowest yield. This implied that for the same 
quality of BC samples, BC produced from untreated 
CC medium was more strongly affected by sodium 
hydroxide than that obtained from AC-treated CC 
medium. In the presence of strong alkali, cellulose 
changes from I form to II with the breaking of inter-
molecular and intramolecular hydrogen bonds, thus 
reducing the Iα content (Leonarski et al. 2022).
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Results showed that the crystallinity of BC 
prepared from untreated CC medium (64.58%) 
decreased, as compared to BC produced by HS 
medium (76.79%) and AC-treated CC medium 
(84.65%). The components of untreated CC medium 
may have remained attached to the microfibers 
either during or after crystallization, causing a slight 
decrease in crystallinity, which was consistent with 
previous studies (Fatima et al. 2021). Meanwhile, the 

crystallinity of BC produced by AC-treated medium 
was 7.86% higher than that produced by HS medium. 
This result was consistent with the previous reports 
(Heydorn et al. 2023; Li et al. 2021; Lotfy et al. 2021; 
Nie et al. 2022; Revin et al. 2021) and suggested that 
BC produced by AC-treated medium had the highest 
proportion of crystalline regions and ordered fibers, 
which were parallel to that produced by HS medium 
(Claudia et  al. 1997). As the crystallinity of BC 

Fig. 7   Morphological analysis of BC prepared using different 
media. The diameter distribution of BC fibers prepared from 
HS medium (a1), untreated CC medium (b1), and AC-treated 
CC medium (c1). The appearance of BC prepared from HS 

medium (a2), untreated CC medium (b2), and AC-treated CC 
medium (c2). SEM of BC obtained from HS medium (a3), 
untreated CC medium (b3), and AC-treated CC medium (c3)
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produced by the AC-treated medium was not lower 
than that of the HS medium, BC produced by the AC-
treated medium showed similar properties or applica-
tions as that of the high crystallinity of BC produced 
by HS medium. The fibrils of BC obtained from AC-
treated CC exhibited the properties and applications 
of the universal crystalline cellulose, making it an 
ideal building block for manufacturing of strong and 
stiff fibers (Moon et al. 2011; Wang et al. 2017).

Viscosity and degree of polymerization (DP) of BC

From Table  4, the intrinsic viscosity values of BC 
produced from HS medium and AC-treated CC 
medium were 11.2 dL/g and 13.0 dL/g, respectively. 
Intrinsic viscosity depends on the type of solvent 
used, the molecular weight of the polymer, and the 
nature of the chemical bonding between individual 
monomers. Meanwhile, the higher viscosity of BC 
produced from AC-treated CC medium indicated the 
greater stiffness of the polysaccharide chain (Tsouko 
et al. 2015).

The DP values of BC produced from HS medium, 
untreated CC medium, and AC-treated CC medium 

were 1709.5, 2049.9, and 2015.6, respectively. This 
was consistent with the results of a previous study, 
wherein the polymerization degree of BC prepared 
from beet molasses and vinasse was higher than that 
of HS. The reason could be that CC medium con-
tained other sugars besides reducing sugar, which 
could be utilized by microorganisms not only for 
energy purposes but also for polymer synthesis. 
Meanwhile, the CC-based media was rich in com-
pounds, such as vitamins and minerals, which could 
further regulate cellular processes or affect the bio-
synthesis of polymeric substances (Ul-Islam et  al. 
2015). High DPs have a positive effect on the fiber 
stiffness, while it undesirably influences the solubility 
of BC in solvents, as well as the viscosity of the spin-
ning solution (Soares Silva et al. 2023).

TG and DTG analyses

The thermal stabilities of BC samples were inves-
tigated by thermogravimetric (TG) and derivative 
thermogravimetric (DTG) analyses, conducted in 
a nitrogen atmosphere, as shown in Fig.  9. The TG 
curves showed that the weight loss of BC produced 
from all three media occurred in two stages below 
500 °C. The first stage with 5% weight loss occurred 
below 200 °C (Table 5), which was attributed to the 
removal of free water molecules and water molecules 
bonded by hydrogen bonds in the amorphous region 
(Khan and Park 2008). The BC samples showed 
good thermal stabilities, as the mass losses were less 
than 10% when heated up to 276  °C. In the second 

Fig. 8   X-ray diffraction patterns of BC

Table 3   Calculated 
crystallinities, d-spacings, 
Z values, and Iα contents 
of crystalline phase of the 
produced BC from different 
cultivation media

Medium types Crystallinity (%) d-spacing (nm) Z value Iα content (%)

100, d1 010, d2 110, d3

HS 76.79 6.08 5.28 3.91 3.19 74.20
Untreated CC 64.58 6.08 5.31 3.93 2.28 63.48
AC-treated CC 84.65 6.11 5.29 3.92 8.74 90.30

Table 4   Viscosity and degree of polymerization of BC sam-
ples

Medium Intrinsic viscosity (dL/g) DP

HS 11.2 1709.5
Untreated CC 13.2 2049.9
AC-treated CC 13.0 2015.6
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stage, 71 − 76% weight loss occurred between 276 
and 500  °C, which was due to the thermal degrada-
tion and decomposition of BC, which generated C, 
CO, CO2, and combustible volatiles (Machado et al. 
2016). However, the peak temperature corresponding 
to maximum weight loss in the case of BC produced 
from untreated CC shifted to a higher temperature 
(358  °C), as compared with HS medium (348  °C) 
and AC-treated medium (345 °C), which was attrib-
uted to the deposition of lignin during BC produc-
tion. Generally, lignin has generally higher thermal 
stability than that of cellulose at temperatures up to 
600 °C. This slows down the decomposition process 
of coke formation due to the presence of aromatic 
groups and carbon-carbon double bonds (Trovagunta 
et al. 2021). BC prepared from HS medium and AC-
treated CC medium exhibited similar residual carbon 
contents and maximum decomposition temperatures, 
which indicated that BC prepared from AC-treated 
CC medium had good thermal stability.

Conclusions

The results of this study indicated that corncob 
could be a very cheap carbon source for kombucha 
to produce BC. It is very effective in the pretreat-
ment of corncob to obtain optimal sugar concentra-
tion and relatively low inhibitor content to achieve an 
increased yield of BC. Maximum concentrations of 
reducing sugar and lignin were obtained from corn-
cob on treatment with acetic acid under high pressure 
at 180 °C for 80 min, followed by immersion in 6 U/
mL cellulase buffer solution for 24 h. Meanwhile, the 
BC yield from the AC-treated corncob hydrolysate 
medium (1.36 g/L) was higher than that from the HS 
medium (1.12 g/L) under optimal process conditions. 
FTIR spectra confirmed that BC synthesized from 
both HS medium and corncob hydrolysate exhibited 
similar chemical composition. SEM showed that 
BC had a 3D network structure. The BC produced 
by corncob hydrolysate showed a lower CV value 
(37.59%) and higher mean diameter (55.23  nm), as 
compared to the BC produced from the HS medium. 
XRD results showed that the crystalline structure of 
BC was of type I and BC produced by AC-treated CC 
had higher crystallinity. TG analysis demonstrated 
that the thermal stability of BC produced from AC-
treated CC medium was as high as BC produced from 
HS medium. The results of this study are of great 
significance for the preparation of a cost-effective 
fermentation medium. Meanwhile, the produced BC 

Fig. 9   Thermal stability of BC. a TG curve of BC. b DTG curve of BC

Table 5   Key parameters from the thermal analysis of the BC 
samples in a nitrogen atmosphere

Sample T 5% (°C) T 10% (°C) T max (°C) Residue 
at 750 °C 
(%)

HS 206 276 348 15.8
Untreated CC 88 272 358 11.3
AC-treated CC 200 276 345 15.7
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could be used as an alternative for natural or regen-
erated cellulose due to its excellent properties such 
as biodegradability, short production cycle and clean 
process, which is expected to be further applied to 
functional fibers or textiles.
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