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Abstract Bacterial cellulose has unique structural,

functional, physical and chemical properties. The

mass production of bacterial cellulose for industrial

application has recently become more popular and

attractive. The aim of this study was to develop an

efficient scale-up process of bacterial cellulose pro-

duction. Bacterial cellulose productivity of a new

isolate Acetobacter pasteurianus RSV-4 (MTCC

25117) was investigated in whey medium without

addition of any additives. Produced bacterial cellulose

was characterized for its structure, purity, thermosta-

bility and strength by Fourier transform infrared

spectroscopy, X-ray diffraction, scanning electron

microscopy, thermogravimetric analysis and Differ-

ential scanning calorimetry. b-galactosidase (1.5 IU/

ml) was used to split whey lactose into its correspond-

ing monomers glucose and galactose. Glucose was

specifically consumed by Acetobacter pasteurianus

for the production of BC. The highest concentration of

5.6 g cellulose/L of whey was obtained at 30 �C after 8

days of bacterial growth. Process was optimized for

the production of bacterial cellulose on 120 L of whey

medium under static conditions. Whey, a waste

byproduct of milk processing industry was used in

the process and therefore the developed process might

be economical.
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Introduction

Cellulose is one of the most abundant inexhaustible

polysaccharides with unique properties. These prop-

erties make it desirable for various applications

(Chawla et al. 2009; Kim et al. 2006). Several

bacterial species like Gluconacetobacter, Agrobac-

terium, Aerobacter, Azotobacter, Rhizobium, Sarcina,

Salmonella, Enterobacter, Escherichia and other

cyanobacterial species have been reported to produce

extracellular cellulose called as bacterial cellulose

(Jahan et al. 2012; Shoda and Sugano 2005). Unlike

plant cellulose, bacterial cellulose (BC) has desirable

properties like high purity as free from lignin and

hemicelluloses, crystallinity, degree of polymeriza-

tion, nano-structured network, wet tensile strength,

good water holding capacity and biocompatibility

(Blanco Parte et al. 2020; Brown 2004). Properties like

low toxicity and high chemical stability make the BC a

preferred material for manufacturing artificial skin,

paint and a thickener for ink. A dextran/bacterial

cellulose (BC) hydrogel has been reported useful in

wound healing applications (Lin et al. 2017). Also,
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superior physical properties of BC attracted the

manufacturers for its use in the preparation of speaker

diaphragms, tourniquet and as dietary fibers (Klemm

et al. 2001; Park et al. 2003).

The main factor for the high cost of the culture

medium is the use of yeast extract and peptone. The

agro-forestry industrial residues can be used as cheap

carbon and nutrient source to overcome such limita-

tions and keep alive the demand of this unique

material. Some industrial waste material or byproducts

like beet molasses, sugar-cane molasses and corn steep

liquor and coconut water have already been used as

carbon sources for BC production using different

bacterial strains (Keshk et al. 2006; El-Saied et al.

2008; Kongruang 2008).

Cellulose production by various bacterial strains

using carbon source such as glucose, fructose, arabitol,

mannitol, ethanol, glycerol, citric acid and sucrose has

been reported (Chawla et al. 2009; Brown 2004;

Yoshino et al. 1996; Cherian et al. 2013). The

commercial bacterial cellulose production from Ace-

tobacter xylinus has been reported from a cheap and

readily available substrate such as lactose (Kongruang

2008). No other member of Acetobacteraceae family

has been reported for bacterial cellulose production by

utilizing lactose.

Lactose is the main constituent of whey, a bypro-

duct of the cheese manufacturing industry. The global

production of whey is about 110 million tons per

annum and only 50% of whey produced worldwide is

utilized and converted into useful products (Mohite

et al. 2013). Remaining whey is disposed of and causes

environmental issues. Whey has a high biological

oxygen demand (BOD) of[ 30 kg m- 3 and chemical

oxygen demand (COD) of[ 60 kg m- 3 and thus it

must be treated before disposal into waterways and

sewerage systems (Mohite et al. 2013). The disposal of

whey is still an environmental problem. An alternative

to chemical treatment and disposal could be the use of

whey as a substrate for the growth of microorganisms.

Bacterial cellulose production by Acetobacter pas-

teurianus AP-1SK has been reported in static culture.

For this a system has been developed where cellulose

was formed on an oxygen-permeable synthetic mem-

brane and on a synthetic medium with a yield of

1.45 g/2.6 L (Yoshino et al. 1996). Acetobacter

pasteurianus strain PW1 has been reported for com-

parative efficacy of bacterial cellulose production on

pineapple waste medium (PIWAM) and pawpaw

waste medium (PAWAM). In PIWAM, yield of

bacterial cellulose was in the range of 0.1 to 3.9 g/L

and in PAWAM was in the range of 0.2 to 1.0 g/L

(Adebayo-Tayo et al. 2017). Chemical mutagenesis

has been used to develop cellulose overproducing

strain of Acetobacter pasteurianus. The mutagenized

strain has been reported for the production of double

amount of bacterial cellulose compared to wild type

strain on synthetic medium (Bertocchi et al. 1997).

In view of this, present study was aimed to identify

a potent bacterial strain and to develop a process for

bacterial cellulose production by using the identified

strain on liquid whey medium under static condition.

Produced bacterial cellulose (BC) was characterized

by using Fourier transform infrared spectroscopy (FT-

IR), scanning electron microscopy (SEM), X-ray

diffraction (XRD), thermogravimetric analysis

(TGA) and differential scanning calorimetry (DSC).

Materials and methods

Microorganism

Acetobacter species used in this study was isolated

from kinnow rich fruit residue. Potential bacterial

isolate was identified as Acetobacter pasteurianus

RSV-4 on the basis of cultural, morphological and 16S

rDNA analysis. This bacterium was deposited to

Microbial Type Culture Collection and Gene Bank

(MTCC) and assigned number MTCC 25117. The

organism was maintained on Hestrin-Schramm (HS)

medium plates (Schramm and Hestrin 1954) at 4 �C
and sub-cultured at regular intervals of 2 weeks.

Inoculum preparation

The inoculum was prepared by growing the bacterium

in Sugar medium (Saxena and Jahan 2012), with slight

modifications containing (g/L) table sugar, 20.0; cane

molasses, 5.0; ammonium sulphate, 1.5; K2HPO4

1.15; MgSO4�7H2O, 0.7, pH 6.0 for 2 days under static

condition. The bacterial cellulose (BC) mat produced

was harvested from the medium and cut into pieces of

uniform size having dimensions 10 mm 9 10 mm.

These mat pieces were used as inoculum for bacterial

cellulose production at an inoculum size of 4 mat

pieces per litre of production medium. The number of
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bacterial cells present in one mat piece (10 mm 9

10 mm) of BC was calculated to be 1.6 9 106 cfu/ml.

Bacterial cellulose production

Whey was used as production medium without the

addition of any other medium components. Here,

whey medium comprising of lactose (4–5%), glucose

(0.3–0.4%), galactose (0.1–0.2%) and protein (0.6%)

was used as a basal BC production medium. Firstly b-
galactosidase was added into the whey and further it

was inoculated with mat pieces of bacterial cellulose

which contains Acetobacter pasteurianus RSV-4 cells

having 1.6 9 106 cfu/ml. Whey hydrolysate compris-

ing of glucose (2.0–2.5%), galactose (2.0–2.5%) and

protein (0.6%). To optimize temperature for maxi-

mum cellulose production, Acetobacter pasteurianus

RSV-4 was grown for 8 days in 1 L of the production

medium under static conditions at different tempera-

tures from 20 to 35 �C. Produced cellulose was

processed and maximum yield was found during

30 �C. All optimization experiments of bacterial

cellulose production were carried out in 1 L medium

in trays. Therefore, BC production was carried out at

30 �C for 8 days under static culture conditions.

Optimization of surface to volume ratio

for bacterial cellulose production

To optimize surface to volume ratio (S/V ratio) for

maximum cellulose production, two types of plastic

trays of size 60 9 36 9 15 cm and

100 9 55 9 16 cmwere filled with different volumes

of the optimized medium. Produced cellulose by

Acetobacter pasteurianus RSV-4 was processed and

maximum yield was found after 8 days at 30 �C under

static culture conditions. Beyond 8 days of Acetobac-

ter pasteurianus RSV-4 in production medium, there

was no increase in the yield of BC.

Prototype for scale-up production of bacterial

cellulose

The BC production was carried out in 120 L of the

production medium in two different size of trays

specially designed tray type bioreactor. It is a

horizontal prototype equipped with trays of holding

capacity of 10 and 25 L of production medium

constituting a total volume of 120 L. These trays are

connected with half inch silicon tube for medium

circulation and maintenance of medium level during

the production of bacterial cellulose by the isolate.

This tray type bioreactor has an in situ sterilization

facility using steam. Bulk production (handling

capacity) of BC was carried out in trays each

containing 10 and 25 L of the optimized production

conditions. The incubation was carried out in a room

maintained at optimum temperature for cellulose

production.

Estimation of lactose, glucose and galactose

in whey medium

The qualitative and quantitative analysis of lactose,

glucose and galactose during the production of BC in

whey mediumwas performed by using HPLC (Agilent

Model-1260) equipped with Hi-plex Ca column and

refractive index detector (RID). For sugar estimation,

the sample injection volume was 20 lL. The column

was eluted with deionized water at a flow rate of 1 mL

min- 1 at 85 �C.

Bacterial cellulose purification and quantification

The cellulose pellicle produced was rinsed 2–3 times

with water. It was then treated with 0.5 N NaOH at

80 �C for 20 min. To neutralize NaOH, the pellicle

was treated with 0.5% acetic acid solution. It was

again washed with water for 2–3 times. The purified

pellicle obtained was freeze dried and weighed for

determining its yield (g/l).

Fourier transform infrared spectroscopy (FTIR)

characterization

FT-IR spectra of the dried bacterial cellulose was

recorded using a Perkin Elmer FTIR spectrophotome-

ter [Spectrum GX &Autoimage, USA; spectral range:

4000–400 cm- 1; beam splitter: Ge-coated on KBr;

detector: DTGS; resolution: 0.25 cm- 1 (step select-

able)]. For analysis, the samples were mixed with KBr

(IR grade, Merck, Germany) pellets and processed

further to obtain IR data, which were transferred to a

PC to acquire the spectra.
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Scanning electron microscope (SEM)

characterization

The SEM measurement was carried out using a field-

emission scanning electron microscope JEOL, model

JSM-7000F, instrument operated at 2 kV. The inves-

tigated BC membrane was covered with carbon.

X-ray diffraction (XRD) analysis

XRD pattern of BC produced by Acetobacter pas-

teurianus RSV-4 on HS medium and whey medium

was performed with Xpert-Pro (PANalytica) for 2h
from 5 to 70 and with Cu anode.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a

thermogravimetric analyzer (SDT Q600 V20.9 Build

20), in an alumina crucible with approximately 5 mg

of each sample. During analysis, temperature was

varied between 25 and 600 �C with a heating rate of

10 �C/min in an oxidizing atmosphere (air) ASTM

E-1868.

Differential scanning calorimetry (DSC)

The performance of BC such as thermal phase change,

glass transition temperature (Tg), crystalline melt

temperature (Tm), and thermal stability was measured

by differential scanning calorimetry (DSC). Samples

about 3–5 mg were sealed in an aluminum pan and

used for analysis under a nitrogen atmosphere. To

evaluate the curing behavior, nonisothermal DSC

analysis of samples was performed according to

ASTM D-3418 on DSC Q20 from TA Instruments.

The samples were heated from - 100 to 250 �C at a

rate of 10 �C/ min.

Elongation at break of bacterial cellulose

The maximum break strain of BC film was performed

according to ASTM D-882 on Lloyd 2000R

(Southampton, UK) universal testing machine. The

break strain was the average values determined from

five specimens.

Results and discussion

Isolation and identification of potential microbe

for cellulose production

Potential isolate for BC production was isolated from

kinnow rich fruit residues (Fig. 1a). The isolate was

inoculated in HS medium for cellulose production

under static condition. A compact mat was formed on

the air-liquid interface of the medium (Fig. 1b). The

mat was taken from the medium and examined for the

presence of cellulose fibrils by SEM observation

(Fig. 1c). The mat was found to be composed of

cellulose fibrils. The isolate was identified through

16S rDNA sequence analysis as Acetobacter pasteuri-

anus and submitted to MTCC 25117 with name

Acetobacter pasteurianus RSV-4. The evolutionary

tree was drawn to the scale with branch lengths in the

same units as those of evolutionary distances were

computed. The isolate showed close relation with the

earlier identified Acetobacter pasteurianus from dif-

ferent sources (Fig. 1d). Earlier, a strain has been

isolated from fermented fruit juice for bacterial

cellulose (BC) production and identified by 16S rDNA

sequencing analysis and biochemical characteristics

test as Komagataeibacter intermedius FST213-1 (Lin

et al. 2016a, b).

Bacterial cellulose production by Acetobacter

pasteurianus on whey medium

BC production by Acetobacter pasteurianus was

carried out in 1L of production whey medium

contained in a tray. The whey contained 2% glucose

and its carbon-to-nitrogen ratio (C/N) ratio was 66.6.

The C/N ratio of whey was mainly determined by the

presence of lactose and proteins. The pH of the whey

was found to be same (pH 4.0) before and after

bacterial cellulose production by Acetobacter pas-

teurianus. This strain was found to produce 1.4 g/L of

cellulose under static culture conditions in whey

medium, without any other medium components

(Table 1). While Komagataeibacter xylinus has been

reported earlier for the production of only 0.78 g/L BC

in whey medium. A mini-Tn10:lacZ:kan was used for

transformation of a wild-type strain of Koma-

gataeibacter xylinus through random transposon

mutagenesis to generate a lactose-utilizing and cellu-

lose-producing mutant strain designated as ITz3
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(Battad-Bernardo et al. 2014). The mutant strain has

been documented for production of BC with a yield of

1.78 g/L whey medium. Therefore, effect of b-galac-
tosidase enzyme on the production of BC by Aceto-

bacter pasteurianus was optimized. b-galactosidase
plays a key role in the production of BC by splitting

whey lactose into its corresponding monomers for

easy use by the bacterium.

During optimization, 1.5 IU of b-galactosidase was
found to split the lactose present in 1 ml of whey into

glucose and galactose. With the use of 1.5 IU/ml b-
galactosidase, Acetobacter pasteurianuswas observed

Fig. 1 Isolation of potential bacterial cellulose producing

microbe from kinnow rich fruit residue (a), cellulose like gel

formation in kinnow rich fruit residue (b) and SEM micrograph

of bacterial isolate showing fibrous material production (c). A

neighbor-joining phylogenetic tree based on the 16S rRNA gene

sequence showing the similarity between Acetobacter pasteuri-
anus RSV4 and other strains (d)

Table 1 Effect of b-
galactosidase on bacterial

cellulose production

S. no. b-galactosidase (IU/ml) Bacterial cellulose (g/l) dry weight

1. Control 1.4 ± 0.028

2. 0.5 2.6 ± 0.13

3. 1.0 3.4 ± 0.17

4. 1.5 5.6 ± 0.27

5. 2.0 5.2 ± 0.26
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to produce maximum concentration 5.6 ± 0.27 g BC/

L whey (Table 1). Generally, a nutritionally rich

medium containing yeast extract and peptone supports

the production of BC by Acetobacter strains. Previous

studies have reported the requirement of complex

medium (mix of 2% glucose, 0.5% yeast extract, 0.5%

polypeptone, 0.675% Na2HPO4.12H2O and 0.115%

citric acid monohydrate) for the efficient production of

BC using Acetobacter sp. (Bertocchi et al. 1997;

Fontana et al. 1990). Use of RSM in optimizing

medium to increase BC production has been reported

to enhance the yield by 3.82-fold compared to the

standard HS medium in 6-days of culture (Santoso

et al. 2020). The K. intermedius Similarly, a chemical

mutagenized strain of Acetobacter pasteurianus has

been reported for synthesizing double amounts of

cellulose compared to its wild type strain on the

synthetic GYE medium containing 20 g of D-glucose,

10 g of yeast extract, 2.7 g of Na2HPO4 and 1.2 g of

citric acid in one liter of water at pH 6.0 (Hwang et al.

1999).

A comparative effect of sterilization (121 �C, 15
psi for 15 min) and heating (70 �C for 15 min) of

whey on the yield of BC production by Acetobacter

pasteurianus was conducted. Concentration of BC in

sterilized whey was 5.8 g/l and heated whey was

5.6 g/l. Hence, there was insignificant difference in the

concentration of BC production by Acetobacter pas-

teurianus on two types of whey media. Therefore,

heated whey was recommended to be an economical

substrate in the process for BC production by Aceto-

bacter pasteurianus. In the whey medium, conversion

of lactose into glucose and galactose as well as

subsequent use of glucose by Acetobacter pasteuri-

anus was observed. Concentration of various sugars

was determined in whey during fermentation for

bacterial cellulose production (Fig. 2a). HPLC profile

of sugars present in the whey at 0 h of fermentation

(Fig. 2b) and at 192 h or 8 days of fermentation

(Fig. 2c). Furthermore, the BC production was

observed to be dependent on consumption of glucose.

Importantly, gluconic acid was not formed during the

fermentative production of BC on whey medium

(Fig. 2). This characteristic of Acetobacter pasteuri-

anus has suggested its viable use for up-scale produc-

tion of BC.

Some of the earlier studies have documented the

influence of pH on bacterial cellulose production in

synthetic medium. Glucose has been used for

maximum production of BC by Acetobacter xylinum

BRC5 at pH 5. While at pH 4, the concentration was

decreased and gluconic acid was produced (Battad-

Bernardo et al. 2014). In another study, the use of high

glucose concentration (6%) has been reported for the

production of BC to the level of 7 g/l.With time, pH of

the medium was decreased and for sustained produc-

tion of BC pHwas required to bemaintained otherwise

some side products could have generated (Gullo et al.

2017). The importance of static culture condition has

been reported by using Komagataeibacter xylinus for

higher BC production and lower gluconic acid (Kuo

et al. 2016).

Optimization of surface to volume ratio

for bacterial cellulose production

In static conditions, the production of BC is dependent

upon optimal aeration of the culture medium that can

be calculated by the ratio surface to volume (S/V). In

this study, 0.22 cm- 1 was found to be the best S/V for

given culture conditions of relative humidity (RH)

65 ± 5% and 100 count for microbes (cfm) for the

maximum production of BC (Tables 2 and 3). Similar

response of static condition for BC production by

using Acetobacter xylinum E25 has been reported

(Krystynowicz et al. 2002a, b). In contrast, intensive

agitation and aeration have been appeared to drasti-

cally reduce the cellulose synthesis. The effect of

oxygen tension in the gaseous phase has also been

monitored on production and physical properties of

BC formed in static cultures. BC production has been

reported much higher at the oxygen tensions of 10%

and 15% than under atmospheric conditions (Watan-

abe and Yamanaka 1995).

The BC production occurred at the air–liquid

interface because of the higher oxygen availability.

This implied that an increase in the S/V ratio has

enhanced the BC production. In present study, the

0.22 cm- 1 S/V ratio was chosen according to the

highest BC productivity and the lowest by-product

formation. Maximum thickness of bacterial cellulose

membrane 2.6 cm was also observed between 0.13

and 0.22 cm- 1 S/V ratio. While at higher and lower

S/V ratio, membrane thickness was decreased signif-

icantly. This result has documented the significance of

S/V ratio on the yield and thickness of bacterial

cellulose membrane (Tables 2 and 3). The concentra-

tion of BC produced (5.6 g/L) in these conditions was
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higher than that reported in earlier works using whey

as medium (Dlamini and Peiris 1997; Jozala et al.

2015). Notably, increase in S/V ratio has increased the

yield of BC but it has also increased the gluconic acid

production (Béchard et al. 1995). Therefore, optimum

level of S/V is crucial parameter in static condition for

selective BC production.

Fig. 2 Changes in various sugars concentration of whey medium during bacterial cellulose production (a). HPLC profile of sugars in

the whey used for fermentation at 0 h (b) and at 192 h or 8 days (c)

Table 2 Influence of S/V coefficient on the cellulose concentration in plastic tray of size 60 9 36 9 15 cm

Medium volume (L) Surface S (cm2) S/V

(cm- 1)

Membrane thickness (cm) Dry membrane

(g)

BC concentration (g/L)

2.5 ± 0.05 2160 0.86 ± 0.02 0.5 ± 0.02 12.8 ± 0.2 5.1 ± 1.2

5 ± 0.1 2160 0.43 ± 0.01 1.5 ± 0.03 26.5 ± 0.5 5.3 ± 1.2

10 ± 0.2 2160 0.22 ± 0.002 2.6 ± 0.06 55.8 ± 1.5 5.6 ± 1.2

12.5 ± 0.3 2160 0.17 ± 0.001 2.4 ± 0.05 64.2 ± 1.7 5.2 ± 1.2
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Scale-up production of bacterial cellulose

The prototype was designed by considering surface to

volume (S/V) ratio. Process was optimized for 120 L

medium for BC production in wheymedium.Medium,

enzyme and inoculum were mixed in the reaction

vessel and thereafter, it was connected to various trays

as shown in prototype (Fig. 3). The developed proto-

type suggests that the optimized S/V can be performed

at any scale irrespective of size of container. Produc-

tion was carried out by Acetobacter pasteurianus in

120 L of whey production medium poured in two

different size trays 25 L and 10 L (Fig. 3). The

production medium in each tray was inoculated with

slurry of mat pieces of size (4% w/v) under aseptic

conditions and the trays were incubated at 30 ± 2 �C
till 8 days. After the desired incubation period,

cellulose mats formed were processed and dry weight

of cellulose produced was estimated in terms of g/L.

Cellulose production was successfully scaled up to

120 L of the production medium in different size of

trays (Fig. 3). In 7 trays of 10L each and 2 trays of 25L

each of whey in a single interconnected system

accounting for a total 120 L as production medium,

a cellulose mat of thickness 2.7 cm was produced in 8

days of incubation. Bacterial cellulose was synthe-

sised on the surface of the whey medium. After 8 days,

the volume of synthesised bacterial cellulose reached

saturation and was observed to sink. After processing,

the concentration of the produced cellulose was 620 g

dry weight. The designing tray type bioreactor may be

converted into incubation chambers/ room where bulk

production of BC in kilogram scale can be efficiently

carried out under static culture conditions.

RecombinantKomagataeibacter xylinus containing

lac Z gene from E. coli has been reported previously

for the production of BC at a lower yield of 1.82 g/L

whey (Battad-Bernardo et al. 2014). While use of

carbon sources glycerol from biodiesel production and

grape bagasse has been reported to produce 10 mg/mL

and 8 mg/mL BC respectively after 14 days of

cultivation (Vazquez et al. 2013). Use of residues

from the wine and pulp industries have been reported

to produce 0.6 and 0.3 g/L BC, respectively. While

use of cheese whey has been shown to produce 0.1 g/L

of BC after 96 h of incubation (Carreira et al. 2011).

Production of BC with lactose as carbon source in the

medium has been found to be very weak medium and

produced only 0.070 g/L BC (Nguyen et al. 2008). On

the other hand, HS broth supplemented with thin

stillage (TS) has been reported to enhance the

production of BC to 10.38 mg/mL after 7 days of

cultivation (Wu and Liu 2012). Production of BC by

Komagataeibacter xylinus on modified HS medium

containing different carbon sources such mannitol,

glucose, glycerol, fructose, sucrose or galactose has

been studied (Mikkelsen et al. 2009). Sucrose and

glycerol have been reported for the highest cellulose

yields of 3.83 and 3.75 g/ L respectively after 96 h of

incubation (Dai and Fan 2010). Hence, the isolated

native bacterial strain Acetobacter pasteurianus has

been found to produce BC at a quantity higher than

reported previously on whey medium, suggesting

economic feasibility of the process for BC production

at pilot scale.

FT-IR analysis of bacterial cellulose

Conformational characteristics of BC obtained from

HS medium and whey medium were analyzed by

Perkin Elmer FTIR spectrophotometer (Fig. 4). The

distinguished peaks at * 3300 cm- 1 indicates O–H

stretching, * 2060 cm- 1 indicates C–H stretching,

* 1600 cm- 1 indicates C–O–C stretching and

Table 3 Influence of S/V coefficient on the cellulose concentration in plastic tray of 100 9 55 9 16 cm

Medium volume (L) Surface S (cm2) S/V

(cm- 1)

Membrane thickness (cm) Dry membrane

(g)

BC concentration

(g/L)

10 ± 0.2 5500 0.33 ± 0.02 1.5 ± 1.2 56.2 ± 1.5 5.6 ± 1.2

15 ± 0.4 5500 0.22 ± 0.01 2.3 ± 1.2 84.5 ± 1.8 5.6 ± 1.2

20 ± 0.4 5500 0.17 ± 0.002 2.6 ± 1.2 116.4 ± 2.2 5.8 ± 1.2

25 ± 0.5 5500 0.13 ± 0.001 2.6 ± 1.2 146.4 ± 2.6 5.8 ± 1.2

30 ± 0.6 5500 0.11 ± 0.001 1.8 ± 1.2 156.8 ± 2.3 5.2 ± 1.2
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* 1000 cm- 1 indicates C–O stretching. The bacte-

rial cellulose produced by the Acetobacter pasteuri-

anus on HS medium (Fig. 4a) and whey medium

(Fig. 4b) showed similar FTIR spectra. Also, these

FTIR spectra of BC shows similarity with earlier

reported bacterial cellulose by microbes (El-Saied

et al. 2008; Fan et al. 2012; Krystynowicz et al.

2002a, b). Results suggested the production of pure

BC of high quality by Acetobacter pasteurianus on

whey medium that was of equivalent quality to the one

obtained on HS medium.

SEM micrograph of bacterial cellulose

Morphological characterization of the BC produced

on HS medium and whey medium by Acetobacter

pasteurianus was performed with scanning electron

microscopy. BC mat was observed to be a dense

network of interwoven ultrafine fibrils and the width of

these cellulose fibrils was between 42 and 68 nm

(Fig. 4). Morphology of BC produced by the isolate on

either HSmedium (Fig. 4c) or whey medium (Fig. 4d)

was highly similar. Comparatively, thickness of BC

fibrils produced on whey medium was more than the

one produced on HS medium. The observed differ-

ences in the thickness of cellulose fibrils obtained from

whey and HS medium could be responsible for their

variable diffraction patterns (Sugiyama et al. 1991).

The morphological study has suggested the production

of more strong BC fibrils with better quality by

Acetobacter pasteurianus in whey medium. Also, the

morphology of BC produced in this study was similar

to that of reported for BC produced by various other

bacteria on different medium (Czaja et al. 2007; Jung

et al. 2010; Tsouko et al. 2015).

Air Space
Cotton Plug

Medium 15 L
Connection with next tray

Medium 10 L

Sample analysis during fermentation

Sample analysis during fermentation

Fig. 3 Production of bacterial cellulose in different size

interconnected trays of total volume 120 L. Dimensions of

two different sizes of trays are shown at left side. Bacterial

cellulose mat formed on whey medium in a tray (upper right)

and wet bacterial cellulose mat obtained from whey medium

(lower right)
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X-ray diffraction of bacterial cellulose

X-ray diffraction analysis of BC produced by the

Acetobacter pasteurianus on HS medium and whey

medium has suggested their crystalline nature on both

of the media (Fig. 5). The relative peak positions of

the BC produced by the isolate on whey medium were

in close agreement to the BC produced by the same

strain on HS medium. Also, the XRD pattern of BC

was highly similar to that of reported earlier (Premjet

et al. 1996). However, there was a great difference in

the orientation of the crysallites in the two samples,

with the BC on whey medium providing a much more

random orientation (Premjet et al. 1996). The diffrac-

tion pattern of BC on whey was nearly identical to the

ideal pattern for Ia cellulose (French 2014). Also, the

diffraction pattern of BC obtained from whey medium

indicated a very random organization of the

crystallites, as assumed during the calculation of the

ideal pattern, whereas the BC from HS medium

Fig. 4 FTIR of bacterial cellulose produced by Acetobacter pasteurianus RSV-4 on HS medium (a) and whey medium (b). SEM
micrograph of bacterial cellulose produced by Acetobacter pasteurianus RSV-4 on HS medium (c) and whey medium (d)

Fig. 5 XRD analysis of bacterial cellulose produced by

Acetobacter pasteurianus RSV-4 on HS medium and whey

medium
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indicated a strong bias in the orientation that has put

the (1 0 0) plane of the crystallites in the plane of the

sample holder (French 2014). The obtained pattern

and preferred orientation of the BC on whey medium

documented it as Ia cellulose (Sugiyama et al. 1991).

The d-spacing for three major hk0 peaks as well as the

crystallite sizes, based on the Scherrer equation

suggested the nature of BC produced on wheymedium

as Ia cellulose (Wada et al. 1997). The modification or

improvement in material properties of BC produced in

plastic composite support-rotating disk bioreactor

PCS-RDB has been documented by incorporating

different additives like microcrystalline cellulose

(Avicel), carboxymethylcellulose (CMC), agar and

sodium alginate (Lin et al. 2016a, b).

Thermal stability of produced bacterial cellulose

BC produced by the Acetobacter pasteurianus on HS

medium and whey medium was subjected to thermal

treatment in the temperature range of 25–500 �C.
Thermogravimetric analysis (TGA) of cellulose par-

ticles has indicated multi-stage degradation behavior.

At stage-1 between 25 and 100 �C, the initial weight

loss could be due the removal of moisture from the

BC. At stage-2 between 220 and 415 �C, significant
weight loss could be due to depolymerisation and

pyrolytic decomposition of BC (Fig. 6). Further, the

TGA analysis revealed that BC produced by the isolate

on HS medium (Fig. 6a) and whey medium (Fig. 6b)

were stable upto 250 �C and beyond this temperature

decomposition of BC was noticed. In the temperature

range from 260 to 415 �C, about 43% BC obtained

from whey medium was decomposed. While the

53.29 oC
12.09 J/g

72.38 oC

Sample: 2, 3.4090 mg

Step        -54.3162%
-1.8516 mg

Residue  46.0069%
1.5664

Step        -44.5640%
-1.5192 mg

Residue  1.4429%
49.1898e-03 mg

Step        -2.9242%
-92.2650e-03 mg

Residue  97.9613%
3.0580 mg

Step        -19.4393%
-0.6067 mg

Residue  78.5414%
2.4513 mg

Step        -21.4230%
-0.6686 mg

Residue  57.1184%
1.7827 mg

1, 16.03.2018 12:15:42
1,3.1210 mg

W
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%
)

W
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%
)

A

B

C

Fig. 6 TGA analysis of bacterial cellulose produced by Acetobacter pasteurianus RSV-4 on HS medium (a) and whey medium (b).
DSC analysis of bacterial cellulose produced by Acetobacter pasteurianus RSV-4 on whey medium (c)
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decomposition of BC produced by the isolate on HS

medium in the temperature range from 260 to 415 �C
was about 98.2%. This data has suggested the better

thermal stability of BC produced on whey medium

compared to that obtained on HS medium by the

Acetobacter pasteurianus isolate. Earlier studies have

reported the similar thermal stability and temperature

degradation behavior of bacterial cellulose (Cherian

et al. 2013; George et al. 2005).

Differential scanning calorimetry (DSC) measures

the heat absorbed or released by a material as a

function of temperature or time. Glass transition

temperature (Tg) of BC films produced by Acetobac-

ter pasteurianus was found to be 53.29 �C (Fig. 6c).

The observed Tg of BC was higher than reported for

native bacterial cellulose (13.94 �C) and NaOH treated

BC (41.41�C) (Dai and Fan 2010). Higher the Tg of

BC, more is the stability and longer is the life (Hwang

et al. 1999). Transformation due to thermal decom-

position of crystalline phase of cellulose occurs at a

temperature of 80–140 �C (Iguchi et al. 2000).

However, higher Tg of BC produced by Acetobacter

pasteurianus has supported their stability. Also, the

observed Tm of BC was 72.38 �C. Furthermore, no

degradation peaks were detected upto the temperature

of 250 �C. These data suggested strong thermostability

of the BC produced by Acetobacter pasteurianus on

whey medium.

Elongation at break (%) of bacterial cellulose

BC produced byAcetobacter pasteurians on whey was

observed to exhibit elongation of 13.82% at break.

Elongation at break of BC produced by Acetobacter

pasteurians RSV4 was higher as compared to that

reported for other Gluconacetobacter/Acetobacter

strains (Suwannapinunt et al. 2007; Nainggolan et al.

2013). The great physical strength of BC produced by

Acetobacter pasteurians was also evinced through

holding its different size in various ways without

causing any damage to the mat.

Conclusions

In conclusion, process engineering has finally resulted

in a very simple and economic whey medium for BC

production by a novel and potent bacterium, Aceto-

bacter pasteuriansRSV-4 (MTCC 25117). At selected

conditions and use of b-galactosidase, 5.6 g bacterial

cellulose/L of whey production was achieved. Fur-

thermore, process has also been optimized for scale up

production of bacterial cellulose at 120 L by this

natural isolate. Produced bacterial cellulose was

highly pure, thermostable and had high breaking

strength. These characteristic features of bacterial

cellulose and its simple process of production at pilot

scale using a very cheap whey medium make it a

sustainable process to meet industrial demand.
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