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Abstract
Cellulose is the most common polymer in the world, formed by β-1,4 linked glucopyranose units. In this study, citrus peels 
(lemon, mandarin, orange and grapefruit) were used for the production of bacterial cellulose (BC). The peels were hydrolyzed 
with dilute acid and hydrolysates were used for BC production. The production of BC was carried out at 28–32 °C for 21 days 
under static conditions with Komagataeibacter hansenii GA2016. BC yields were found to be between 2.06 and 3.92%. It 
was found that the FTIR spectra of the BCs produced in citrus peel hydrolysates were similar to BC produced in the com-
mercially available nutrients. The result of this study showed that all the BCs produced from citrus peels were characterized 
to have high water holding capacity, thin fiber diameter, high the thermal stability and high crystallinity.
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Introduction

Cellulose is the most common linear polymer in the world 
and, it is formed by d-glucose units linked together with 
β-1,4-glycosidic linkages. It is the major component of plant 
cell wall together with hemicellulose and lignin (40–60% 
cellulose, 20–40% hemicellulose and 10–25% lignin) [1, 2]. 
It can be also produced by various bacterial species such as 
Komagataeibacter, Gluconacetobacter, Acetobacter, Agrobac-
terium, Aerobacter, Achromobacter, Alcaligenes, Azotobacter, 
Pseudomonas, Rhizobium, Sarcina, Salmonella and Escheri-
chia [3, 4], as an extracellular polymer of their metabolism 
and known as bacterial cellulose (BC) [2, 5]. It protects micro-
organisms against unfavourable environmental conditions 
such as low water content, extreme pHs, pathogenic microor-
ganism [6], UV rays [7] etc. It is produced on the surface of 
growth medium where the oxygen pressure is high [8].

BC is traditionally used in some foods (Nata de Cocco: 
jelly-like food produced by the fermentation of coconut water) 

and functional drinks (Kampuchea or Manchurian tea) in 
South-East Asia and Japan [9, 10]. However, it has increased 
applications areas such as pharmaceuticals, biotechnology, 
biomedical, cosmetics, paper and electronic industry [10–13]. 
It has excellent properties compared to plant cellulose, such 
as unique nanostructure [14], purity, water retention capac-
ity [15], polymerization degree [16], crystallinity [17, 18], 
mechanical and tensile strength [19], elasticity, transparency 
and biodegradability and adaptability to living body [8, 17, 
20]. Since it cannot be digested in the human digestive tract 
like cellulose [21], it acts as a dietary fiber [22].

In spite of the many advantages, the high cost of BC pro-
duction limits the industrial implementation and the market 
share of the polymer. A standard medium used for the pro-
duction of BC is the Hestrin–Schrammian that is expensive 
medium, composed of glucose, yeast, peptone, citric acid 
and potassium. Since the widespread use of BC depends on 
the reduction of its production cost, it is necessary to find 
the cheap and sustainable carbon sources for the produc-
tion of BC that does not compete with the food production. 
Recently, there have been various studies using agricultural, 
forestry and industrial wastes as a carbon source in order 
to reduce production costs of BC [23–25]. In these studies, 
food processing waste [26], hemicellulose [27], beet and 
sugar cane molasses [28], various fruit wastes [29], konjac 
powder [30], rice husk [31], wheat straw [14], cotton-based 
waste textiles [32], maple syrup [33], coffee cherry bark 
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[34], dried olive mill residue [35], waste beer yeast [25], 
date syrup [36] and wood extract [37] were used for BC pro-
duction. Among the wastes, fruit peels represent important 
source of carbohydrates that make them attractive biomass 
for the production of value-added products such as BC.

Citrus peels, not consumed with fruits due to their bitter 
taste, represent approximately 30–60 g/100 g of the citrus 
fruit weights [38]. Citrus limon (lemon), Citrus sinensis 
(orange), Citrus reticulata (mandarin) and Citrus paradisi 
(grapefruit) are the most cultivated citrus species in Turkey 
[39]. Based on Turkish Statistical Institute data the produc-
tion amount of lemon, mandarin, orange and grapefruit were 
750.550 tons, 1156.365, 1816.798 tons and 250.025 tons, 
respectively in 2015 [40] and Turkey ranks 7th and 6th in 
the world for lemon and grapefruit production, respectively 
[41]. Although the most common use of the citrus peels is 
the production of pectin due to their rich content of it [42], 
they have been used for the preparation of different food 
products such as marmalade, beverages (limoncello) [43], 
some traditional foods (chenpi: traditional Chinese food) 
[44], or for production of essential oils [45]. Alternatively, 
this low-cost and widely available biomass can be used for 
the production of BC.

The driving force of this study is to lower the production 
cost of BC by using fruit peels. The present study aimed 
to produce BC using different citrus peels (lemon, manda-
rin, orange and grapefruit peels), as sole nutrients sources. 
The citrus peels were converted to soluble sugar by dilute 
hydrolysis, and the hydrolysates were fermented to BC with 
Komagataeibacter hansenii GA2016. In addition, physical, 
chemical, structural and thermal properties of the produced 
BC from different citrus peels were determined and com-
pared with each other.

Materials and Methods

Material

The citrus fruits used in the study were freshly supplied at 
local markets at different times. Their peels (lemon, man-
darin, orange and grapefruit) were dried for 48 h at 60 °C 
and ground by the grinder (Bosch MKM 600, Germany) for 
5 min. Samples were stored at + 4 °C until use.

Gallic acid (3,4,5-trihydroxybenzoic acid) and 3,5-dini-
trosalicylic acid (DNS) were from Alfa Aesar GmbH & Co 
KG (Germany), arabinose was supplied from Sigma-Aldrich 
(St. Louis, MO, USA). Bovine serum albumin (BSA), 
Folin–Ciocalteu phenol reagent (2 N), Comassie Brillant-
blue G 250, xylose, galactose, glucose yeast extract and 
peptone were purchased from Merck KGaA (Germany). All 
the chemicals were of analytical grade and obtained from 

Sigma-Aldrich (St. Louis, MO, USA) and Merck KGaA 
(Germany).

Acid Hydrolysis of Citrus Peels and Analysis 
of the Hydrolysates

Hydrolysis of citrus peel was performed at 100 °C with 0.6 M 
 H2SO4 for 2 h using liquid/solid ratio 10 mL/g. After the 
reaction was completed, the solid material was separated 
by filtration using a coarse filter paper and the pH of the 
filtrate was adjusted with  CaCO3 powder to 4.50. To col-
lect enough hydrolysate for later experiments, the hydrolytic 
process was carried out several times. The neutralized hydro-
lysates of lemon (LPH), mandarin (MPH), orange (OPH) and 
grapefruit (GPH) peels were filtered on coarse filter paper, 
autoclaved (121 °C for 15 min) and used for BC produc-
tion. Reducing sugar and protein contents of the hydrolysates 
were determined by DNS method [46] using glucose as a 
standard and Bradford method using the BSA (bovine serum 
albumin) standard [47], respectively. The results were pre-
sented as mean ± standard deviation of three replicates. The 
sugar compositions of the hydrolysates were quantified with 
high performance liquid chromatography system 200 (Perkin 
Elmer), using refractive index detector (Perkin Elmer Series 
200) and column Aminex HPX 87H (300 × 7.8 mm), which 
was preceded by its complimentary cation H cartridge. Sug-
ars and organic acids were eluted with 5 mM  H2SO4 in their 
mobile phase from the column at 45 °C and a flow rate of 
0.5 mL/min in 45 min [48]. Their concentrations were quan-
tified using the average peak areas and compared with the 
mixture of standards (xylose, glucose, galactose, arabinose, 
citric acid and acetic acid). The results were presented as 
mean ± standard deviation of three replicates.

The phenolic content was measured by the Folin–Cio-
calteu method [49] with slight modifications and expressed 
as gallic acid equivalents. The samples, 0.1 and 2.3 mL of 
distilled water were mixed with 0.1 mL of Folin–Ciocalteu 
reagent and incubated for 8 min, followed by the addition 
of 1 mL of 70 g/L sodium carbonate solution with 2 mL of 
water. The mixture was allowed to stand for 2 h at room 
temperature before reading the absorbance at 750 nm. The 
results were presented as mean ± standard deviation of three 
replicates.

Bacterial Cellulose Production

Komagataeibacter hansenii GA2016 that was previously iso-
lated, identified using 16s rRNA analyses [50] and was used 
for the present investigation. The pre-culture was performed 
on HS medium (20 g/L glucose, 5 g/L yeast extract, 5 g/L 
peptone, 2.7 g/L  Na2PO4 and 1.15 g/L citric acid). All auto-
claved citrus peels hydrolysates (500 mL) and HS medium 
(500 mL) were inoculated with K. hansenii GA2016 at a ratio 
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of 1/1000 (v/v) and incubated at 28–32 °C for 21 days under 
static conditions. The synthesized celluloses were separated 
from the medium by filtration using coarse filter paper, cen-
trifuged (Boeco, U-32/32R, Germany) at 4000xg for 10 min at 
room temperature and boiled in 500 mL of 4% NaOH solution 
for 30 min to inactivate bacterial cells and remove proteins. 
The celluloses were rinsed five times with deionized water and 
allowed to stand in water for removal of NaOH and neutraliza-
tion [51]. The BC samples were dried at 50 °C for 48 h and 
the yields were calculated according to the following formula. 
The results were presented as mean ± standard deviation of 
three replicates.

where A is the amount of dried BC (g), B is the amount of 
dried peel (g).

Determination of Moisture, Ash and Liquid Holding 
Capacity of BC

Moisture and ash contents of dried lemon peel (LBC), manda-
rin peel (MBC); orange peel (OBC); grapefruit peel (GBC) and 
Hestrin–Schramm (HSBC) BCs were determined gravimetri-
cally [52]. To determine the liquid holding capacity (LHC), 
dry BC (1 g) was immersed in different liquids (40 g of water, 
acetone, dimethyl sulphoxide or acetic acid). The suspension 
was allowed to stand for 2 h and then centrifuged (Hettich EBA 
20, Germany) at 1178xg for 30 min at 25 °C and the wet sample 
was weighed. The results were expressed as % LHC that was 
calculated by the following formula [53]. The results were pre-
sented as mean ± standard deviation of three replicates.

where A is the dry weight of BC (g), B is the wet weight 
of BC (g).

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis of dried and ground BCs were performed on 
Jasco FT/IR-430 spectrophotometer (Japan), using samples 
prepared as KBr pellets. The spectra of the samples were col-
lected over the range of 400–4000 cm−1 with an accumulation 
of 24 scans, resolution of 4 cm−1.

Thermal Analysis (TG–DTA)

The thermal properties of the BCs were determined by 
PRIS Diamond TG/DTA thermal analyzer (USA). The 
samples, ~10 mg, were heated in platinum crucibles from 
room temperature up to 650 °C with a rate of 10°C/min in 
nitrogen atmosphere.

% Yield ∶ A/B × 100

Liquid Holding Capacity (%) = (B − A)∕A × 100

Scanning Electron Microscope (SEM) Analysis

The structural and morphological characteristics of BCs 
were examined by SEM. SEM analyses were performed 
with QUANTA 450 Field Emission Gun (FEG) SEM High 
Resolution Scanning Electron Microscope (USA). Images 
were recorded at different magnifications (×50,000 and 
×30,000) and the average fiber diameters (nm) were calcu-
lated by determining the diameters of at least 10 BC fibers.

X‑Ray Diffraction (XRD) Analysis

Determination of the crystal index values of the BCs and 
XRD analyses were performed in the Panalytical Empy-
rean High Performance Diffractometer (Netherlands). The 
samples were analyzed in Cu X-ray tube device with Ni fil-
ter between 2θ = 10°–50°. The determination of the degree 
of crystallinity was calculated using the following formula 
by the Curve Fitting Method [54, 55].

where  Acryst is the area of the crystalline region,  Atotal is the 
the total area.

Results and Discussion

Production of BC

The citrus peels were subjected to dilute acid hydrolysis 
to convert their insoluble polysaccharides to ferment-
able sugars. The highest reducing sugar yield (30.23 g/L) 
was obtained in OPH. The resulting hydrolysates were 
found as composed of glucose (5.29–8.15 g/L), galac-
tose (3.21–6.11 g/L), arabinose (1.41–2.33 g/L), acetic 
acid (0.25–0.30 g/L), citric acid (0.09–1.74 g/L), pheno-
lics (5.42–12.95 g/L) and protein (39.88–306.63 mg/L) 
(Table 1). Among them, OPH has the highest glucose and 
acetic acid content, and LPH has the highest citric acid con-
tent. LPH and GPH were found to have higher phenolic and 
protein content, respectively than the other hydrolysates.

BC production with the bacterial strain K. hansenii 
GA2016 was initially carried out in HS medium leading to 
BC concentration of 7.44 g/L. LPH, MPH, OPH and GPH 
without adding any extra nutrient were directly inoculated 
with K. hansenii GA2016 to produce BC and the production 
yield, moisture and ash contents of all the produced BCs 
were presented in Table 2. It was determined that the BC 
yield was the highest (3.92% (w/w)) when MPH was used 
as the sole cultivation medium. Previous studies showed 
that the yield was affected by the carbon source depending 
on the microorganism and the citric acid in the fermenta-
tion medium could promote bacteria to produce BC and 

Crl(%)(Curve Fitting Method) = Acryst/Atotal × 100
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improve its production [56, 57]. However, in this study, it 
was determined that the phenolic contents of the hydro-
lysates affected the yield of BC production more than the 
carbon source and citric acid contents. It was observed that 
there were negative correlation between phenolic content 
of hydrolysates and BC yields. Due to the antimicrobial 
activity of phenolics, the presence of phenolic compounds 
in the cultivation medium influences the development of 
microorganisms and affect the production of BC, adversely. 
Although LPH and OPH had the highest citric acid and 

reducing sugar content, respectively, their high phenolic 
contents suppressed the BCs production (Table 1). The low 
phenolic and high citric acid content of MPH resulted in the 
higher BC yield. Besides phenolic compounds, the protein 
content of the hydrolysates also affected the yield (Table 3). 
It was determined that high protein content of GPH sup-
ported the BC production of the K. hansenii GA2016 more 
than LPH and OPH, and resulted in higher BC yield.

Except composition of cultivation medium, BC production 
can be affected by many other conditions such as cultivation 
method, microorganism, agitation speed of culture medium, 
temperature, time, pH and amount of oxygen [31, 36, 58]. 
Therefore, it is not easy to compare the results obtained in 
this study with those of previous studies. Castro et al. [19] 
found that the yield of BC produced from HS broth and pine-
apple juice with Gluconacetobacter swingsii were 2.1 and 
2.8 g/L, respectively, Gomes et al. [35] reported 0.81 g/L of 
BC with Gluconacetobacter sacchari in olive mill residue, 
Mohammadkazemi et al. [36] reported 0.70–1.90 g/L of BC 
with Gluconacetobacter xylinus in different nutrients and 
various carbon sources and Lin et al. [59] reported 1.2 g/L 
of BC with Komagataeibacter intermedius in fruit juice. This 
study showed that the citrus peels supported the growth of K. 
hansenii GA2016 very well to produce BC with high yield.

Table 1  Chemical properties 
and phenolic contents of 
hydrolysates from citrus peels

Peel hydrolysate from lemon (LPH); mandarin (MPH); orange (OPH); and grapefruit (GPH)
a,b,c,d Means followed by different letters within the same line represent significant differences (p < 0.05). 
Data are the average of triplicates
+ Values for galactose also include xylose since galactose was coeluted with xylose

LPH MPH OPH GPH

Protein (mg/L) 181.75 ± 2.65b 39.88 ± 0d 106.53 ± 5.51c 306.63 ± 13.83a

Total red. sugar (g/L) 17.75 ± 0.05d 26.03 ± 0.41b 30.23 ± 0.91a 19.74 ± 0.44c

Glucose (g/L) 5.73 ± 0.028c 7.21 ± 0.024b 8.15 ± 0.11a 5.29 ± 0.16c

Galactose+ (g/L) 3.21 ± 0.20b 6.11 ± 0.35a 5.55 ± 0.16a 3.32 ± 0.20b

Arabinose (g/L) 2.20 ± 0.09a 2.33 ± 0.10a 2.30 ± 0.12a 1.41 ± 0.12b

Citric acid (g/L) 1.74 ± 0.04a 0.65 ± 0.01b 0.09 ± 0.01d 0.47 ± 0.01c

Acetic acid (g/L) 0.28 ± 0.01b 0.25 ± 0c 0.30 ± 0.01a 0.26 ± 0bc

Total phenolic (g GAE/L) 12.95 ± 0.06a 5.42 ± 0.18d 9.82 ± 0.32b 9.50 ± 0.42c

Table 2  Physicochemical properties of BCs

Bacterial cellulose from lemon peels (LBC); mandarin peels (MBC); 
orange peels (OBC); and grapefruit peels (GBC)
a,b,c,d Means followed by different letters within the same column rep-
resent significant differences (p < 0.05). Data are the average of trip-
licates

Production yield (g 
BC/100 g peel)

Moisture (% w/w) Ash (% w/w)

LBC 2.06 ± 0.06d 7.25 ± 0.94ab 7.23 ± 0.09b

MBC 3.92 ± 0.07a 6.49 ± 0.46b 3.31 ± 0.02d

OBC 2.33 ± 0.05c 7.73 ± 0.53ab 9.01 ± 0.05a

GBC 2.68 ± 0.08b 8.06 ± 0.01a 4.82 ± 0.03c

Table 3  Liquid holding 
capacities of BCs

LHC liquid holding capacity; Bacterial cellulose from lemon peels (LBC); mandarin peels (MBC); orange 
peels (OBC); and grapefruit peels (GBC)
a,b,c,d Means followed by different letters within the same column represent significant differences (p < 0.05). 
Data are the average of triplicates

LHC (%(w/w)) Water Acetone Dimethyl sulfoxide Acetic acid

LBC 886.00 ± 19.80a 414.40 ± 20.36a 904.40 ± 6.22a 488.46 ± 2.18c

MBC 791.45 ± 16.19b 307.80 ± 11.03bc 889.02 ± 1.39a 611.01 ± 15.57a

OBC 595.76 ± 6.00d 306.97 ± 9.85bc 574.18 ± 5.92d 516.75 ± 9.55b

GBC 705.17 ± 7.31c 332.36 ± 3.74b 792.84 ± 11.09b 513.71 ± 5.25b

HSBC 609.30 ± 0.9d 294.12 ± 8.31c 637.31 ± 10.87c 543.73 ± 19.41b
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Liquid Holding Capacity of BCs

LHC is a property of a polymer of adsorbing and retaining 
liquid to form a viscous solution. Since it affects the texture 
and viscosity of food, it is an important feature both physi-
ologically and technologically. A polymer with high LHC 
has the ability to increase the volume and decrease the calo-
rie of the food [60]. Although cellulose does not dissolve 
in most of the organic solvents due to its crystal structure 
[61], it can swell in certain solvents [62]. The LHCs of the 
BCs were presented in Table 3. It was found that their water, 
dimethyl sulfoxide (DMSO) holding capacities were higher 
than the acetone and acetic acid holding capacities. These 

results coincided with other studies [61, 62]. Due to high 
hydrogen bonding capacity of DMSO [61, 63], DMSO hold-
ing capacities of all BCs were relatively higher than those of 
other liquids. However, low hydrogen bonding capacity of 
acetone [61] resulted in low acetone holding values of BCs. 
Among them, LBC was determined to have the highest water 
holding capacity. The previous study reported that liquid 
(water, acetone, DMSO and acetic acid) holding capacities 
of BC (formed during Kampuchea tea fermentation) and 
commercial crystalline cellulose were 10–160 and 5–70%, 
respectively [61]. The BCs obtained in this study had higher 
liquid holding capacities than the previous study and com-
mercial microcrystalline cellulose.
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Fig. 1  FTIR spectra of BCs. BC from lemon peel (a), mandarin peel (b); orange peel (c); grapefruit peel (d) and Hestrin–Schramm medium (e)
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FTIR Analysis of BCs

The FTIR spectra of all the BCs, presented in Fig. 1, 
give the information about their functional groups and 
the state of bonds in their structure. Absorption bands 
at 800 and 1200 cm−1 are considered fingerprint regions 
for carbohydrates, and the location and density of these 
bands are specific for each polysaccharide and allow the 
identification of important chemical groups in polysac-
charides [64–66]. Studies have indicated that the char-
acteristic peaks of the typical BC spectrum are hydroxyl 
groups (–OH) at 3400–3440 cm−1, methylene stretching 
vibration (–CH2–) at 2800–2900 cm−1, carboxyl groups 
(COOH) at 1620–1640 cm−1, carbonyl groups (C=O) at 
1420–1440 cm−1 and C–O–C and C–O–H stretching vibra-
tions of the sugar ring at 1040–1068 cm−1 [67, 68]. The 
FTIR spectra of BCs produced from citrus peel hydro-
lysates and HSBC were similar to each other and the 
results are consistent with the literature [69–71].

Thermogravimetric Analysis of BCs

The decreases in their mass against temperature change of 
BCs were measured and the thermogravimetric differential 
thermal analysis curves of them were shown in Fig. 2. As 
seen from the figure, the thermal degradation curves of 
BCs from citrus peels are similar to that of HSBC and 
composed of three regions. The slight weight loss in the 
first region is due to the evaporation of the water in the 
sample with the increase in temperature. A second weight 
loss between 200 and 360 °C, is due to the removal of 
small molecular weight fractions such as hydroxyl groups 
of celluloses [36]. Third weight loss occurring between 
360 and 600 °C is due to degradation of polymeric chains 
and pyran structures [72, 73]. The maximum decomposi-
tion temperature  (DTGmax) is a critical point for the ther-
mal stability and it shows the sharpest weight loss slope 
(%/°C) during decomposition [74]. It was determined 
that these values varied between 228 and 359 °C for all 
the BCs and GBC had the highest while LBC had low-
est  DTGmax (Table 4). In the previous studies,  DTGmax 
was found as 330–350 °C for pure cellulose and whatman 
paper, 330–370 °C for Nata de Coco [75] and 333 °C for 
the plant cellulose [76]. Except LBC, the  DTGmax of BCs 
of this study was found to be similar to literature values.

SEM Analysis of BCs

The visual surface morphology characteristics of the 
BCs were examined by SEM with different magnifica-
tions and images are shown in Fig. 3. It was found that the 

morphological structures of the BCs from the citrus peels 
were similar to the HSBC and the results were consistent 
with the SEM pictures of BCs presented in the literature [36, 
72, 77]. Average fiber diameters of the BCs from the citrus 
peels were found to be in between 47.92 and 66.32 nm that 
were thinner than HSBC (74.29 nm) (Table 5). Thin fibers 

Fig. 2  TGA (a) and DTA (b) curves of BCs. BC from lemon peel 
(LBC); mandarin peel (MBC); orange peel (OBC); grapefruit peel 
(GBC) and Hestrin–Schramm medium (HSBC)

Table 4  Thermal degradation values of BCs

Bacterial cellulose from lemon peel (LBC), mandarin peel (MBC); 
orange peel (OBC); grapefruit peel (GBC); Hestrin–Schramm 
medium (HSBC)

T%50 (°C) DTGmax (°C) Mass loss 
(650 °C) 
(%)

LBC 374 228 66
MBC 378 354 70
OBC 354 322 73
GBC 357 359 95
HSBC 342 333 75
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Fig. 3  SEM of BCs. BC from 
lemon peel (a), mandarin peel 
(b); orange peel (c); grapefruit 
peel (d) and Hestrin–Schramm 
medium (e), ×50,000 (1) and 
×30,000 (2) magnification
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increase the tensile strength and elongation properties of the 
polymers, reduce the water vapour permeability and forms a 
smoother structure [78]. Due to the thinner diameter of the 
polymer fiber, the surface area of the polymer is increased, 
thus providing a larger and porous hydrogel layer [79–81]. 
Among them OBC has the thinnest fiber diameter, thus it has 
the advantages mentioned above, compared to other BCs.

XRD of BCs

Although cellulose has a highly ordered structure, it also 
contains less ordered regions called amorphous regions [82]. 
The interruption crystalline region by amorphous region has 

been described as a degree of crystallinity and is determined 
by XRD technique. The crystal part of the sample forms 
a sharp diffraction peak while, the amorphous part forms 
scattered peaks in the X-ray diffractograms [82]. X-ray dif-
fractograms of all the BCs are presented in Fig. 4 and all 
them exhibit three characteristic 2θ angles, 14.05°–16.77° 
and 22.68° [83, 84] which correspond to 101, 101 ̅ and 002 
planes of Cellulose I crystal structure. The largest 2θ angles 
of 14.05°–16.77° and 22.68° were used to calculate the 
crystallinity and other linear regions were excluded from 
the calculation. The degrees of crystallinity of the BCs 
were determined in between 79.48% and 91.96%. GBC and 
OBC were found to have the highest degree of crystallin-
ity (Table 5). Studies showed that there were many factors 
affecting crystallinity of BC such as cultivation method [31], 
carbon sources [31, 36, 58], pH [16], agitation speed [85], 
temperature [86], fermentation time [16] and drying meth-
ods [87]. The previous studies reported that the crystallinity 
of BCs produced with different microorganisms and different 
carbon sources were between 46.7° and 89° [36, 85] and the 
crystallinity of commercial microcrystalline cellulose was 
between 65 and 83% [88–90]. The crystallinities of the BCs 
found in this study were consistent with the literature.

The present study showed that citrus peels hydrolysates 
provided all nutrients required for bacterial growth (K. 
hansenii GA 2016), supported the production of BCs with 
high yield and produced BCs with similar properties as those 

Table 5  The average fiber diameter and degree of crystallinity of cel-
luloses

Bacterial cellulose from lemon peel (LBC), mandarin peel (MBC); 
orange peel (OBC); grapefruit peel (GBC); Hestrin–Schramm 
medium (HSBC)

Average fiber diameter 
(nm)

Crystallinity (%)

LBC 59.98 88.55
MBC 66.32 79.48
OBC 47.92 91.54
GBC 55.45 91.96
HSBC 74.29 87.47

Fig. 4  X-ray diffractograms of BC. BC from lemon peel (a), mandarin peel (b); orange peel (c); grapefruit peel (d); Hestrin–Schramm medium 
(e)
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produced with commercially available nutrients. All the pro-
duced BCs have superior features such as high crystallinity, 
thermal stability, LHC and thin fibers. Among them, LBC 
was found to have the highest water holding capacity and 
thermal stability, while OBC and GBC had the highest crys-
tallinity degrees and OBC had the thinnest fiber diameter. 
Utilization of citrus peels for BC production could decrease 
its production cost, increase its market share among the 
polysaccharides and increase its potential use in food and 
other industrial applications.
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