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Abstract
Xanthan is one of the most important biopolymers characterised by a high commercial value. Since the availability of essen-
tial nutrients influences its biosynthesis, the aim of this study was the optimisation of carbon, organic and inorganic nitrogen 
content in glycerol-based medium employing response surface methodology. The cultivation of strain Xanthomonas camp-
estris ATCC 13951 was carried out under appropriate conditions on media with glycerol, peptone and ammonium-nitrate 
formulated according to Box-Behnken design (33), while the desirability function approach was used for determination of 
optimal nutrient levels. The final model predicts that the maximal amount of xanthan (12.95 g/L) is produced when the initial 
contents of glycerol, peptone and ammonium-nitrate in the medium are 32.96 g/L, 0.55 g/L and 0.73 g/L, respectively. To 
minimize the residual nutrient content and therefore the costs of effluent processing, additional optimisation was performed. 
In order to validate the optimisation model developed and examine the bioprocess success with crude glycerol as the sole 
carbon source, additional experiments were performed. The results represent reliable information for further investigations.
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Introduction

Microbial polysaccharides, an important class of polymeric 
and renewable materials, are characterised by an unique 
combination of functional and physical–chemical properties, 
as well as rheological and film-forming behaviour, which 
makes them suitable for a wide range of commercial applica-
tions (Alves et al. 2010; Freitas et al. 2009). Industrial-scale 
production has been developed for only several biopolymers 
due to high manufacturing costs that are mainly related to 
the price of the carbon sources used for cultivation media 
preparation (Alves et al. 2011; Freitas et al. 2011; Giavasis 
et al. 2013; Sutherland 2001).

Xanthan or xanthan gum is one of the most important 
microbial polysaccharides biosynthesised by Xanthomonas 
campestris and by other Xanthomonas species (Palaniraj and 
Jayaraman 2011). Pseudoplastic behaviour and stability over 

a wide range of temperature and pH make this biopolymer 
suitable for application in different fields of food and non-
food industries (Becker et al. 1998). Xanthan production 
involves two steps, first bacterium cultivation on medium 
which enhances biomass growth, and second stimulation 
xanthan biosynthesis by using an appropriate medium 
(Carignatto et al. 2011). Industrial production is usually car-
ried out on medium which meets the needs of both stages 
of bacterium growth and biopolymer synthesis (Rosalam 
and England, 2006). For xanthan biosynthesis, the macroe-
lements carbon and nitrogen, and microelements such as 
potassium, iron and calcium are essential medium ingredi-
ents (García-Ochoa et al. 2000). The commercial medium 
contains glucose or sucrose as carbon source, which plays a 
crucial role from the economic viewpoint of the bioprocess, 
considering the market price of these sugars (Li et al. 2016).

The total cost of industrial production can be reduced by 
optimising the composition of the medium based on alter-
native substrates that are less expensive than those men-
tioned above. Among them, glycerol is recognised as one 
of the most promising (Brandão et al. 2013; Freitas et al. 
2011). During the last decade, biodiesel production has 
been continuously growing as a response to rapid fossil fuels 
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depletion and their impact on global warming and pollu-
tion. It is an environmentally attractive alternative to fossil 
fuels, but on the other hand the economic viability of its 
production is concerning. The quantity of crude glycerol 
generated as the main by-product of the biodiesel industry 
is significant, about 10–20% of the total volume of biodiesel 
produced (Fan et al. 2010; Quispe et al. 2013). Besides the 
possibility to use glycerol in different industries, such as 
pharmaceutical, cosmetic and food, there is still the need 
to develop new applications (Tan et al. 2013). Investigat-
ing possible valorisation routes and fulfilling the potential 
to convert glycerol into high value products represents a 
challenge for many research groups. Currently, there is a 
focus on the possibility to utilise glycerol for cultivation 
media preparation as a carbon source. It could significantly 
decrease production costs of many bioprocesses and make 
them more economically effective (Fan et al. 2010; Freitas 
et al. 2010; Hejna et al. 2016; Moita et al. 2014; Thapa et al. 
2013; Yazdani et al. 2007).

One of the biggest issues related to application of crude 
glycerol in biotechnology is its complex composition. Due 
to the presence of different impurities (methanol, ethanol, 
inorganic salts, metals, long chain fatty acids and soaps), the 
metabolic activity of applied producing strain can be inhib-
ited, resulting in reduced biomass growth and therefore bio-
conversion of glycerol into desired products (Konstantinović 
et al. 2016). In general, the effect of impurities on bioprocess 
success depends on the origin of the crude glycerol and its 
concentration in the cultivation medium (Hejna et al. 2016). 
Possible solutions to overcome these problems are the use 
of microorganisms that are tolerant to the impurities in 
crude glycerol (Konstantinović et al. 2016), the application 
of appropriate treatments (Pan et al. 2019) and the imple-
mentation of fed-batch cultivation systems in which crude 
glycerol is added gradually (Samul et al. 2014). However, 
all of these activities can decrease the economic potential 
of processes that utilise crude glycerol as the raw material 
(Rahim et al. 2019).

Response surface methodology (RSM) is one of the 
most frequently used optimization methods in chemical and 
biochemical engineering (Assis et al. 2014; Ayyalusamy 
and Mishra 2018; Bajić et al. 2017; Grahovac et al. 2014; 
Rončević et al. 2019a). This efficient approach has been 
widely applied in various studies because the process of 
interest can be defined and explained by adequate math-
ematical equations. By analysing the individual influences 
and interactions of the parameters on the selected responses, 
RSM offers a great amount of necessary information about 
the system that can be used for its improvement (Bas and 
Boyaci 2007). This methodology is used in combination 
with statistical experimental design and the concept of a 
desirability function. Statistically designed experiments are 
very effective because they give more information about 

process performance with much less effort compared to the 
classical one-variable at-a-time approach (Ibrahim and Elkh-
idir 2011). Hence, the selection of an appropriate experi-
mental plan is a key step in RSM application. The most pre-
ferred design for creating experiments is the Box-Behnken 
design (BBD) that is a class of rotatable or nearly rotatable 
second-order designs based on three-level incomplete fac-
torial designs. It is more efficient than others (for example 
Central Composite Design) when examining the influence of 
three factors on selected responses. Another advantage of the 
BBD is that it does not contain combinations for which all 
factors are simultaneously at their highest or lowest levels. 
So these designs are useful in avoiding experiments per-
formed under extreme conditions, for which unsatisfactory 
results might occur (Ferreira et al. 2007).

The aim of this study was the application of response 
surface methodology for optimisation of a glycerol-based 
medium for xanthan production by Xanthomonas campestris 
ATCC 13951. Mathematical relationships were defined to 
describe the carbon, organic and inorganic nitrogen con-
tent on the quantity and quality of the desired product, as 
well as the remaining nutrients content. Further, the models 
developed were used to find the optimal cultivation medium 
composition.

Materials and methods

Producing microorganism

The reference strain Xanthomonas campestris ATCC 13951 
was used in these experiments as producing microorgan-
ism. The culture was stored at 4 °C on yeast maltose agar 
slant (YMA®, HiMedia, India) and subcultured at monthly 
intervals.

Cultivation media

The commercial medium (YMB®, HiMedia, India) was 
used for inoculum preparation, while xanthan production 
was performed on semi-synthetic glycerol-based media for-
mulated by an applied experimental plan. The contents of 
commercial glycerol (15.0–45.0 g/L), peptone (0.0–1.2 g/L) 
as organic and ammonium-nitrate (0.0–1.2 g/L) as inorganic 
nitrogen sources were varied. All cultivation media were 
enriched with MgSO4 × 7H2O (0.5 g/L) and K2HPO4 (3 g/L) 
before pH value correction to 7.0 and sterilisation by auto-
claving at 121 °C and 2.1 bar for 20 min.

Crude glycerol used in the validation experiments was 
obtained from a domestic biodiesel factory (Belgrade, Ser-
bia) that uses waste oil as raw material for biodiesel pro-
duction. Declared characteristics of the crude glycerol are: 
glycerol content 60.88% (w/w), moisture content 4.84% 
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(w/w), methanol content 0.45% (w/w), organic matter con-
tent 95.12% (w/w), density 1.12 g/cm3 and kinematic viscos-
ity 74.97 mm2/s.

Xanthan production

The xanthan production was carried out simultaneously in 
300 mL Erlenmeyer flasks with a flask volume to medium 
volume ratio of 3:1. Inoculation was performed by adding 
10% (v/v) of inoculum prepared in aerobic conditions at 
26 °C and 150 rpm (laboratory shaker KS 4000i control, 
Ika® Werke, Germany) for 36 h. The biosynthesis was car-
ried out in batch mode under aerobic conditions at 30 °C and 
150 rpm for 168 h.

Xanthan recovery

The separation of bacterial cells from the cultivation broth 
was carried out by centrifugation at 10,000 rpm for 30 min 
(Hettich Rotina 380 R, Germany). Recovery of xanthan from 
the cell-free supernatant was achieved by the addition of 
precipitation agent, 96% (v/v) ethanol, in the presence of 
KCl as the electrolyte, using a modified method established 
by Flahive III et al. (1994). Supernatant was cooled to the 
temperature of 15 °C and ethanol was gradually added at 
constant stirring until the alcohol content in the mixture was 
60% (v/v). After addition of half of the necessary ethanol 
amount, a saturated solution of KCl was poured into the 
supernatant until it reached 1% (v/v) of the content. When 
the precipitation procedure was completed, the mixture 
was kept on 4 °C for 24 h and then centrifuged (4000 rpm, 
15 min). The precipitate was dried to a constant mass at 
60 °C and the obtained data used to calculate the xanthan 
concentration. Dried precipitate represents raw xanthan with 
a moisture content of 10.88% and ash content of 19.72%, 
determined by standard drying methods (Helrich 1990).

Analytical methods

The samples of cell-free supernatants, obtained as previously 
described, were used to determine the residual contents of 
the nutrients. The preparation of samples for determination 
of nitrogen content included dilution prior to centrifugation.

Glycerol content was determined by high performance 
liquid chromatography (HPLC). The samples were filtered 
through a 0.45 μm nylon membrane (Agilent Technolo-
gies Inc, Germany) and then analysed. The HPLC instru-
ment (Thermo Scientific Dionex UltiMate 3000 series) was 
equipped with a HPG-3200SD/RS pump, WPS-3000(T)SL 
autosampler (10 μL injection loop), Zorbax NH2 column 
(250 mm × 4.6 mm, 5 μm) and RefractoMax520 detec-
tor. 70% (v/v) acetonitrile was used as eluent with a flow 
rate of 1 mL/min and elution time of 20 min at a column 

temperature of 30 °C. The content of total nitrogen was 
determined using the Kjeldahl method (Helrich 1990).

The average molecular weight of produced xanthan was 
estimated based on the intrinsic viscosity of its 0.5% (w/v) 
solution in 0.1 M sodium-chloride using the method pro-
posed by Milas et al. (1985).

Modelling and optimisation

The Box-Behnken design (33) (Ferreira et al. 2007) was 
used in this research to examine the influence of glycerol, 
organic and inorganic nitrogen content on xanthan produc-
tion. The factor variables and their values were glycerol (X1: 
15.0–45.0 g/L); peptone (X2: 0.0–1.2 g/L) and ammonium-
nitrate (X3: 0.0–1.2 g/L) content. For the description of the 
responses (Y1: xanthan concentration (g/L), Y2: xanthan 
molecular weight (g/moL), Y3: residual glycerol content 
(g/L) and Y4: residual nitrogen content (g/L), experimental 
data were fitted to a second-degree polynomial model:

where b0 represents the intercept, bi respresents the linear, 
bii the quadratic and bij the interaction effect of the factors.

Statistical analyses of the experimental data, definition 
of mathematical models and generation of response sur-
face plots were performed using Statistica software v13.2 
(Dell Inc., USA). The data were statistically processed by 
the analysis of variance at the significance level of α = 0.05. 
The adequacy of the models was evaluated by the coefficient 
of determination (R2) and p value of the model. Defined 
mathematical equations and method of desirability function 
were applied for the determination of optimal values of the 
examined factors, which was done with the software package 
Design-Expert 8.1. (Stat-Ease, Inc., USA).

Results and discussion

Experimental results

In accordance with the defined aim of this research and 
applied experimental design, xanthan production was firstly 
carried out on commercial glycerol-based media in order to 
examine the individual and interactive effects of medium 
ingredients on the bioprocess success and to define its opti-
mal composition. The results of the experiments performed 
are presented in Table 1.

At the end of the bioprocess, the xanthan concentration 
in the cultivation broths was in the range of 7.98–12.94 g/L 
(Table 1), where the best result was obtained on media with 
a glycerol content of 30.00 g/L and equal amounts of organic 
and inorganic nitrogen sources (0.60 g/L). The crucial factor 
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for xanthan production is an adequate concentration of car-
bon source in the medium, due to its importance in both the 
cultivation and biosynthesis stages. Unlike carbon, nitrogen 
is a nutrient which plays a role only in bacterium growth. 
This study involved the use of ammonium-nitrate as inor-
ganic nitrogen source and peptone as a complex organic 
nitrogen source rich in microelements, which are also impor-
tant for xanthan production. However, according to research 
reported by Cadmus and Knutson (1983), the organic nitro-
gen source has a negative impact to xanthan biosynthesis 
since it does not stimulate production of high-pyruvate poly-
saccharides. As a possible way to overcome this disadvan-
tage, they suggested the substitution of the organic nitrogen 
source with an inorganic one. On the other hand, the results 
of this study clearly indicate the necessity of using both an 
organic and an inorganic nitrogen source (Table 1). Addi-
tionally, it is important to note that the lowest amount of 
xanthan was separated from the medium that contained only 
glycerol. This result is a consequence of nitrogen deficiency 
and indicates the importance of an adequate C/N ratio in 
the cultivation medium. According to the results of previ-
ous research, a high C/N ratio is necessary for successful 
conversion of the carbon source to the desired biopolymer 
(Palaniraj and Jayaraman 2011).

The possibility of application of less expensive substrates 
for xanthan production has been investigated in other stud-
ies. According to Brandão et al. (2013) glycerol is an excel-
lent carbon source that could stimulate microbial polysac-
charide production. Comparing the results obtained by 
using conventional and alternative glycerol-based media, it 
was suggested that glycerol chemical structure affects the 

pathway of xanthan biosynthesis. Moreover, the use of crude 
glycerol, which is rich in microelements, can increase the 
bioprocess efficiency if the producing strain is isolated from 
the environment. The xanthan yield presented in this study 
is somewhat higher than the values listed in this publication.

Besides the xanthan concentration in the cultivation 
broths at the end of the bioprocess, Table 1 summarizes the 
values of the molecular weight of the separated biopolymer 
and the residual contents of carbon and nitrogen. Molecular 
weight was determined in order to define the quality of the 
produced xanthan. The highest values of this parameter were 
obtained in the experiments where the media with the lowest 
examined glycerol concentrations were used, and vice versa 
indicating that an increase of the carbon source content in 
the cultivation medium negatively affects the xanthan qual-
ity. Also, it can be noted that the values of the molecular 
weight are in expected ranges for such a level of biopolymer 
purity and in agreement with a previous study (Rončević 
et al. 2014).

Detection of the residual nutrients content is very impor-
tant from both an economic and environmental viewpoint 
of biotechnological production. Unutilised nutrients which 
remain in the cultivation medium after the bioprocess 
can cause problems with the product separation and puri-
fication, and also represent contaminants in any effluents 
generated that must be removed before discharge into the 
environment. The residual glycerol content was in the range 
of 4.14–29.74 g/L and indicates that the lowest reduction 
of the carbon source occurs in the media with the highest 
examined initial concentration of this nutrient (Table 1). 
When it comes to nitrogen content, it is also very important 

Table 1   Combinations of 
experimental factors and values 
of the selected responses 
obtained

X1 glycerol content, X2 peptone content, X3 ammonium-nitrate content, Y1 xanthan concentration, Y2 xan-
than molecular weight, Y3 residual glycerol content, Y4 residual nitrogen content

Experimental factors Selected responses

X1/(g/L) X2/(g/L) X3/(g/L) Y1/(g/L) Y2/(105 g/moL) Y3/(g/L) Y4/(g/L)

15.00 0.00 0.60 11.25 3.14 4.14 0.12
45.00 0.00 0.60 11.15 1.66 29.49 0.14
15.00 1.20 0.60 10.63 3.07 4.52 1.15
45.00 1.20 0.60 11.56 1.58 28.88 1.02
15.00 0.60 0.00 10.52 4.16 5.26 0.21
45.00 0.60 0.00 10.76 2.62 29.74 0.18
15.00 0.60 1.20 10.71 4.89 4.34 1.11
45.00 0.60 1.20 11.78 1.97 28.32 1.30
30.00 0.00 0.00 7.98 2.71 16.27 0.00
30.00 1.20 0.00 10.66 2.79 15.59 0.71
30.00 0.00 1.20 12.11 2.05 14.14 0.58
30.00 1.20 1.20 10.45 3.07 15.80 1.65
30.00 0.60 0.60 12.71 2.51 13.54 0.67
30.00 0.60 0.60 12.86 2.36 13.39 0.70
30.00 0.60 0.60 12.94 2.06 13.31 0.65
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to carefully choose the appropriate initial concentration. 
The residual content of this nutrient was in the range of 
0.12–1.65 g/L (Table 1), with the exception of the medium 
without the initial addition of nitrogen. Although residual 
nitrogen concentration is significantly lower compared to 
unutilised carbon source, it can be very harmful and cause 
diverse negative impacts on ecosystems (Yamashita and 
Yamamoto-Ikemoto 2014).

Statistical analysis and mathematical modelling

RSM is a powerful tool for efficient identification of indi-
vidual and interactive effects of variables on indicators of 
process efficacy, and for determination of the optimal condi-
tions for a multivariable system (Bas and Boyaci 2007). For 
the responses selected in this study (Table 1), second-degree 
polynomial models were established to evaluate and quan-
tify the influence of the examined variables. The results of 
statistical analyses and mathematical modelling are given 
in Tables 2 and 3.

The statistical analyses of the modelled responses were 
performed in the form of analysis of variance (ANOVA). 
ANOVA is important for determining the adequacy and sig-
nificance of the quadratic models. The analyses were done 
by means of Fisher’s F test. Generally, the F value with a 
low p value indicates high significance of the regression 
model. ANOVA summary results presented in Table 2 indi-
cate that the obtained models were statistically significant 
(p < 0.01) at the 99% confidence level.

Alternatively, the fitting of the experimental data to the 
regression model was checked and suitably explained by 
the coefficient of determination (R2). Relatively high values 
of the determination coefficient obtained for all responses 
(Table 2) indicate a good fit of experimental results to the 
second-degree polynomial model. This means that only a 
small percentage of the variations in the analysed data could 
not be explained by the defined mathematical models.

The application of RSM to experimental data (Table 1) 
resulted in generation of regression equations, which are 
empirical relationships between the selected responses and 
the factors varied. The coefficients of the regression equa-
tions and their significance are presented in Table 3. A 

positive sign in the values of the linear and quadratic coef-
ficients in the regression equations points to a direct relation-
ship, while a negative sign of these coefficients indicates 
an inverse relationship between the variables. On the other 
hand, a positive sign of the interaction coefficients refers 
to a synergistic effect of certain factors, but if these coeffi-
cients are negative their antagonistic effect on the analysed 
response is evident.

The statistical significance of each coefficient was 
determined by p values, that also indicated the interaction 
strength between each independent variable. The results of 
the regression analysis, i.e., p values for all the linear, quad-
ratic and interaction effects of the varied factors on selected 
responses, are given in Table 3. The p value is used to assess 
the statistical significance for each of the regression equation 
coefficients. The coefficients of the regression equations are 
highly significant, with a confidence level of 99%, if their p 
values are less than 0.01. Statistically significant coefficients, 
with a confidence level of 95%, have p values less than 0.05. 
These values are marked in the table.

The regression equations can be graphically presented by 
response surface plots, which provide a visual interpretation 
of the interaction between two factors and facilitate the loca-
tion of the optimal experimental conditions. Considering 
that the biopolymer concentration in the medium at the end 
of the bioprocess is the most significant response in xanthan 
production, these dimensional plots were generated to under-
stand the interactions of the examined medium ingredients 
and to determine their optimal values to achieve the maximal 
xanthan biosynthesis (Figs. 1, 2 and 3). The graphs pre-
sented in Figs. 1, 2 and 3 represent the effects of two factors 
on the selected response while the third was maintained at 
the central value of the applied experimental design.

The effects of the initial contents of the carbon and 
organic nitrogen sources on the xanthan concentration in the 
medium with constant content of inorganic nitrogen source 
(0.6 g/L) are shown in Fig. 1.

The generated plot (Fig. 1) indicates that the initial 
glycerol content has almost no influence on xanthan pro-
duction under the applied experimental conditions for all 
examined peptone content. It is evident that a significant 
increase in the initial carbon source content leads to a 

Table 2   Analysis of variance 
(ANOVA) of the modelled 
responses

DF degree of freedom, SS sum of squares, MS mean square, Y1 xanthan concentration, Y2 xanthan molecu-
lar weight, Y3 residual glycerol content, Y4 residual nitrogen content

Residual Model

DF SS MS DF SS MS F value p value R2

Y1 5 1.16 0.23 10 1903.81 190.38 818.36 < 0.001 0.947
Y2 5 6.04·109 1.21·109 10 1.21·1012 1.21·1011 99.93 < 0.001 0.946
Y3 5 0.43 0.09 10 4970.97 497.10 5812.08 < 0.001 0.999
Y4 5 0.04 0.01 10 10.27 1.03 120.39 < 0.001 0.987
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minimal increase in the biopolymer concentration in the 
media at the end of cultivation. On the other hand, the 
increase of the initial content of organic nitrogen source 
up to 0.6–0.8 g/L has a positive effect on xanthan bio-
synthesis. However, the values of the observed response 

show a noticeable decrease with higher peptone content in 
the cultivation medium. This can be explained by the fact 
that xanthan is a secondary metabolite of the genus Xan-
thomonas; thus, an earlier onset of the stationary phase, 
during which the products of the secondary metabolism 
are synthesized, is often achieved by limiting the nitrogen 
concentration in the production medium (García-Ochoa 
et al. 2000). So, it is proven that the definition of the opti-
mal carbon to organic nitrogen ratio is a critical step in 
formulation of the medium composition for xanthan pro-
duction and greatly affects the success of the performed 
bioprocess (Becker et al. 1998).

Figure 2 illustrates the effects of the initial contents of 
carbon and inorganic nitrogen sources on the xanthan con-
centration in the medium with constant content of organic 
nitrogen source (0.6 g/L).

As in the previous case, graphically presented results 
(Fig. 2) suggest that xanthan production depends mainly 
on the initial content of the nitrogen source, while the 
impact of the carbon source used is almost insignificant. 
Therefore, the organic and inorganic nitrogen sources are 
the most important medium ingredients for xanthan biosyn-
thesis under the applied experimental conditions. This is 
also confirmed by the p values for the linear (p = 0.011 for 
peptone and p = 0.003 for ammonium-nitrate content) and 
quadratic (p = 0.006 for peptone and p = 0.003 for ammo-
nium-nitrate content) coefficients of these components in 
the mathematical model for xanthan concentration in the 
cultivation medium (Table 3).

Fig. 1   The effects of initial contents of carbon and organic nitrogen 
sources on the xanthan concentration in the media with constant con-
tent of inorganic nitrogen source (0.6 g/L)

Fig. 2   The effects of initial contents of carbon and inorganic nitrogen 
sources on the xanthan concentration in the media with constant con-
tent of organic nitrogen source (0.6 g/L)

Fig. 3   The effects of initial contents of organic and inorganic nitrogen 
sources on the xanthan concentration in the media with a constant 
content of carbon source (30.0 g/L)
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Figure 3 shows the effects of initial organic and inorganic 
nitrogen source content on the xanthan production on glyc-
erol-based medium with an initial carbon source of 30.0 g/L.

From the response surface plot represented in Fig. 3, it 
can be seen that a change of the initial content of ammo-
nium-nitrate has a greater impact on the xanthan concentra-
tion in cultivation medium if the initial peptone content is 
0.0–0.4 g/L. Therefore, the selected response is intensified 
with increasing inorganic nitrogen content at low values 
of organic nitrogen, and vice versa. An antagonistic effect 
of these factors on xanthan biosynthesis is also confirmed 
by the negative value of the interaction coefficient for pep-
tone and ammonium-nitrate content (b23 = − 3.014) given 
in Table 3. At an initial content of organic nitrogen source 
of 0.6–1.2 g/L, regardless of the inorganic nitrogen source 
content in the medium, xanthan production is almost equally 
expressed.

According to all of the response surface plots presented in 
Figs. 1, 2 and 3 the maximal values of the selected response 
were obtained if the variables had the middle values of the 
examined range. Consequently, a maximal xanthan concen-
tration is obtained in a medium with initial glycerol content 
of 30–40 g/L and initial peptone and ammonium-nitrate con-
tents of 0.4–0.8 g/L. Additionally, it can be observed that 
xanthan production was significantly reduced in the media 
with low nitrogen content, while this nutrient in excess limits 
the biopolymer synthesis. Thus, the increase of all nutrients 
is followed by an increase in xanthan concentration up to a 
maximal value, after which it decreases gradually. Evidently, 
the definition of an adequate carbon to nitrogen ratio, as well 
as organic to inorganic nitrogen source ratio, is important to 
stimulate xanthan biosynthesis and to improve bioprocess 
efficacy.

Optimisation of glycerol‑based medium 
composition

The final purpose of using response surface methodology 
is the optimisation of the examined process. To optimise 
the process with two or more selected responses, it is 

recommended to use the concept of a desirability func-
tion. This approach combines multiple responses into one 
response called the overall desirability function by choice 
of a value from 0 (one or more characteristics are unac-
ceptable) to 1 (all process characteristics are on target) 
(Ferreira et al. 2007). In this research, the concept of a 
desirability function was used to optimise the initial con-
tents of carbon and organic and inorganic nitrogen sources 
in the glycerol-based medium for xanthan production. Two 
optimisation sets were considered and the results obtained 
are presented in Table 4.

If the only goal of optimisation is to achieve maximal 
xanthan concentration in the medium at the end of the bio-
process (first set, Table 4), the overall desirability function 
has a maximal value (1.00) for the initial contents of glyc-
erol, peptone and ammonium-nitrate of 32.96 g/L, 0.55 g/L 
and 0.73 g/L, respectively. By using a medium with such 
nutrients contents, the model predicts the generation of a 
cultivation broth with 12.95 g/L of xanthan characterised 
by a molecular weight of 2.14·105 g/moL. The predicted 
residual contents of glycerol and total nitrogen compounds 
are 15.86 g/L and 0.73 g/L, respectively.

When defining the medium composition it must be taken 
into account that the bioprocess efficiency is improved if 
the residual nutrient content is minimal, because the unused 
nutrients represent losses from an economic viewpoint due 
to high market prices of medium ingredients and high cost 
of effluent processing prior to release into the environ-
ment. Therefore, in the second optimisation set (Table 4), 
in addition to achieving the maximal xanthan accumulation, 
the minimal residual contents of analysed nutrients were 
selected as individual desirability functions. According to 
the model predictions for the highest value of the overall 
desirability function (0.85) the optimal values of the initial 
contents of glycerol, peptone and ammonium-nitrate are 
15.86 g/L, 0.18 g/L and 0.67 g/L, respectively. The predicted 
value of xanthan concentration is 11.76 g/L and its molecu-
lar weight is 3.31·105 g/moL, while the residual nutrients 
contents are 4.16 g/L and 0.30 g/L for glycerol and total 
nitrogen, respectively.

Table 4   Optimal values of the 
variables and predicted values 
of the selected responses

Factors and responses First set Second set

Goal Predicted value Goal Predicted value

Glycerol/(g/L) In range 32.96 In range 15.86
Peptone/(g/L) In range 0.55 In range 0.18
Ammonium-nitrate/(g/L) In range 0.73 In range 0.67
Xanthan/(g/L) Maximise 12.95 Maximise 11.76
Molecular weight/(105 g/moL) In range 2.14 Minimise 3.31
Residual glycerol/(g/L) In range 15.86 Minimise 4.14
Residual nitrogen/(g/L) In range 0.73 Minimise 0.30
Overall desirability function 1.00 0.85
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Comparing the optimisation results given in Table 4, it is 
evident that the use of the cultivation medium proposed in 
the second set can reduce the costs of medium preparation 
and waste treatment. This is corroborated by the potential 
reduction of initial contents of glycerol, peptone and ammo-
nium-nitrate by 51.88%, 72.73% and 8.22%, respectively, 
as well as the huge reduction of the residual contents of 
glycerol and total nitrogen by 73.77% and 58.90%, respec-
tively. However, a decrease of the xanthan concentration by 
only 9.19% was predicted, while the significant change in 
the biopolymer quality was noted which is confirmed by a 
35.35% higher value of the molecular weight. The optimisa-
tion results represent reliable data for further investigation 
aimed to improve xanthan production in glycerol-based cul-
tivation medium.

Validation of the optimisation model and possibility 
of crude glycerol utilisation

Finally, in order to validate the developed optimisation 
model (second set in Table 4), xanthan production in com-
mercial glycerol-based medium with optimal composition 
was carried out in triplicate. The results are given in Table 5 
and indicate that the data are in excellent accord with the 
predicted values for all modelled responses.

In addition to these confirmation experiments, another 
investigation was performed to examine the possibility of 
xanthan production in crude glycerol-based medium and to 
evaluate the bioprocess success. For this purpose, a cultiva-
tion medium of optimal formulation (second set in Table 4) 
was prepared with crude glycerol as the sole carbon source. 
The xanthan biosynthesis was carried out simultaneously 
under the previously applied experimental conditions in trip-
licate. Results obtained by analysing the media at the end 
of the bioprocess are shown in Table 5. Based on the data 
presented, it can be seen that the values of xanthan concen-
tration and its molecular weight are much lower than those 
obtained when commercial glycerol is applied, while the 

contents of residual glycerol and total nitrogen are higher. 
The possible explanation for this situation is the presence 
of different impurities in crude glycerol generated during 
biodiesel manufacture from waste oil. A similar observation 
was noted in research conducted by Gondim et al. (2019).

Since the growth of Xanthomonas campestris cells and 
synthesis of biopolymer depend on various factors (García-
Ochoa et al. 2000), future considerations aimed to improve 
xanthan production in crude glycerol-based medium should 
include optimisation of process parameter values. Among 
these, the most significant are parameters responsible for 
dissolved oxygen concentration (Rončević et al. 2019b). So, 
new series of experiments should be performed to define 
the optimal temperature, pH value, aeration rate, agitation 
speed and cultivation time for both bioprocess stages, i.e., 
inoculum preparation and biopolymer synthesis. Another 
solution to increase xanthan yield is the application of novel 
producing strains that tolerate high concentrations of vari-
ous inhibitors.

Conclusions

Response surface methodology combined with Box-
Behnken design and a desirability function approach was 
found to be an effective tool for optimisation of glycerol-
based medium for xanthan production. The results obtained 
suggest that commercial glycerol represents an appropriate 
replacement for traditionally used carbon sources responsi-
ble for both quantity and quality of the biopolymer. Addi-
tionally, it is proven that commercial glycerol can be substi-
tuted with crude glycerol generated by a biodiesel industry, 
as a cheap alternative substrate. However, further research 
needs to be undertaken in order to determine the optimal 
process parameters for xanthan biosynthesis and to examine 
the success of application of novel producing strains. The 
utilisation of crude glycerol for biotechnological xanthan 
production could contribute significantly to solving ecologi-
cal problems caused by discharge of effluents in the environ-
ment without adequate treatment.
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