
processes

Article

Anaerobic Acidogenic Fermentation of Cellobiose by
Immobilized Cells: Prediction of Organic Acids Production
by Response Surface Methodology

Panagiota Tsafrakidou 1,* , Konstantina Tsigkou 2 , Argyro Bekatorou 1,*, Maria Kanellaki 1

and Athanasios A. Koutinas 1

����������
�������

Citation: Tsafrakidou, P.; Tsigkou, K.;

Bekatorou, A.; Kanellaki, M.;

Koutinas, A.A. Anaerobic Acidogenic

Fermentation of Cellobiose by

Immobilized Cells: Prediction of

Organic Acids Production by

Response Surface Methodology.

Processes 2021, 9, 1441. https://

doi.org/10.3390/pr9081441

Academic Editors: Hah Young Yoo

and Aydin Berenjian

Received: 16 June 2021

Accepted: 12 August 2021

Published: 19 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemistry, University of Patras, 26500 Patras, Greece; m.kanellaki@upatras.gr (M.K.);
a.a.koutinas@upatras.gr (A.A.K.)

2 Department of Chemical Engineering, University of Patras, 26504 Patras, Greece;
ktsigkou@chemeng.upatras.gr

* Correspondence: panag.tsafrak@gmail.com (P.T.); abekatorou@upatras.gr (A.B.); Tel.: +30-6970-080-850 (A.B.)

Abstract: Response surface methodology was used to derive a prediction model for organic acids
production by anaerobic acidogenic fermentation of cellobiose, using a mixed culture immobilized on
γ-alumina. Three parameters (substrate concentration, temperature, and initial pH) were evaluated.
In order to determine the limits of the parameters, preliminary experiments at 37 ◦C were conducted
using substrates of various cellobiose concentrations and pH values. Cellobiose was used as a model
sugar for subsequent experiments with lignocellulosic biomass. The culture was well adapted to
cellobiose by successive subculturing at 37 ◦C in synthetic media (with 100:5:1 COD:N:P ratio). The
experimental data of successive batch fermentations were fitted into a polynomial model for the
total organic acids concentration in order to derive a predictive model that could be utilized as a tool
to predict fermentation results when lignocellulosic biomass is used as a substrate. The quadratic
effect of temperature was the most significant, followed by the quadratic effect of initial pH and the
linear effect of cellobiose concentration. The results corroborated the validity and effectiveness of
the model.

Keywords: anaerobic acidogenesis; cellobiose; organic acids; immobilized cells; γ-alumina;
predictive model

1. Introduction

The decreasing fossil resources, increasing demand, and rising prices for energy, as
well as the growing CO2 emissions caused by the massive consumption of fossil fuels, have
stimulated research into the production of platform chemicals and fuels from renewable
biomass resources, especially waste biomass [1–3]. Anaerobic digestion is a promising
process for the conversion of biomass to renewable energy; and research in this field
mainly focuses on determining the ideal conditions for diverse substrates such as agro-
industrial wastes [4–9]. Anaerobic digestion involves four steps: (1) the breakdown of
organic compounds into soluble oligomers; (2) further hydrolysis and fermentation to
produce mainly organic acids (acidogenesis); (3) acetate production (acetogenesis); and
finally, (4) methane and carbon dioxide production (methanogenesis), which is the most
energy and time-consuming step [10,11]. Organic acids such as acetic, propionic, isobutyric,
butyric, isovaleric, and valeric acid, produced during the acidogenesis step, may be used
among other applications for the production of ester-based fuels similar to biodiesel. This
approach has been previously proposed as a cost-effective and environmentally friendly
alternative [6–9,12,13]; however, further research is needed on efficient and cost-effective
esterification, separation, and purification processes.

Lignocellulose is the most abundant and promising source of biomass for the sus-
tainable production of fuels and chemicals [14]. In the microfibrils of lignocellulosic

Processes 2021, 9, 1441. https://doi.org/10.3390/pr9081441 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-7900-8862
https://orcid.org/0000-0001-9017-2030
https://doi.org/10.3390/pr9081441
https://doi.org/10.3390/pr9081441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9081441
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9081441?type=check_update&version=1


Processes 2021, 9, 1441 2 of 11

biomass, each cellulose chain is rotated by 180◦ along the polymer axis, creating a flat
ribbon structure, in which cellobiose is the repeating unit [15,16]. Cellulose is degraded
by the synergistic action of various types of cellulases (endo-glucanases, exo-glucanases
or cellobiohydrolases, and β-glucosidases), which generate short-chain oligosaccharides,
cellobiose, and glucose [16–18]. Besides the advances in biomass-degrading enzymes,
bioreactor design and optimization developments regarding the utilization of cellulosic
materials and food industry wastes have significantly improved process efficiency for
energy production, mainly in the form of biogas in the case of anaerobic treatment. How-
ever, the greatest challenge for the production of a new generation of biofuels, such as
bioethanol, biodiesel, biobutanol, etc., is the development of robust, high-yielding microbes
and processes for their production [19–21]. The optimization of fermentation media and
conditions is also of primary importance towards sustainability.

The diverse combinatorial interactions of medium components with cell metabolism
do not permit satisfactory modeling of such processes. One-dimensional research with
successive variations in variables is still employed, although it is not practically expected to
achieve an appropriate optimum in a finite number of experiments [22]. Response surface
methodology (RSM) is an important method for the investigation and optimization of
multivariate processes which combines mathematical and statistical tools to study the
effects of several factors requiring a small number of experiments to investigate their
possible interactions. Central composite design (CCD) is a widely used RSM when upper
and lower limits of each factor are set for an experimental design [23]. The significant
interactions between variables and the combination of factors generating a certain optimal
response can be identified. In addition, an equation (linear, polynomial, etc.) is obtained
that can act as a predictive tool for the chosen response.

In previous studies, it was shown that methane [24], alcoholic [25], and acidogenic
fermentation [12,26] could be promoted in the presence of porous materials, such as
γ-alumina and kissiris [6–8,27], which at the same time acted as culture immobilization
carriers facilitating continuous processing. In the case of anaerobic acidogenic fermentation,
the results showed that, at selected process conditions (initial sugar concentration, pH,
temperature, type of substrate), and modes of operation (batch or continuous, with or
without effluent recycling), the anaerobic acidogenesis can lead to products with different
compositions of organic acids and ethanol, which allows the possibility to produce different
types of ester-based new generation biofuels. The aim of the present work was to derive a
predictive model based on response surface methodology, which would be utilized as a
tool to predict fermentation results when pretreated lignocellulosic biomass is used as a
substrate. Therefore, cellobiose (the disaccharide of cellulose) was used as a model substrate.
The results from this research were the cornerstone for the subsequent experimentation with
cellulose hydrolysates as raw materials for ester-based biofuels [12]. Examination of the
effect of three parameters, which play an important role in the anaerobic fermentation, was
studied with the aid of RSM. A CCD was employed to examine the effect of fermentation
temperature, initial pH, and cellobiose concentration. These parameters may have a
significant impact on the anaerobic fermentation process in general as well as on the type of
microorganisms of the mixed anaerobic cultures that will prevail finally, in order to obtain
the best result from the acidogenesis point of view [28].

2. Materials and Methods
2.1. Culture and Growth Media

Mixed anaerobic bacteria culture obtained from an up-flow anaerobic sludge blanket
(UASB) reactor [6,7,12], treating molasses, was used to inoculate the growth medium
containing: 50 g/L cellobiose, aqueous solution of NH3, and 50% H3PO4 (COD:N:P ratio
of 100:5:1), 4 g/L NaHCO3, and 4 g/L yeast extract, without pH adjustment [24]. The
medium was sterilized by autoclaving at 120 ◦C for 15 min. Cell growth was carried out at
37 ◦C overnight.
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2.2. Cell Immobilization and Anaerobic Acidogenic Fermentation

Cell immobilization was carried out in conical flasks containing 50 g of γ-alumina
pellets and a 70-mL growth medium. The γ-alumina pellets, which were used in this study,
are characterized by an average length of 5.2 mm, surface area of 290 m2/g, and an average
pore diameter of 7.8 nm. The system was left to ferment at 37 ◦C for 48 h without feeding
in order to achieve immobilization of the cells on the biomass carriers [8]. Subsequently,
the growth medium was decanted and a fresh synthetic medium was added for anaerobic
fermentation experiments, which contained: cellobiose 30–70 g/L, the aqueous solution of
NH3, and 50% H3PO4 (COD:N:P ratio of 100:5:1), 4 g/L of NaHCO3, and 4 g/L of yeast
extract. The pH was adjusted with 0.5 N of HCl to values from 5 to 9, as slightly acidic pH
values promote hydrolysis, while a pH less than 5 is usually inhibitory for the anaerobic
culture. Alkaline pH values until 8–10 have also proved to be beneficial due to increased
buffering capacity and methanogenesis inhibition [28]. The medium was sterilized by
autoclaving at 120 ◦C for 15 min. Fermentation experiments were carried out at three
different temperatures (27, 37, and 47 ◦C) for 48 h. The tested temperatures belong to
the mesophilic range, which is mainly chosen for VFAs production as high efficiency of
the process has been observed [28]. The experimental procedure is presented in detail in
Figure 1.
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Figure 1. Experimental procedure of cell growth, cell immobilization on γ-alumina pellets, and anaerobic acidogenic fer-
mentation.

2.3. Scanning Electron Microscope Imaging

After freeze-drying for 48 h, the samples of immobilized anaerobic mixed culture cells
on γ-alumina were coated with gold (Blazers SCD 004 Sputter Coater) for 3 min to increase
the electrical conductivity. Subsequently, scanning electron microscope (SEM) (JEOL model
JSM-6300) imaging followed.

2.4. Organic Acids Analysis

The produced organic acids were analyzed by high-performance liquid chromatogra-
phy (HPLC), on a Jasco LC-2000 Plus chromatograph (Jasco Inc., Tokyo, Japan), equipped
with a Bio-rad Aminex HPX-87H column (300 × 7.8 mm, 9 µm particle size), a CO-2060
Plus column oven, an AS-2050 autosampler, a PU-2089 quaternary gradient pump, and an
MD-2018 photodiode array detector. Isocratic separation at 50 ◦C with 0.008 N of H2SO4
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and a mobile phase at a flow rate of 0.6 mL/min were performed, and all the data were
processed with the ChromNav software (Jasco, 2010, Tokyo, Japan). The samples were
filtered with a disposable cellulose acetate syringe filter (CHROMAFIL) of a 0.20-µm pore
size. All determinations were performed by means of standard curves.

2.5. Experimental Design and Statistical Analysis

The production of organic acids was calculated as a function of the levels of the three
independent variables (temperature, initial pH value, and cellobiose concentration) with
a significant influence on the response variables. Each parameter had three levels: the
maximum value (+1), the minimum (−1), and the center point (0), as shown in Table 1.

Table 1. Factors, codes and actual levels for design of the present research experiment.

Independent Variables Units Symbol Coded Levels

−1 0 1

Temperature ◦C X1 27 37 47
Initial pH X2 5 7 9
Cellobiose g/L X3 30 50 70

A second-order polynomial equation, which includes all interaction terms, was used
to predict the response:

Y = β0 +
k

∑
i

βiXi +
k

∑
ii

βiiX2
i + ∑

i<j
βijXiXj (1)

In this equation, Y represents the predicted response, i.e., organic acids production
from the anaerobic fermentation of cellobiose (both expressed in g/L), β0 is the intercept,
βi is the first order coefficient, βj is the second-order coefficient, βij is the coefficient of an
interaction effect, and Xi, Xj are the coded levels of variables Xi and Xj investigated in the
experiment. The variable Xi was coded as xi according to the equation:

xi = (Xi − X0)/∆Xi

where xi is the coded value of the variable Xi (dimensionless), X0 is the value of Xi at the
center point level, and the step change value ∆Xi = (high level − low level)/2. Coding is
required since the factors are expressed in different units.

CCD is a useful design to acquire data to fit the above polynomial. A 23 full factorial
design with six replicates at the center point resulting in 20 experiments was used to
investigate the three selected variables (i.e., temperature, initial pH value, and cellobiose)
for the determination of the fermentation conditions for the total organic acids production.
The levels of the variables were chosen after a series of preliminary experiments. The exper-
iments were designed using the Statistica software package (StatSoft Inc., Tulsa, OK, USA).
The experimental design is presented in Table 2 and was repeated in three replications.

The experimental data were subjected to multiple regression analysis using the STA-
TISTICA software package to obtain the coefficients of the second-order polynomial. The
F-test was used to evaluate if the model was significant. The determination coefficient R2

was calculated to evaluate the performance of the regression equation. Statistical testing of
the model was carried out in the form of analysis of variance (ANOVA), which is required
to test the significance and adequacy of the model. In the Pareto plot of standardized
effects, the important effects are visually identified. The bars correspond to the absolute
magnitudes of the estimated effect coefficients. An effect that exceeds the vertical line
(p = 0.05) may be considered significant.
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Table 2. Experimental design (CCD) and results of total organic acids production by the mixed
anaerobic culture at 48 h of fermentation [Data are shown as mean ± standard deviation of three
replications. Means with different superscript letters are different by Tukey’s test (p < 0.05)].

Run Order
Variables Total Organic Acids

X1 X2 X3 Experimental Results (g/L) Prediction (g/L)

1 −1 −1 −1 7.03 a ± 0.1 6.95
2 1 −1 −1 7.91 b ± 0.13 7.52
3 −1 1 −1 7.06 a ± 0.27 6.95
4 1 1 −1 7.56 c ± 0.12 7.64
5 −1 −1 1 9.4 c ± 0.11 9.06
6 1 −1 1 9.57 d ± 0.03 9.42
7 −1 1 1 9.08 e ± 0.33 9.22
8 1 1 1 9.89 e ± 0.11 9.71
9 −1 0 0 11.01 f ± 0.03 11.41

10 1 0 0 11.3 f,g ± 0.16 11.94
11 0 −1 0 12.8 h ± 0.13 13.76
12 0 1 0 13.83 h ± 0.1 13.90
13 0 0 −1 13.63 g ± 0.22 14.13
14 0 0 1 15.69 g,h ± 0.14 16.22
15 0 0 0 16.16 g ± 0.08 16.19
16 0 0 0 16.97 g ± 0.23 16.19
17 0 0 0 16.92 g,h ± 0.14 16.19
18 0 0 0 16.3 g ± 0.15 16.19
19 0 0 0 16.6 g,h ± 0.17 16.19
20 0 0 0 16.24 g ± 0.1 16.19

3. Results and Discussion
3.1. Cell Immobilization

SEM images (Figure 2) were used in order to observe and evaluate the immobilization
of the mixed anaerobic culture cells on the γ-alumina pellets. Elsewhere, γ-Alumina has
been tested successfully for the immobilization of pure cultures, providing higher efficiency
of the process as the concentration of the final product increased significantly [6,7,12,13].
The cells’ immobilization is probably performed by their attachment on the γ-alumina
surface due to the electrostatic interactions between the cell membrane and the vector
surface. As γ-alumina is classified as a porous material, cells entrapment is favored,
thus providing a large surface area for cells and medium interaction [29,30]. The images
in Figure 2 confirm the immobilization of the cells on the entire surface of γ-alumina.
Successful immobilization is considered of great importance in order to achieve a robust
system [30] and, more specifically, a stable biocatalyst, which usually leads to significantly
decreased fermentation time requirements, increased process efficiency, and functionality.
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Figure 2. SEM images of the immobilized mixed anaerobic culture cells on γ-alumina pellets.

3.2. Anaerobic Acidogenic Fermentation

The goodness of fit of the regression equation was evaluated by the determination
coefficient (R2). The value of determination R2 (0.98) indicates that the response model
could explain 98% of the total variations. The value of the adjusted determination coefficient
(RAdj

2 = 0.97) was high enough to indicate the significance of the model. According to the
ANOVA of the regression model, the F-test for the regression was significant at a level of
5% (p < 0.05). The coefficients of the regression equation were calculated and the following
regression equation was obtained:

Organic acids (g/L) = −84.30 + 3.36 X1 + 8.16X2 + 0.30X3 − 0.045X1
2 − 0.58X2

2 − 2.52E − 003X3
2 + 1.62E

− 003X1X2 − 2.5E − 004X1X3 + 1E − 003X2X3.
(2)

ANOVA of the quadratic regression model demonstrates that the model is highly
significant, as is evident from the Fisher’s F-test with a very low probability value (Table 3).
At the same time, the relatively low value coefficient of variation (CV = 4.99%) indicates a
better precision and reliability of the experiments carried out.

Table 3. ANOVA of quadratic model.

Source Sum of Squares Degrees of Freedom Mean Square F-Value Prob (P) > F

Model 251.8004 9 27.97782 74.87511 <0.0001
Residual 3.736598 10 0.37366

Lack of Fit 3.112115 5 0.622423 4.983503 0.0513
Pure Error 0.624483 5 0.124897

Total 255.537 19

R2 = 0.98, CV = 4.99%, RAdj
2 = 0.97

The standardized effects of the independent variables and their interactions on the
dependent variable were investigated by preparing the Pareto Chart (Figure 3). Positive
coefficients for the model components (X1, X2, X3, X3

2, X2X3, X1X2) showed a favorable
or synergistic effect on organic acids production, while negative coefficients (X1

2, X2
2,

X1X3) for the model components indicated an unfavorable effect. The quadratic effect of
temperature was the most significant, followed by the quadratic effect of initial pH value,
and the linear effect of cellobiose concentration. A little variation in these aspects will
alter the organic acids production to a considerable effect. The fact that the bars of all
interactions among the independent factors remained inside the reference line indicates
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that these terms contribute the least in the prediction of organic acids production by the
mixed anaerobic culture.
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In order to visually compare predicted and observed data, predicted values are plotted
against actual measurements, as shown in Figure 4. The results corroborated the validity of
the model as also indicated by the calculated bias factor, which is a measure of the overall
agreement between predicted and actual values. The model can be considered reliable for
predicting organic acids production.
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Figure 4. Observed versus actual values of organic acids production according to the experimental
design for the mixed anaerobic culture.

The contour and three-dimensional plots of interactions among the above variables
are the graphical representations of the regression equation. Both plots are presented in the
following figure (Figure 5). The main goal of the response surface is to efficiently determine
the optimum values of variables such that the response is maximized. Each contour curve
represents an infinite number of combinations of two test variables with the third one
maintained at the zero level. The maximum predicted value is indicated by the surface
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confined in the smallest ellipse in the contour diagram. The contour plots are not perfectly
elliptical; this indicates that there are few interactions among the independent variables.
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The predicted optimum levels of the tested variables were obtained by applying
regression analysis of the obtained equation with Design Expert software (Version 6.0, Stat-
Ease Inc., Minneapolis, MN, USA) statistical package. Optimization of maximum organic
acid production within the set parameters is as follows: 37.27 ◦C, pH 7.04, and 60.34 g/L
cellobiose, which corresponds to an estimated concentration of organic acids of 16.5 g/L.
However, besides the maximization of the response, economic cost should also be taken
into consideration in microbial fermentation assays for the future development of effective
scale-up processes. On that account, it is desirable to set independent factors (cultivation
parameters) in a range production area, preferably in minimum or low-cost values [31]. In
the present study, the most preferable set of parameters combines a temperature at almost
37 ◦C (optimum for the mesophilic bacteria that perform the fermentation without further
production of hydrogen), an initial pH of the broth at 8.57, which is convenient because
there is no need to adjust the pH after preparation of the broth, and a lower cellobiose
concentration, which means that it is possible to achieve high organic acids productivity
with low presence of fermentable sugar.
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The predicted value of the organic acids production, using the above-mentioned
combinations, was 7.13 g/L. Verification of the predicted value was conducted by using the
aforementioned conditions in five repeated inoculation experiments. The mean value of
organic acid production was 7.89 g/L, which is in agreement with the predicted value, while
the detected organic acids were mainly lactate, butyrate, acetate, propionate and succinate.

It should be mentioned that subsequent experimentation with 3 wt% pretreated
lignocellulosic biomass (wheat straw) as the sole carbon source and the optimal pH and
temperature, resulted in the production of 7.45 ± 1.18 g/L total organic acids. The obtained
concentration was almost two-fold higher compared with the results from acidogenic
fermentation conducted with free cells (3.96 ± 0.93 g/L) [12]. Concerning the study of
Adav et al. [32], a bacterial consortium obtained from a cattle feedlot manure composting
plant was tested against various concentrations of cellobiose (2.5–20 g/L) for hydrogen
production at pH 6.0 and mesophilic conditions. The increased cellobiose concentration
led to different metabolic pathways, while the main products were usually ethanol, acetate,
and butyrate, followed by lower amounts of propionate and formate. Additionally, the
thermophilic dark fermentation of cellobiose by an enriched mixed culture was studied by
Varanasi et al. [33]. The main products of the process were acetate, butyrate, and ethanol
with a maximum total concentration of about 4 g/L, which is less than the organic acids
produced in the current study, probably due to the absence of biomass carriers, while
thermophilic conditions inevitably lead to higher operating costs. Pure cultures have also
been tested for the efficient fermentation of cellobiose at pH 5.5 under mesophilic conditions.
More specifically, for the case of Clostridium acetobutylicum ATCC 824, the fermentation
resulted mainly in butyrate (up to 7 g/L) and acetate (up to 2.4 g/L) production, while low
amounts of lactate and butanol were measured [34].

Most of the aforementioned products were also observed in our study, while succinic
acid is usually characterized as less common. Lignocellulosic substrates after degradation
have been tested for succinate production by pure microorganisms. such as Esherichia
coli, Actinobacillus succinogenes, and Anaerobiospirillum succinoproducens. The presence of
enzymes which act synergistically is of great importance for succinic acid production [35].
Additionally, it was observed that succinic acid was efficiently produced after the alkaline
pretreatment and solid-state fermentation of corn fiber, but its production increased when
cellulase was added in addition to cellobiose [36].

4. Conclusions

The use of an experimental design with the main aim to reveal the influence of fermen-
tation conditions allowed the rapid screening of a large experimental domain in search of a
prediction model for organic acids production by the anaerobic acidogenic fermentation
of cellobiose. Cellobiose was used as a model substrate for further experiments with
delignified straw or another cellulosic biomass. The results of five repeated experiments
at a defined set of factor values corroborated the validity of the model, while the latter
can be considered reliable for predicting the production of organic acids. According to
the analysis, maximization of the organic acid production can be obtained at 37.27 ◦C, pH
7.04, and 60.34 g/L cellobiose, while for a cost-effective operation the parameters could be
adjusted at 36.10 ◦C, pH 8.57, and 3.26% (32.6 g/L), resulting in a mean value of organic
acid production of 7.89 g/L.
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