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Abstract 
This study aimed to investigate optimal fermentation conditions of biological 
acetic acid fermentation for vinegar production. Optimization was performed 
on 3 acetic acid bacteria strains namely VMA1, VMA7 and VMAO using Re-
sponse Surface Methodology (RSM). A Box-Behnken-Design (BBD) was 
achieved with three different independent process parameters involving: fer-
mentation temperature, original alcohol concentration and original acetic 
acid concentration and one dependent variable (acetic acid yield). The results 
showed that the mathematical models describe correctly the relationship be-
tween responses and factors (F values of the models (p < 0.05), R2 (coefficient 
of correlation) respectively 0.96, 0.94, 0.98, and adjusted R2 0.95, 0.92, 0.98). 
The maximum acidity was obtained respectively at fermentation tempera-
tures, original alcohol concentrations and original acetic acid concentrations 
ranging from [37.5˚C - 45˚C], [16% - 20% (v/v)], [1.5% - 2% (w/v)] for 
VMA1, [40˚C - 45˚C], [14.5% - 20% (v/v)], [1.7% - 2% (w/v)] for VMA7 and 
[42˚C - 45˚C], [17% - 20% (v/v)], [1.5% - 2% (w/v)] for VMAO. The use of 
these acetic strains in the production of vinegar may seriously lead to a de-
crease or even an ablation of the costs related to the cooling of bioreactors 
especially in warm and hot countries, in the context of global warming. 
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1. Introduction 
Vinegar is one of the most valuable food products due to its adaptability and 
range of usages, and the global vinegar market has reached a value of US$ 2.27 
Billion in 2021 and is expected to increase by 2.6% up to 2027 [1]. Vinegar is a 
well-known natural food product derived from alcoholic and subsequently 
acetous fermentation of carbohydrate-rich foods. Vinegar is widely used in the 
food industry; domestically for pickling vegetables and fruits, as an ingredient in 
condiments like ketchup, and mayonnaise; and traditionally as a food seasoning 
and preservative [2]. It is a two-step biochemical process, in which the first step 
involves the transformation of sugar into ethanol by the action of yeast usually 
Saccharomyces species, followed by the oxidation of ethanol into acetic acid un-
der aerobic conditions by acetic acid bacteria (AAB) [3] [4] [5]. Fermentative 
oxidation of ethanol to acetic acid by AAB is dependent on two sequential reac-
tions of membrane-bound pyrroloquinoline quinone-dependent alcohol dehy-
drogenase (PQQ-ADH) and aldehyde dehydrogenase (ALDH), both of which 
are localized on the periplasmic side of the inner membrane [6]. These strictly 
aerobic microorganisms, used in several biotechnological processes, have the 
particular ability to transform alcohols and sugar alcohols into the correspond-
ing organic acids [7]. 

A major challenge in vinegar production is that AAB are extremely sensitive 
to environmental conditions [8]; these limiting factors affect their growth and 
production capacities through parameters such as temperature, pH, oxygen, 
ethanol concentration or acetic acid concentration in the culture medium [9] 
[10] [11]. These inhibitory parameters are difficult to avoid since they are often 
substrates, targeted products, or physicochemical conditions. 

In general, optimization is the process of bringing together and applying the 
process by considering the interactions of independent variables, as well as the 
effects of the independent variables on the response in accordance with the de-
termined objectives [12]. Response surface methodology (RSM) is an efficient 
experimental strategy to determine optimal conditions for a multivariate system 
rather than the conventional method of one factor at a time (OFAT) which is 
incapable of determining the true optimum [13]. It is a mathematical and statis-
tical technique for designing experiments, model building, and assessing the ef-
fect produced by several factors [14].  

In this study, the Response Surface Methodology was used to optimize the 
conditions of vinegar fermentation of 3 AAB strains (VMA1, VMA7 and 
VMAO). The aim of this study was to optimize the effect of 3 independent 
process parameters: fermentation temperature, original alcohol concentration 
and original acetic acid concentration using RSM coupled with BBD in order to 
obtain maximum acetic acid yield.  

2. Materials and Method 
2.1. Bacterial Strains 

Three (3) AAB strains VMA1, VMA7, and VMAO previously isolated from fer-
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mented mango alcohol were tested in this study [15]. These strains were selected 
for their capacity to produce acetic acid, and their thermo-alcohol-acid tolerance 
capacities [16]. 

2.2. Statistical Experimental Design 

Response surface methodology is an empirical modeling technique, and it is 
used to estimate the relationship between the set of controllable experimental 
factors and the observed results [17]. This study used RSM to determine the op-
timum conditions affecting the acetic acid fermentation process of three AAB 
strains VMA1, VMA7 and VMAO. The experiments are performed by using a 
Box-Behnken-Design. A BBD is a type of response surface design that do not 
have axial points, thus, we can be sure that all design points fall within your safe 
operating zone. BBD also ensure that all factors are not set at their high levels at 
the same time [18] [19]. The independent variables of acetic acid fermentation 
were X1, X2 and X3 respectively fermentation temperature (FT), original alcohol 
concentration (OAC) and original acetic acid concentration (OAAC). Each of 
variables to be optimized was coded at 3 levels: −1, 0, and 1. Table 1 shows the 
variables, their symbols and levels. This gives a range of these variables in the 
acetic acid fermentation process. Experimental design and statistical analysis of 
the data were performed using STATISTICA 10 for Windows™. 

Variables were combined in 15 experiments repeated in triplicate. The expe-
rimental values were fitted in Equation (1) as a second order polynomial equa-
tion, including the linear and cross effect of the variables: 

2
0

1 1 1

n n n

i i ij i j ij j
i j j

Y X X X Xβ β β β
= < =

= + + +∑ ∑ ∑  

where: Y represents the predicted response, i and j are linear and quadratic coef-
ficients, respectively, β is the regression coefficient, and n is the number of va-
riables studied in the experiments. 

2.3. Preparation of Microorganisms and Inoculum 

First, the strains were cultured in 100 mL of YPG broth (Yeast-extract, Peptone, 
Glucose), containing respectively 3% (w/v) yeast, 1% (w/v) Peptone, 3% (w/v) glu-
cose. Then, the medium was incubated at 37˚C until the optical density (OD600 
nm) of the suspension reaches 0.4. 
 
Table 1. Levels of factors and variables chosen for Box–Behnken experimental design. 

Variable Symbol 
Code-variable level 

−1 0 1 

Temperature (˚C) X1 30 37.5 45 

Alcohol (v/v) X2 5 12.5 20 

Acid acetic (w/v) X3 0 1 2 
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2.4. Fermentation Conditions 

Acetic acid fermentations were carried out in YGKM fermentation medium 
containing 5% (w/v) Yeast, 5% (w/v) Glucose, 3.3% (w/v) K2HPO4, and 1.1% 
(w/v) MgSO4. Sterile alcohol and acetic acid were added to the fermentation me-
dia supplemented at the specific concentrations listed in Table 2. The fermenta-
tion media were in each case inoculated with 10% (v/v) of pre-culture of the mi-
croorganism concerned. The flasks were then incubated at the temperature of 
each experiment (30˚C, 37.5˚C or 45˚C) with shaking at 150 rpm for a total of 21 
days. 

2.5. Titratable Acidity 

In order to determine the amount of acid in the vinegar, the acetic acid will be 
titrated with a solution of 1N of sodium hydroxide (NaOH) using phenolph-
thalein as an indicator. All measurements were conducted in triplicate. The 
amount of acetic acid produced in g per 100 mL was calculated in using the fol-
lowing formula: 

( )( ) ( )( )10000 acetic acid acetic acidd Vb Cb pm Va mv° = × × × ×  

Vb: average volume of sodium hydroxide needed to reach the end point;  
Cb: concentration of NaOH solution;  
pm: molar mass of acetic acid;  
Va: Volume of vinegar sample;  
mv: volumic mass of acetic acid. 

3. Results and Discussion 

This study used RSM to determine the optimum conditions affecting the fer-
mentation process of vinegar production by three AAB strains VMA1, VMA7 
and VMAO. The three independent variables, fermentation temperature, origi-
nal alcohol concentration and original acetic acid concentration and its influ-
ence on acetic acid percent as an important response, were studied using Re-
sponse Surface Methodology coupled with a 3 factors 3 levels Box-Behnken ex-
perimental Design. RSM is widely used for experimental data analysis; it creates 
a link between responses and control variables and guesses the response values 
of the control variables within a specific range [20]. This model anticipates expe-
rimental changes such as changing operating conditions and various processing 
steps, and define not only the influences of independent variables on the res-
ponses, but also the interaction between parameters to achieve best system per-
formance [21] [22]. RSM has been used worldwide for the optimization of nu-
merous industrial processes [23]-[35]. 

In this study, 45 runs of vinegar production were carried out according to the 
experimental design provided, using three AAB strains VMA1, VMA7, and 
VMAO. Analysis of the experimental data produced the following mathematical 
models presented in Equations (1)-(3):  
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Table 2. Experimental design. 

Run 
Code level Factors in real terms 

X1 X2 X3 Temperature Alcohol Ac. Acid 

1 −1 −1 0 30 5 1 

2 −1 −1 0 30 5 1 

3 −1 −1 0 30 5 1 

4 0 −1 −1 37.5 5 0 

5 0 −1 −1 37.5 5 0 

6 0 −1 −1 37.5 5 0 

7 0 −1 1 37.5 5 2 

8 0 −1 1 37.5 5 2 

9 0 −1 1 37.5 5 2 

10 1 −1 0 45 5 1 

11 1 −1 0 45 5 1 

12 1 −1 0 45 5 1 

13 −1 0 −1 30 12.5 0 

14 −1 0 −1 30 12.5 0 

15 −1 0 −1 30 12.5 0 

16 −1 0 1 30 12.5 2 

17 −1 0 1 30 12.5 2 

18 −1 0 1 30 12.5 2 

19 0 0 0 37.5 12.5 1 

20 0 0 0 37.5 12.5 1 

21 0 0 0 37.5 12.5 1 

22 0 0 0 37.5 12.5 1 

23 0 0 0 37.5 12.5 1 

24 0 0 0 37.5 12.5 1 

25 0 0 0 37.5 12.5 1 

26 0 0 0 37.5 12.5 1 

27 0 0 0 37.5 12.5 1 

28 1 0 −1 45 12.5 0 

29 1 0 −1 45 12.5 0 

30 1 0 −1 45 12.5 0 

31 1 0 1 45 12.5 2 

32 1 0 1 45 12.5 2 

33 1 0 1 45 12.5 2 

34 −1 1 0 30 20 1 

35 −1 1 0 30 20 1 

https://doi.org/10.4236/fns.2023.147042


M. C. Kourouma et al. 
 

 

DOI: 10.4236/fns.2023.147042 643 Food and Nutrition Sciences 
 

Continued 

36 −1 1 0 30 20 1 

37 0 1 −1 37.5 20 0 

38 0 1 −1 37.5 20 0 

39 0 1 −1 37.5 20 0 

40 0 1 1 37.5 20 2 

41 0 1 1 37.5 20 2 

42 0 1 1 37.5 20 2 

43 1 1 0 45 20 1 

44 1 1 0 45 20 1 

45 1 1 0 45 20 1 

 

1 1 1 1 2

2 2 3 3 3

1 2 1 3 2 3

3.20000 0.776250 0.528333 0.644167
0.119167 0.481250 0.20000
0.032500 0.053333 0.235833

Y X X X X
X X X X X
X X X X X X

= + − +
+ + −

+ + +

        (1) 

2 1 1 1 2

2 2 3 3 3

1 2 1 3 2 3

4.00222 0.868333 0.279194 0.693583
0.301361 0.896917 0.631361
0.161667 0.035000 0.576167

Y X X X X
X X X X X
X X X X X X

= + − +
− + −

+ + +

        (2) 

3 1 1 1 2

2 2 3 3 3

1 2 1 3 2 3

3.570000 0.763542 0.031042 0.0896667
0.038125 0.537708 0.157708
0.187500 0.454583 0.120833

Y X X X X
X X X X X
X X X X X X

= + − +

− + −

+ + +

       (3) 

3.1. Parameters Effects and Parameters Interactions 

Equations (1)-(3) represent the relationship between response and fermentation 
process variables on acetic acid production respectively by VMA1, VMA7 and 
VMAO. Positive regression of the models indicated a synergic effect whereas 
negative coefficients indicate an antagonist effect on the dependent response va-
riable [13]. A positive effect of a factor indicates that the corresponding response 
increases when the factor changes from low to high level, whereas a negative ef-
fect indicates that the corresponding response decreases when the factor varies 
from low to high level [36]. 

3.1.1. For VMA1 
The results showed that the linear FT, the linear and quadratic OAC and the li-
near OAAC have a positive effect on the production of acetic acid. The interac-
tion FT-OAC, the interaction FT-OAAC and the interaction OAC-OAAC also 
have a positive effect on the acetic acid production. While the quadratic FT and 
the quadratic OAAC have a negative effect on acetic acid production (Table 3). 

3.1.2. For VMA7 and VMAO 
The results exhibited that the linear FT, the linear OAC, the linear OAAC, the 
interaction FT-OAC, the interaction FT-OAAC and the interaction between  
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Table 3. The data of parameter effects and parameter interactions on the production of vinegar by strain VMA1. 

Fact. 

Estimated effects; Var: Ac.Acid; R2 = 0.96621; Adj R2 = 0.95753 

3 fact., 1 Blocs, 45 Ess.; MC Residus = 0.034364 

VD: Ac. Acid 

Effect Err-Type t(35) p 
+95% 

Lim.Conf 
−95% 

Lim.Conf 
(coeffs) 

Err-Type 
(coeffs) 

+95% 
Lim.Conf 

−95% 
Lim.Conf 

Moy/Ord.Orig 3.20000 0.061792 51.78680 0.000000 3.07456 3.325444 3.200000 0.061792 3.074556 3.325444 

(1) Temperature 
(L) 

1.55250 0.075679 20.51422 0.000000 1.39886 1.706137 0.776250 0.037840 0.699432 0.853068 

Temperature (Q) −1.05667 0.111397 −9.48561 0.000000 −1.28281 −0.830519 −0.528333 0.055698 −0.641407 −0.415260 

(2) Alcohol (L) 1.28833 0.075679 17.02361 0.000000 1.13470 1.441970 0.644167 0.037840 0.567348 0.720985 

Alcohol (Q) 0.23833 0.111397 2.13950 0.039447 0.01219 0.464481 0.119167 0.055698 0.006093 0.232240 

(3) Ac. Acid (L) 0.96250 0.075679 12.71816 0.000000 0.80886 1.116137 0.481250 0.037840 0.404432 0.558068 

Ac. Acid (Q) −0.40000 0.111397 −3.59077 0.001001 −0.62615 −0.173853 −0.200000 0.055698 −0.313074 −0.086926 

1L*2L 0.06500 0.107027 0.60733 0.547555 −0.15228 0.282275 0.032500 0.053513 −0.076138 0.141138 

1L*3L 0.10667 0.107027 0.99664 0.325781 −0.11061 0.323942 0.053333 0.053513 −0.055304 0.161971 

2L*3L 0.47167 0.107027 4.40701 0.000095 0.25439 0.688942 0.235833 0.053513 0.127196 0.344471 

 
OAC-OAAC have a positive effect on the acetic acid yield. However, the qua-
dratic FT, the quadratic OAC and the quadratic OAAC showed a negative effect 
on acetic acid production (Table 4 and Table 5).  

3.2. Suitability and Adequacy of Models 

The suitability of model and data can be seen from the value of R2. The coeffi-
cient of determination (R-Squared) represents the proportion of variability in 
the data explained or accounted by the model [37]. The determination coeffi-
cient (R2) value indicates the extent to which the independent variables can ex-
plain the observed response values. R2 values range from 0 to 1. The closer to the 
value of 1, the equation of the model approaches the experimental data [38] [39]. 
A good fitted model should have a minimum R2 of 80% an R2-value that is 
greater than 0.9 proves a very high degree of correlation [40]. The results of data 
analysis showed that the R2 values of the models are 0.96, 0.94, and 0.98 respec-
tively for VMA1, VMA7 and VMAO. These R2 values indicate an excellent fit 
between predicted and experimental values. Meaning for VMA1, VMA7 and 
VMAO respectively 96%, 94% and 98% of the variability of the response can be 
explained by the model. The adjusted R2 in this study were found to be respec-
tively 0.95, 0.92 and 0.98 which are high and clarified the significance of the 
model, implying that the predicted and experimental values of the acetic acid 
production are quite similar for all three strains.  

The adequacy of models is also supported by the F values of the models as 
shown in Tables 6-8. Values of “Prob F” < 0.0500 indicate models are significant  
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Table 4. The data of parameter effects and parameter interactions on the production of vinegar by strain VMA7. 

Fact. 

Estimated effects; Var: Ac.Acid; R2 = 0.94042; Adj R2 = 0.9251 

3 fact., 1 Blocs, 45 Ess.; MC Residus = 0.1066117 

VD: Ac. Acid 

Effect Err-Type t(35) p 
−95% 

Lim.Conf 
+95% 

Lim.Conf 
(coeffs) 

Err-Type 
(coeffs) 

−95% 
Lim.Conf 

+95% 
Lim.Conf 

Moy/Ord.Orig 4.00222 0.108838 36.77224 0.000000 3.78127 4.223175 4.002222 0.108838 3.781269 4.223175 

(1) Temperature 
(L) 

1.77667 0.133299 13.02836 0.000000 1.46606 2.007278 0.868333 0.066649 0.733028 1.003639 

Temperature (Q) −0.55839 0.196211 −2.84586 0.007357 −0.95672 −0.160060 −0.279194 0.098105 −0.478359 −0.080030 

(2) Alcohol (L) 1.38717 0.133299 10.40643 0.000000 1.11656 1.657778 0.693583 0.066649 0.558278 0.828889 

Alcohol (Q) −0.60272 0.196211 −3.07181 0.004101 −1.00105 −0.204393 −0.301361 0.098105 −0.500526 −0.102197 

(3) Ac. Acid (L) 1.79383 0.133299 13.45722 0.000000 1.52322 2.064445 0.896917 0.066649 0.761611 1.032222 

Ac. Acid (Q) −1.26272 0.196211 −6.43554 0.000000 −1.66105 −0.864393 −0.631361 0.098105 −0.830526 −0.432197 

1L*2L 0.32333 0.188513 1.71518 0.095155 −0.05937 0.706035 0.161667 0.094257 −0.029684 0.353018 

1L*3L 0.07000 0.188513 0.37133 0.712633 −0.31270 0.452702 0.035000 0.094257 −0.156351 0.226531 

2L*3L 1.15233 0.188513 6.11275 0.000001 0.76963 1.535035 0.576167 0.094257 0.384816 0.767518 

 
Table 5. The data of parameter effects and parameter interactions on the production of vinegar by strain VMAO. 

Fact. 

Estimated effects; Var: Ac.Acid; R2 = 0.98059; Adj R2 = 0.97559 

3 fact., 1 Blocs, 45 Ess.; MC Residus = 0.246589 

VD: Ac. Acid 

Effect Err-Type t(35) p 
−95% 

Lim.Conf 
+95% 

Lim.Conf 
(coeffs) 

Err-Type 
(coeffs) 

−95% 
Lim.Conf 

+95% 
Lim.Conf 

Moy/Ord.Orig 3.570000 0.052344 68.20291 0.000000 3.463736 3.676264 3.570000 0.052344 3.463736 3.676254 

(1) Temperature 
(L) 

1.527083 0.064108 23.82055 0.000000 1.396938 1.657229 0.763542 0.032054 0.698469 0.828615 

Temperature (Q) −0.062083 0.094364 −0.65791 0.514899 −0.253653 0.129486 −0.031042 0.047182 −0.126826 0.064743 

(2) Alcohol (L) 1.793333 0.064108 27.97371 0.000000 1.663188 1.923479 0.896667 0.032054 0.831594 0.961740 

Alcohol (Q) −0.076250 0.094364 −0.80804 0.424526 −0.267819 0.115319 −0.038125 0.047182 −0.133910 0.057660 

(3) Ac. Acid (L) 1.075417 0.064108 16.77513 0.000000 0.945271 1.205562 0.537708 0.032054 0.472635 0.602781 

Ac. Acid (Q) −0.315417 0.094364 −3.34255 0.001986 −0.506986 −0.123847 −0.157708 0.047182 −0.253493 −0.061924 

1L*2L 0.375000 0.090662 4.13624 0.000210 0.190946 0.559054 0.187500 0.045331 0.095473 0.279527 

1L*3L 0.909167 0.090662 10.02807 0.000000 0.725113 1.093221 0.454583 0.045331 0.362556 0.546610 

2L*3L 0.241667 0.090662 2.66557 0.011551 0.057613 0.425721 0.120833 0.045331 0.028806 0.212860 

 
[41]. The Models F-values of 22.34, 5.83 and 5.33 indicated the statistical signi-
ficance of the experimental models and were statistically significant (p < 0.05). 

3.3. Significance and Magnitude of the Factors 

It is important to determine the most influential variable in the acetic acid  
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Table 6. Examination of F value model for VMA1. 

Source 
Sum of 
squares 

df 
Mean 

Square 
F-value p-value 

 

Model 11.64 9 1.29 22.34 0.0002 significant 

 
Table 7. Examination of F value model for VMA7. 

Source 
Sum of 
squares 

df 
Mean 

Square 
F-value p-value 

 

Model 15.19 6 2.53 5.83 0.0076 significant 

 
Table 8. Examination of F value model for VMAO. 

Source 
Sum of 
squares 

df 
Mean 

Square 
F-value p-value 

 

Model 10.10 6 1.68 5.33 0.0104 significant 

 
production for each AAB strain. Pareto chart provide information about the 
most influential process variables. It reveals significance and magnitude of the 
factors that influence the process, depending on the significance level [42] [43].  

Figures 1-3 present the Pareto chart of the acetic acid fermentation process 
using respectively strains VMA1, VMA7 and VMAO. It shows the order and 
significance of the factors. 

For strain VMA1, fermentation temperature (L) is the most influential varia-
ble in the acetic acid production, and then followed by the original alcohol con-
centration (L) and the original acetic acid concentration (L).  

For strain VMA7, original acetic acid concentration (L) is the most influential 
variable in the acetic acid production, and then followed by fermentation tem-
perature (L) and the original alcohol concentration (L).  

For strain VMAO, original alcohol concentration (L) is the most influential 
variable in the acetic acid production, and then followed by fermentation tem-
perature (L) and the original acetic acid concentration (L). 

3.4. Three-Dimensional and Two-Dimensional Response  
Surface Plots 

Figures 4-6 illustrate the 3D and 2D response surface plots of the acetic acid 
fermentation using respectively strains VMA1, VMA7 and VMAO. The surface 
plots were generated to determine the best levels and interactions between the 
parameters in order to determine the optimal conditions for maximum acetic 
acid production. Surface plot shows a functional relationship between a desig-
nated dependent variable (Y), and two independent variables (X and Z) [44] 
[45]. The plots showed the pair-wise combinations of the three process variables, 
(FT-OAC, OAC-OAAC, FT-OAAC); the interaction of two independent va-
riables and their effect in the acetic acid production was assessed while fixing the  
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Figure 1. Pareto chart of the standardized effect estimate (Absolute Value) using strain 
VMA1.  
 

 
Figure 2. Pareto chart of the standardized effect estimate (Absolute Value) using strain 
VMA7. 
 
value of the third variable. 

3.4.1. For VMA1 
Figures 4(a)-(c) show the combined effect of FT-OAC, OAC-OAAC and 
FT-OAAC on acetic acid production by AAB strain VMA1 while OAAC, FT and 
OAC values were respectively kept constant at 1% (w/v), 37.5˚C and 12.5% (v/v).  
It was observed that acetic acid yield increased as the two independent parame-
ters were increasing. Low values of FT (≤34˚C) associated with low values of 
OAC (≤6% (v/v)) led to decrease of acetic acid production. In the same way, 
whatever the OAC value, lower FT (≤30˚C) and low OAAC values (≤0.2) have a 
negative effect on acetic acid yield. Likewise, low OACs (≤10% (v/v)) have a 
negative effect on acetic acid yield whatever the OAAC values. 

3.4.2. For VMA7 
Figures 5(a)-(c) present the combined effect of FT-OAC, OAC-OAAC and  
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Figure 3. Pareto chart of the standardized effect estimate (absolute value) using strain 
VMAO. 
 
FT-OAAC on acetic acid production by AAB strain VMA7 while OAA concen-
tration, FT and OAC values were respectively fixed at 1% (w/v), 37.5˚C and 
12.5% (v/v). Low FT [30˚C - 35˚C] decreased the medium yield when associated 
with OAC values between [6% - 13.5% (v/v)] and OAAC ≤ 0.4% (w/v). Low val-
ues of OAAC (≤0.3% (w/v)) have a negative effect in the AA production what-
ever the OAC. In the contrary, high OAAC ranging [1.7 - 2] associated with 
fermentation temperatures between [33˚C; 39˚C] give good responses. 

3.4.3. For VMAO 
Figures 6(a)-(c) present the combined effect of FT-OAC, OAC-OAAC and 
FT-OAAC on acetic acid production by AAB strain VMAO while OAA concen-
tration, FT and OAC values were respectively fixed at 1% (w/v), 37.5˚C and 
12.5% (v/v).  

It was observed that low values of OAC and FT ≤ 34.5˚C led to a decrease of 
the fermentation yield whatever the OAAC. Likewise, low FT even associated 
with high OAC ([18% - 20% (v/v)], as well as OAAC ≤ 0.6% (w/v) associated 
with OAC ≤ 13.5% (w/v) decreases the production of AA. Low OAC (≤10% 
(v/v)) and low values of OAAC (≤0.4% (w/v)) have a negative effect on AA pro-
duction whatever the fermentation temperature value. 

These results allowed us to define the following optimization ranges for each 
of the strains used in this study. 
• VMA1 

FT: [37.5˚C - 45˚C] 
OAC: [16% - 20% (v/v)] 
OAAC: [1.5% - 2% (w/v)] 

• VMA7  
FT: [40˚C - 45˚C] 
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Figure 4. 3D and 2D surface plot for acetic acid yield using AAB strain VMA1. (a): Interaction 
Fermentation Temperature-Original alcohol concentration; (b): Interaction original alcohol con-
centration-Original acetic acid concentration; (c) Interaction Fermentation temperature-Original 
acetic acid concentration. 
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Figure 5. 3D and 2D surface plot for acetic acid yield using AAB strain VMA7. (a) Interaction Fer-
mentation Temperature-Original alcohol concentration; (b) Interaction original alcohol concentra-
tion-Original acetic acid concentration; (c) Interaction Fermentation temperature -Original acetic 
acid concentration. 
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Figure 6. 3D and 2D surface plot for acetic acid yield using AAB strain VMAO. (a): Interaction 
Fermentation Temperature-Original alcohol concentration; (b) Interaction original alcohol concen-
tration-Original acetic acid concentration; (c) Interaction Fermentation temperature-Original acetic 
acid concentration. 
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OAC: [14.5% - 20% (v/v) 
OAAC: [1.7% - 2% (w/v)] 

• VMAO 
FT: [42˚C - 45˚C] 
OAC: [17% - 20% (v/v)] 
OAAC: [1.5% - 2% (w/v)] 
These results confirm the resistant thermo-ethanol-acido character of the 

strains used in this study and previously described by Kourouma [16]. The use 
of these acetic strains in the production of vinegar could seriously lead to a de-
crease or even an ablation of the costs related to the cooling of bioreactors espe-
cially in warm and hot countries where the ambient temperature can easily ex-
ceed 37˚C, in a context of global warming. This would probably lead to a reduc-
tion in the total production cost, thus impacting the final price of the vinegar 
marketed, in addition to having a bank of acetic strains able to withstand such 
drastic conditions. 

4. Conclusion 

The oxidation of ethanol to acetic acid in order to produce vinegar is one of the 
best well-known uses of AAB in industries. However, during the acetification 
process, AAB are affected by many variables. This study used RSM coupled with 
BBD using 3 process parameters: fermentation temperature, original alcohol 
concentration and original acetic acid concentration to enhance the acetic acid 
production of 3 AAB strains, namely VMA1, VMA7 and VMAO. RSM optimi-
zation was successfully achieved. Results indicate an excellent fit between pre-
dicted and experimental values; the R2 values are respectively 0.96, 0.94, and 0.98 
which means 96%, 94% and 98% of the variability of the response can be ex-
plained by the model; the Model F-values of 22.34, 5.83 and 5.33 indicated that 
experimental models were statistically significant, with p < 0.05. The most in-
fluencing variables for AA production using VMA1, VMA7 and VMAO were 
respectively fermentation temperature, original acetic acid concentration and 
original alcohol concentration. The maximum acidity was obtained respectively 
at fermentation temperatures, original alcohol concentrations, original acetic 
acid concentrations ranging [37.5˚C - 45˚C], [16% - 20% (v/v)], [1.5% - 2% 
(w/v)] for VMA1; [40˚C - 45˚C], [14.5% - 20% (v/v)], [1.7% - 2% (w/v)] for 
VMA7; and [42˚C - 45˚C], [17% - 20% (v/v)], [1.5% - 2% (w/v)] for VMAO. 
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