
 

 

 

Abstract— As second generation biomass are readily and widely 

available, ethanol can be produced from these non-edible 

lignocellulose materials. There is however, a pre-treatment process 

required to increase the enzyme accessibility improving the overall 

digestibility of cellulose.  The pre-treatment process releases 

inhibitors that are likely to hinder the activity of the microorganism, 

Saccharomyces cerevisiae, during fermentation. This study intends to 

investigate the synergistic inhibitory effects of acetic acid, formic 

acid and vanillin on the viability of S. cerevisiae as well as determine 

the combined effects on the ethanol production and yield. A 

combination of the inhibitors was considered as they were added at 

various concentrations to the fermentation broth from which the 

ethanol production was monitored and compared to the cell viability. 

The results indicated that the synergistic effect of all three inhibitors 

were much more toxic than that of the individual effect or dual 

combinations. The final ethanol yield was greatly influenced by the 

collective presence of the weak acids and the phenol. The 

combination of the weak acids reduced the production of ethanol by 

11%, acetic acid and vanillin by 25%, formic acid and vanillin by 

31% and a total reduction of 58% in the presence of all three 

inhibitors at the pre-treatment concentrations. The viability study has 

shown that S. cerevisiae can adapt somewhat to the presence of 

inhibitors at low pre-treatment concentrations as the microorganism 

exhibits the potential to overcome the inhibitory effects of dual 

inhibitors’ combinations. The combined action of all three inhibitors 

decreases the cell viability after 12 hours, thus indicating the toxic 

nature of the synergistic combinations. This strongly indicates the 

requirement of detoxification processes to reduce the presence of 

inhibitors prior to fermentation.  
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I. INTRODUCTION 

IOETHANOL production is rapidly increasing on a 

world-wide scale due to the exhaustion of fossil fuel 

reserves. Biofuels are the only renewable products that 

can be integrated with the existing non-renewable fuel systems 

[1] as biofuels are a secure, sustainable and environmentally 
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friendly method that provides continuous production for aid in 

fuel consumption [2].  The primary advantage of ethanol 

fermentation is the reduced concentrations of carbon dioxide 

in fuel emissions that is released into the environment, because 

crops can absorb this waste by-product for the utilization 

during photosynthesis [3]. The process is also non-toxic with a 

decrease in carbon monoxide and hydrocarbon emissions. First 

- and second-generation biomass feedstock materials are 

available for the production of bioethanol. First generation 

feed stock includes food and nutritional materials that is not 

popularly utilized for the production of bio-ethanol. The 

depletion of first generation feedstock will, however result in 

an increase in food costs [4].  

Second generation feedstock includes lignocellulose which 

is the most abundant agricultural residue and it is not used as a 

food source [2]. Lignocellulose constitutes of cellulose, 

hemicellulose and lignin, all of which can be utilized for 

bioethanol production. The composition of these components 

varies from one plant species to another [4,5]. The 

pretreatment of lignocellulose is required to separate the 

various components, increase the porosity of lignocellulose 

and reduce the chemical destruction of required fermentable 

sugars for ethanol production. The disadvantage of the pre-

treatment process is the formation of inhibitors that obstruct 

the growth of the fermenting microorganisms. S. cerevisiae is 

frequently used due the inhibitory tolerance it exhibits to 

inhibitors during fermentation [6,7] and the relatively high 

conversion rates [2]. Inhibitors released during the 

pretreatment process include furan derivatives, aliphatic and 

weak acids and phenolic compounds [5]. These compounds 

have been proven to inhibit the yeast growth and the 

productivity of ethanol. The synergic consequence of furans, 

phenolic compounds and weak acids is therefore likely to be 

greater than the sum of the individual effect [5]. Thus it is 

necessary to determine the combined effect of such inhibitors 

on the viability of S. cerevisiae during fermentation and 

consequently on the yield of ethanol.  

II.  METHODOLOGY 

A. Chemicals, microorganism and media 

Weak acids (95.5% acetic acid and 99.9% formic acid) and 

the phenol, vanillin, were purchased from Associated 

Chemicals Enterprises (ACE) and MERCK, respectively.  

Commercial S. cerevisiae (Anchor yeast) was bought at a local 

supermarket for fermentation. Firstly, the dried yeast cells 
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were restored by means of inoculation in a sterilized nutrient 

broth (YPD) with the composition indicated in Table 1.   
 

TABLE I 

 MEDIUM FOR S. CEREVISIAE  
Nutrients Medium (YPD) (g/L) Agar (g/L) Source 

Yeast extract 10 10 Sigma Aldrich (SA) 

Peptone 20 20 Sigma Aldrich (SA) 

Dextrose 10 10 ACE (SA) 

Agar powder - 15 ACE (SA) 

Additional chemicals include 99.9% ethanol (Sigma Aldrich 

chemical company) and sodium hydroxide. The addition of 

deionized water were used to make up the remaining volume 

in solutions.  

B.  Incubation of yeast cells  

The pH of the broth was adjusted to 6.5 by the addition of 

0.1 M NaOH. The broth was then inoculated with 0.05 gL
-1

 

yeast cells that was incubated for 20 hours at 30°C and a 

shaking speed of 120 rpm, thus reducing the lag time of the 

yeast.  

C.  Determination of the synergistic minimum inhibitory 

concentrations  

The incubated yeast cells were spiked with pre-treatment 

concentrations at various combinations of acetic acid, formic 

acid and vanillin. All the experiments were conducted in 

sterilized 250 ml Erlenmeyer flasks at set time intervals (0, 3, 

6, 8, 12, 24 hours) to determine the necessary inhibitory 

concentrations at pre-treatment conditions. The various 

inhibitory combinations are represented in Table 2:  
 

TABLE II 

 COMBINATION MATRIX FOR THREE INHIBITORS 

Acetic acid Formic acid Vanillin 

X X 0 

X 0 X 

0 X X 

X X X 

D.  Determination of the synergistic effects on bioethanol 

yield 

A 4 mL aliquot yeast culture was added to 46 mL glucose 

(20gL
-1

) in 100 mL glass fermentation bottles. The minimum 

inhibitory concentrations were added to the mixtures in the 

various combinations. All analyses of sugar, ethanol and 

secondary inhibitors were done with the aid of high 

performance liquid chromatography (HPLC). All the samples 

were filtered through a 0.2 μm micro pore size syringe filter 

after fermentation and quantified by using a set of standard 

calibration curves.  The samples were analysed at the set time 

intervals over 48 hours. 

E.  Cell quantification and viability study  

A spectrophotometer (SHIMADZU) was used to quantify 

the cell growth during fermentation. The absorbance at 600 nm 

of each sample was recorded at set time intervals. The amount 

of viable cells was determined via the serial dilution method 

with the addition of sterile de-ionized water. The diluted 

cultures were then evenly spread over agar plates followed by 

an incubation period of 48 hours at 30°C.  

F.  Calculations  

The percentage ethanol yield was determined by means of 

Equation (1) and the concentration of the remaining sugar was 

determined by Equation (2).  

 

    (1)  

 

     (2) 

III.  RESULTS AND DISCUSSION 

Acetic acid and formic acid are classified as weak acids that 

are derived from the hemicellulose biomass breakdown that 

proceeds to decrease the intercellular pH of the yeast cells. 

Vanillin is characterized as a phenol, which is derived from the 

lignin compounds of secondary feedstock. These inhibitors are 

generated during various pre-treatment and hydrolysis 

procedures used for bioethanol production. As only a few 

studies have been carried out to determine the synergistic 

effect of these inhibitors, the focus of this study was to 

correlate this effect with the viability of S. cerevisiae.  

A. Synergistic effect of inhibitors at pre-treatment 

concentrations on the growth of S. cerevisiae  

Figures 1(a) and (b) indicate the synergistic effect of all 

inhibitory combinations on the yeast growth as well as 

viability study. To mimic the pre-treatment concentrations, an 

average concentration value was determined for 

experimentations. The concentration of acetic acid was 

determined to be 0.25 gL
-1

, formic acid as 0.15 gL
-1

 and 

vanillin as 0.02 gL
-1

.  

 

 

 

(a) 
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Fig. 1 – Inhibition of S. cerevisiae growth in the presence of various 

combinations of inhibitors. (a) variation of OD due to individual 

effects of inhibitors; (b) variation of OD due to synergistic effects of 

inhibitors; (c) variation of CFU due to individual effects of 

inhibitors; (d) variation of CFU due to synergistic effects of 

inhibitors. 

Effect of acetic and formic acid combination 

The pre-treatment inhibitory concentrations for the 

combination of weak acids exhibited a similar growth pattern 

to that of individual inhibitors [8]. The short lag phase of 4 

hours indicates that the yeast cells adapt to the spiked broth 

and develops normally for the remaining time. It is also 

concluded that weak acids can be beneficial for fermentation 

as it delivers the necessary energy required for ATP formation. 

However, a very high acid concentration will lead to a pH 

decrease beyond the cell capacity which will ultimately lead to 

cell disordered fermentation and cell death [9].  

Effect of acetic acid and vanillin combination 

The synergistic effect of acetic acid and vanillin is much 

pronounced than the individual effects of the inhibitors with 

slower growth of cells from 8 hours onwards. This is due to 

the potent inhibitory effects of vanillin, even at low 

concentrations. Vanillin destroys the cell membranes which 

leads to a loss of integrity and fermentation ability [9].  

Effect of formic acid and vanillin combination  

When tested in combination, formic acid and vanillin has 

shown to increase the inhibitory potential of the chemical 

compounds, thus producing a strong synergistic inhibitory 

effect on the growth as well as the viability of the cells. From 8 

hours onwards, the viability of the cells also decreases. This is 

ascribed to formic acid and vanillin being some of the most 

lethal inhibitors that are released during pre-treatment [9].  

Synergistic effect of three inhibitors  

The synergistic effect of all three inhibitors at the pre-

treatment MIC exhibits a slow growth from 12 hours onwards 

based on the OD values, however when tested for the viability 

of the cells, from 12 hours up to 48 hours there is no obvious 

growth. This is due to the combination of all three inhibitors as 

well as the formation of secondary inhibitors formed during 

fermentation [5].  

B. Synergistic impact on the bioethanol yield 

The bioethanol production is represented as the percentage 

ethanol formed from 20 gL
-1

 glucose in Figure 2 (a).  Figure 

2(b) represents the glucose consumption over a period of 48 

hours. A near possible 100% ethanol production is possible for 

the uninhibited sample with the complete utilization of 

glucose.  

 

 
Fig. 2: (a) represents the bioethanol production after 48 hours of 

fermentation in the presence of various combinations of inhibitors. 

(b) represents the accompanying glucose consumption. 
 

It can be seen from Figure 2(b) that there was a clear 

decrease in glucose concentration as the ethanol was formed; 

therefore indicating that ethanol is produced from the 

consumption of glucose. Glucose was utilized at reduced rates 

as the inhibitors become more toxic.  

Effect of acetic and formic acid combination on ethanol 

production 

In the presence of combined acetic and formic acids, there is 

a long lag phase up to 24 hours after which a considerable 

amount of ethanol is produced. This is due to the acid 

combination not having a multitude of effects, but rather acts 

as a single inhibitor as both are classified as weak acids.  This 

results into ethanol production yield of 88.77% (Figure 2(a)). 

The accompanying Figure 2(b)) represents a glucose 

consumption of 100% at 36 hours, hence indicating successful 

fermentation.  

Effect of acetic acid and vanillin combination on ethanol 

production 

From Figure 2(a) the combination of acetic acid and vanillin 

produces a strong initial ethanol formation; however, it 

becomes stagnant after 36 hours with almost no added ethanol 

formation. This is due to the toxic effect of vanillin degrading 

the cell structure of S. cerevisiae, thus resulting into ethanol 

production yield of 75.06% with a glucose consumption of 

40.14 (Figure 2(b)).  

(a) 

(b) 

(d) 

(c) 
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Effect of formic acid and vanillin combination on ethanol 

production 

S. cerevisiae takes up to 24 hours to become accustomed to 

the presence of formic acid and vanillin. As the effect of 

formic acid can be related to a similar mechanism than that of 

acetic acid, it is understandable that the effect results into 

ethanol production yield of 68.53% (Figure 2(a)), which is 

closer to the effect of acetic acid-vanillin. The lower glucose 

consumption of 28.03% indicates strong inhibition.  

Effect of acetic acid, formic acid and vanillin combination on 

ethanol production 

Figure 2(a)) represents the synergistic effect of all three 

relevant inhibitors produced a long lag phase in which the cells 

are adapting to the inhibited environment. At 24 hours of 

fermentation, a small amount of ethanol is produced and 

reaches the final value of 58.47%. The low ethanol production 

is ascribed to the potent toxic effect of all three inhibitors 

acting simultaneously on S. cerevisiae, therefore it is 

understandable that only 46.86% glucose is consumed (Figure 

2(b)).  

IV. CONCLUSION 

The focus of this study to determine the synergistic 

inhibitory effect of acetic acid, formic acid and vanillin on the 

bioethanol yield and production has been successfully assessed 

by the determination of cell growth as well as viability studies 

of S. cerevisiae. It was found that the combined inhibitory 

effects effected the adaption phase of the yeast as well as the 

final cell growth, which also correlates with lower bioethanol 

production. It was observed that a combination of weak acids 

does produce a larger extent of inhibition, but only acts as a 

single inhibitor as indicated by Fosso-Kankeu et al. [10]. It 

was found that the presence of vanillin produces a much more 

toxic effect, even at low inhibitory concentrations, thus 

vanillin is considered to be extremely harmful for bioethanol 

production [7]. For the case where all the relevant inhibitors 

were present, a significant decrease in bioethanol production 

was observed, thus leading to the conclusion that possible 

detoxification methods are necessary at short fermentation 

times.  
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