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8 Abstract

9 BACKGROUND: Exhausted sugar beet pulp pellets (ESBPP) were used as raw material for 

10 lactic acid (LA) fermentation. The enzymatic hydrolysis of ESBPP was performed with the 

11 solid obtained after the fungal solid-state fermentation of ESBPP as a source of hydrolytic 

12 enzymes. Subsequently, a medium rich in glucose and arabinose was obtained, which 

13 was used to produce LA by fermentation. For LA production, two Lactobacillus strains 

14 were assayed and the effect of the supplementation of the hydrolysate with a nitrogen 

15 source and the mode of pH regulation of the fermentation were investigated. Moreover, 

16 a kinetic model for lactic acid fermentation by Lactobacillus plantarum on ESBPP 

17 hydrolysates was developed. 

18 RESULTS: L. plantarum produced a LA concentration 34 % higher than Lactobacillus casei. 

19 The highest LA concentration (30 g L-1) was obtained with L. plantarum when the 

20 hydrolysate was supplemented with 5 g L-1 of yeast extract and the pH was controlled 
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21 with CaCO3. The concentration of acetic acid differed depending on the concentration of 

22 CaCO3 added, producing its maximum value with 27 g L-1 of CaCO3. The proposed 

23 kinetic model was able to predict the evolution of substrates and products depending 

24 on the variation of the pH in the hydrolysate, according to the amount of CaCO3 added.  

25 CONCLUSION: ESBPP can be revalorized to produce lactic acid. A pure LA stream or a 

26 mixture of lactic and acetic acid, depending on the pH control method of the 

27 fermentation, can be produced. Thus, this control shows a great interest depending on 

28 the destination of the effluent.  

29 Key words

30 Lignocellulosic biomass, Lactic acid fermentation, Lactobacillus, pH control, kinetic 

31 model, nitrogen supplementation

32 1 Introduction

33 Lactic acid bacteria (LAB) are used to produce a wide variety of chemicals with high 

34 commercial interest, being lactic acid (LA) the most predominant industrial product. 

35 Lactic acid is a versatile organic acid that is widely used in the food industry as a 

36 preservative (acidifier) and flavour-enhancing agent1–3. Also, lactic acid bacteria are used 

37 in food industry due to their functional activity, as starters and potential probiotic strains 

38 in preparation of dairy products4,5. LA is also extensively employed in cosmetics 

39 formulations owing to its emulsifying and moisturizing effects on the skin. In the 

40 pharmaceutical industry, it is used for the synthesis of dermatologic products and 
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41 against-osteoporosis drugs6. In addition to these uses, LA has gained interest as a 

42 precursor of polylactic acid (PLA), which is a bio-degradable and bio-based bio-plastic7. 

43 The production of lactic acid can be performed by chemical or fermentative pathways, 

44 being the last one more environmentally friendly. One advantage of the fermentative 

45 process is that it gets the chance to use low-cost raw materials, like lignocellulosic 

46 biomass, as nutrient sources for microbial growth. These substrates have the additional 

47 advantage that they do not compete with food-crops8.

48 Lignocellulosic biomass is the main component of cell walls in plants. It is mainly 

49 composed by lignin and three polysaccharides: cellulose, hemicellulose, and pectin9. 

50 Cellulose and hemicellulose fractions are polymers made up of monosaccharides and, 

51 therefore, they constitute a potential source of fermentable sugars, which could be 

52 converted into high added-value products. 

53 The common steps involved in the fermentative pathway to produce LA from 

54 lignocellulosic materials are pretreatment, enzymatic hydrolysis, fermentation, 

55 separation and purification10. Fermentation is usually carried out by Lactobacillus 

56 species11. During this process, the lactic acid yield is influenced by several experimental 

57 conditions, including temperature, pH, carbon source, initial sugar concentration, 

58 aeration rate, agitation speed, medium composition, inoculum size and age and 

59 fermentation mode (continuous, semi-continuous or batch fermentations).

60 In this study exhausted sugar beet pulp pellets (ESBPP) are used as raw material for lactic 

61 acid fermentation. Sugar beet pulp is a sub-product obtained after the diffusion step in 

62 the sugar production process from sugar beet. It is normally dehydrated, pelletized and 
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63 sold for animal feeding. The ESBPP used in this study are mainly composed of pectin 

64 (0.41 g g-1), cellulose (0.25 g g-1), hemicellulose (0.16g g-1) and lignin (0.03g g-1)12. 

65 ESBPP also contain a low amount of lignin, and therefore do not require a harsh 

66 pretreatment before the enzymatic hydrolysis13. In order to develop a low-cost process, 

67 the cost of the hydrolysis step was reduced by also using ESBPP as solid substrate to 

68 produce hemicelluloses by Aspergillus awamori fermentation. In this way, the fermented 

69 ESBPP, containing mainly hemicelluloses, was supplemented with a commercial source 

70 of cellulases and were used for the hydrolysis of fresh ESBPP. A flowchart of the process 

71 can be found in Figure 1.

72 For lactic acid fermentation, Lactobacillus plantarum  and Lactobacillus casei, two 

73 common lactic acid bacteria (LAB) used to produce lactic acid were tested14–17. Two 

74 different studies were carried out: a) the influence of the supplementation of the 

75 hydrolysates with a nitrogen source; and b) the influence of the regulation of pH during 

76 the process.

77 Finally, a kinetic model for the production of lactic and acetic acids was developed, 

78 taking into account the concentration of glucose and arabinose in the hydrolysates and 

79 the effect of pH regulation. Kinetic models of the fermentation processes are a very 

80 useful tool at industrial scale, because they help to find the optimal conditions by 

81 performing only a few experimental tests18. In addition, they are also very useful for the 

82 interpretation of the production results obtained in industrial plants. 
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83 2 Material and methods

84 2.1 Raw material

85 ESBPP were used as raw material to produce the hydrolysates rich in simple sugars. They 

86 were supplied by the sugar plant Azucarera del Guadalete (AB Sugar Group), located in 

87 Jerez de la Frontera (South of Spain). Samples were collected and stored at 4 ºC until use. 

88 As it has been mentioned, the total carbohydrate polymers content of ESBPP is around 

89 0.83 g g-1 of total weight12.

90 2.2 Production of ESBPP hydrolysates

91 The culture media used for lactic fermentations were obtained from the enzymatic 

92 hydrolysis of ESBPP19.

93 2.2.1 Strain and inoculum growth

94 The fungus Aspergillus awamori 2B.361 U2/1, a sequential mutant of Aspergillus niger 

95 NRRL 3312, was used in this study. The strain spores were stored for their maintenance 

96 in glycerol (0.50 mL mL-1) at -25 ºC. The fungus was propagated by spreading 0.1 mL 

97 of the spore solution onto Petri dishes containing a synthetic medium composed by (g 

98 L-1): 1 peptone, 0.5 yeast extract, 15 agar, 6 xylan, 5 avicel and 1 pectin. The Petri dishes 

99 were incubated at 30 ºC for 5 days. After the incubation period, the spores were collected 

100 by adding a 9 g L-1 NaCl solution to the plates, followed by gentle scraping. The number 

101 of spores in the suspension was counted using an improved Neubauer chamber.
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102 2.2.2 Raw material conditioning

103 ESBPP were soaked in distilled water (3 g of solid in 0.1 L of water) to disrupt the pellet 

104 conformation and then dried in an oven at 40 ºC for 24 h. After that, ESBPP were sterilized 

105 by autoclaving at 120 ºC for 20 min.

106 2.2.3 Solid state fermentation

107 Solid-state fermentations were performed by adding to disposable Petri dishes 5 g of 

108 dried and sterilized ESBPP, the volume of spores suspension required to obtain a final 

109 inoculum concentration of 1·107 spores g-1 of solid and the appropriate amount of a 

110 nutrient solution to adjust the initial moisture content to 70 % . The nutrient solution 

111 composition was as follows (g L-1): 2.4 urea, 9.8 (NH4)2SO4, 5.0 KH2PO4, 0.001 

112 FeSO4·7H2O, 0.0008 ZnSO4·7H2O, 0.004 MgSO4·7H2O and 0.001 CuSO4·5H2O at pH 

113 5.0. pH was not controlled and the plates were incubated under static conditions at 30 

114 ºC for 8 days12.

115 2.2.4 Enzymatic hydrolysis

116 Enzymatic hydrolysis was carried out by directly adding 15 g of fermented ESBPP, as a 

117 source of hydrolytic enzymes, to 55 g of sterilized ESBPP in 0.3 L of citrate-phosphate 

118 buffer (pH 5, 0.05 M). This mixture was supplemented with 2.17 units of cellulases from 

119 the commercial preparation Celluclast® per gram of fresh ESBPP. The enzyme activities 

120 of the fermented ESBPP were measured in a previous published work19, which were 24.6 

121 U of xylanase per 1 g of dried fresh ESBPP, 9.3 U of exo-polygalacturonase per 1 g of 

122 dried fresh ESBPP, and 1.9 U of cellulase per 1 g of dried fresh ESBPP, being β-
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123 glucosidase activity null19. Therefore, as cellulase activity was low, Celluclast® was added 

124 to the fermented solid. The process was carried out in batch mode in Erlenmeyer flaks 

125 (500 mL). The solid suspensions were continuously mixed by incubating the flaks in an 

126 orbital shaker at 200 rpm and 50 ºC for 5 days. After that, the whole content of the 

127 Erlenmeyer flaks was autoclaved (120 ºC - 20 min) and frozen until later use.

128 2.3 Lactic acid fermentation

129 2.3.1 Strains maintenance and inoculum preparation

130 Lactobacillus plantarum (CECT 748) and Lactobacillus casei (2246 from the strains 

131 collection of the University of Parma) were used individually for lactic acid fermentations. 

132 Both bacterial strains were maintained as frozen stocks (−70 ºC) in Man Rogosa Sharpe 

133 (MRS) medium, supplemented with glycerol (0.15mL mL-1). MRS medium was composed 

134 by (g L-1): 15 glucose, 10 peptone, 10 meat extract, 5 yeast extract, 5 sodium acetate, 

135 2 ammonium citrate, 0.2 MgSO4·7H2O, 0.05 MnSO4·7H2O and 2 K2HPO4.

136 For inoculum preparation, 6 mL of MRS medium were inoculated with 100 µL of the 

137 bacterial frozen stocks and incubated in anaerobic conditions at 30 ºC for 24 h. 

138 Afterwards, the cultures were propagated two more times in 6 mL of MRS medium with 

139 200 µL of the previous culture at the same conditions.

140 2.3.2 Lactic acid fermentation in synthetic medium

141 The growth of Lactobacillus plantarum was tested in three MRS mediums with different 

142 carbon sources (glucose, xylose or arabinose). The same test was performed on L. casei 
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143 in a previously published work20. Fermentations were carried out in 250 mL Erlenmeyer 

144 flaks by adding 50 mL of the synthetic medium supplemented with the neutralising agent 

145 CaCO3 (9 g L-1) and 0.5 mL of inoculum (109 cell ml-1 aprox.).  The synthetic medium 

146 used was composed by (g L-1): 15 sugar (glucose, xylose or arabinose), 10 peptone, 10 

147 meat extract, 5 yeast extract, 5 sodium acetate, 2 ammonium citrate, 0.2 MgSO4·7H2O, 

148 0.05 MnSO4·7H2O and 2 K2HPO4. The flasks were closed with cotton plugs and incubated 

149 at 30 ºC and 150 rpm for 5 days. Samples were collected every 24 h throughout the 

150 fermentation and stored at -25 °C for later analysis. Fermentations were carried out in 

151 triplicate.

152 2.3.3 Lactic acid fermentation in ESBPP hydrolysates

153 Lactic acid fermentations were carried out by adding 0.01 mL mL-1 of inoculum to 50 

154 mL of ESBPP hydrolysate in 250 mL Erlenmeyer flaks. The flaks were closed with cotton 

155 plugs and incubated at 30 ºC and 150 rpm for 5 days. Samples were collected throughout 

156 the fermentation and stored at -25 ºC for analysis. Fermentations were carried out in 

157 triplicate.

158 For studies of supplementation with different nitrogen sources, 5 g L-1 of yeast extract 

159 or peptone were added to ESBPP hydrolysates. This study was performed with L. 

160 plantarum and L. casei.

161 To study the effect of pH regulation on LA fermentation by L. plantarum, different 

162 concentrations of CaCO3, as neutralising agent, were tested: 9, 18, 27, 55 and 75 g L-1. 

163 Moreover, another experiment was carried out maintaining the pH constant at 6.5 by 
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164 adding manually a 5 M NaOH solution. For those two studies, ESBPP hydrolysates were 

165 supplemented with 5 g L-1 yeast extract.

166 Four different yields were calculated, being two of them calculated at the maximum lactic 

167 acid concentration and the other two at the maximum acetic acid concentration. Thus, 

168 maximum lactic acid yield (YLmax/S, g g-1) was calculated by dividing the maximum lactic 

169 acid concentration measured in the medium by the theoretical concentration of lactic 

170 acid that could be obtained from the initial sugars (glucose and arabinose). Lactic acid 

171 yield (YL/S, g g-1) was calculated by dividing the lactic acid concentration obtained at the 

172 instant of the maximum acetic acid concentration by the theoretical concentration of 

173 lactic acid that could be obtained from the initial sugars. Maximum acetic acid yield 

174 (YCmax/S, g g-1) was calculated by dividing the maximum acetic acid concentration in the 

175 medium by the theoretical concentration of acetic acid that could be obtained from the 

176 initial sugars. Acetic acid yield (YC/S, g g-1) was calculated by dividing the acetic acid 

177 concentration obtained at the instant of the maximum lactic acid concentration by the 

178 theoretical concentration of acetic acid that could be obtained from the initial sugars. 

179 2.4 Sample analysis 

180 Samples were collected during lactic acid fermentation every 24 h. For acids and sugars 

181 analysis, samples were centrifuged at 10,621 xg for 10 min, collecting the supernatant 

182 and discarding the precipitate. Reducing sugars (RS) in supernatants were analysed by 

183 the dinitrosalicylic acid method (DNS) adapted to microplate21,22. Glucose concentration 

184 was measured by using enzymatic assay kit from Biosystems (D-Glucose/D-Fructose). 
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185 Arabinose plus galactose were measured with the enzymatic assay kit from Megazyme 

186 (L-Arabinose/D-Galactose assay kit), using arabinose as standard.

187 Lactic and acetic acids were measured by ionic chromatography (Metrohm, 930 Compact 

188 IC Flex, Switzerland) with conductivity detection and Metrosep Organic Acids - 250/7.8 

189 column (Metrohm). The separation was carried out using as eluent a solution composed 

190 by 0.4 mmol L-1 sulfuric acid and 0.12 mL mL-1 acetone, at an isocratic flow rate of 0.4 

191 mL min-1.

192 The cell growth on LA fermentation was measured using the colony forming unit (CFU) 

193 counting method. Samples taken during fermentations were serially diluted in NaCl 

194 solution (9 g L-1) and cultured in MRS-agar plates. The plates were incubated in a culture 

195 oven at 37 ºC for 48 h.

196 2.5 Statistical analysis

197 All experiments and assays were performed in triplicate. Statgraphics 18 was used for 

198 data analysis. Data were analysed using one-way analysis of variance (one-way ANOVA) 

199 and Fisher's least significant differences (LSD, P < 0.05) was used to determine 

200 significant differences among tested conditions.

201 2.6 Kinetic model for lactic acid fermentation

202 In this work, a specific kinetic model for the lactic acid fermentation of Lactobacillus 

203 plantarum on ESBPP hydrolysates has been developed, which is based on the 

204 experimental results presented. The model considers that, in the experimental 
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205 conditions involved, Lactobacillus plantarum metabolises glucose (eq. 1), arabinose (eq. 

206 2) and lactic acid (eq. 3), for the biomass growth, according to the following three global 

207 metabolic reactions:

208 (1)      𝐶6𝐻12𝑂6
𝑔𝑙𝑢𝑐𝑜𝑠𝑒→ 2 𝐶3𝐻6𝑂3

𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑

209 (2)      𝐶5𝐻10𝑂5
𝑎𝑟𝑎𝑏𝑖𝑛𝑜𝑠𝑒→ 𝐶3𝐻6𝑂3

𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐶2𝐻4𝑂2
𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑

210 (3)      𝐶3𝐻6𝑂3
𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝑂2→ 𝐶2𝐻4𝑂2

𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 +  𝐶𝑂2 + 𝐻2𝑂

211 The model also considers that the rate of total biomass production depends additively 

212 on the consumption of these three carbon sources (glucose, arabinose and lactic acid) 

213 (eq. 4). So, when there is more than one carbon source in the medium, the bacterial 

214 growth is calculated with the sum of the growth from each of these sources.  Moreover, 

215 it has been considered that the bacteria growth follows the general Monod equation (eq. 

216 5), with particular parameters in each case (µo and KM).

217 (4)   
𝑑𝑋
𝑑𝑡 = (𝑑𝑋

𝑑𝑡 )
1

+ (𝑑𝑋
𝑑𝑡 )

2
+ (𝑑𝑋

𝑑𝑡 )
3
     ;     (𝑑𝑋

𝑑𝑡 )
1

= 𝜇𝐺 𝑋𝑣     ;     (𝑑𝑋
𝑑𝑡 )

2
= 𝜇𝐴 𝑋𝑣     ;     (𝑑𝑋

𝑑𝑡 )
3

= 𝜇𝐿 𝑋𝑣

218 (5)      𝜇𝐺 = 𝜇𝐺𝑜
𝐺

𝐾𝑀𝐺 + 𝐺      ;      𝜇𝐴 = 𝜇𝐴𝑜
𝐴

𝐾𝑀𝐴 + 𝐴      ;      𝜇𝐿 = 𝜇𝐿𝑜
𝐿

𝐾𝑀𝐿 + 𝐿 

219 Here, X represents the total biomass concentration (cell L-1) and G, A and L represent the 

220 glucose, arabinose and the lactic acid concentrations in the medium (mol L-1) 

221 respectively, at time t (h). The three µo coefficients are the maximum specific growth 

222 rates of the involved bacteria for each carbon source (cell L-1 h-1). Finally, the three KM 

223 coefficients are the corresponding saturation constant for the growth of this bacteria on 

224 each carbon source (mol L-1), according to Monod equation.
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225 On the other hand, it has been also considered that biomass viability is reduced, due to 

226 the presence of acid cations in the medium, which are produced during the fermentation. 

227 Specifically, these cations are the hydrogen ions which come from the produced organic 

228 acids (lactic or acetic acid). As a result, hydrogen ions are accumulated into the cell 

229 cytoplasm as fermentation proceeds and acids are generated, producing the cell death. 

230 Then, it has been considered that the biomass death rate has a linear dependence on 

231 the concentration of acids in the medium, following the Chick’s Law of disinfection (eq. 

232 6), where subscript d represents biomass death. Here, µd  is the specific death rate (cell 

233 L-1 h-1) of the involved bacterium, caused by these acids, kd  is the Chick disinfection 

234 coefficient for these acids (cell mol-1 h-1), Xv represents the viable biomass concentration 

235 (CFU L-1), C the acetic acid concentration, and L the lactic acid concentration (both in 

236 mol/L). 

237 (6)      ( ―
𝑑𝑋𝑣

𝑑𝑡 )
𝑑

= 𝜇𝑑·𝑋𝑣      ;      𝜇𝑑 = 𝑘𝑑 (𝐿 + 𝐶)

238 Therefore, the evolution of viable biomass through the fermentation is the result of both 

239 phenomena: the biomass growth and the viable biomass death (eq.7):

240 (7)      
𝑑𝑋𝑣

𝑑𝑡 =
𝑑𝑋
𝑑𝑡  ― ( ―

𝑑𝑋𝑣

𝑑𝑡 )
𝑑

241 In relation to the substrate consumption, it has been considered that it is directly a 

242 growth associated process (eq. 8). Thus, consumption rates of the three considered 

243 substrates (glucose, arabinose and lactic acid) are proportional to growth rate, as 

244 follows:
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245 (8)   ( ―
𝑑𝐺
𝑑𝑡 ) = 𝑌𝐺 𝑋 (𝑑𝑋

𝑑𝑡 )
1
      ;      ( ―

𝑑𝐴
𝑑𝑡 ) = 𝑌𝐴 𝑋 (𝑑𝑋

𝑑𝑡 )
2
      ;      ( ―

𝑑𝐿
𝑑𝑡)

3
= 𝑌𝐿 𝑋 (𝑑𝑋

𝑑𝑡 )
3

246 Where YG/X, YA/X and YL/X  are respectively the yields of biomass from glucose, arabinose 

247 and lactic acid.

248 Finally, considering the stoichiometric coefficients for reactions 1, 2 and 3, the following 

249 product formation rates (lactic and acetic acids) are defined (eq. 9 and 10):

250 (9)   
𝑑𝐿
𝑑𝑡 = (𝑑𝐿

𝑑𝑡)
1

+ (𝑑𝐿
𝑑𝑡)

2
― ( ―

𝑑𝐿
𝑑𝑡)

3
      ;      

𝑑𝐿
𝑑𝑡 = 2 𝑌𝐿 𝐺( ―

𝑑𝐺
𝑑𝑡 ) + ( ―

𝑑𝐴
𝑑𝑡 ) ― ( ―

𝑑𝐿
𝑑𝑡)

3

251 (10)   
𝑑𝐶
𝑑𝑡 = (𝑑𝐶

𝑑𝑡)
2

+ (𝑑𝐶
𝑑𝑡)

3
= ( ―

𝑑𝐴
𝑑𝑡 ) + ( ―

𝑑𝐿
𝑑𝑡)

3

252 Given that portion of the total glucose present in the medium is assimilated by the 

253 biomass to synthesize most components of the new cells, this glucose does not follow 

254 reaction 1. As a consequence, the quantity of lactic acid formed by reaction 1 is only the 

255 fraction YL/G  of the total glucose consumed. However, the quantity of lactic acid formed 

256 by reaction 2 is assumed to be the stoichiometrically corresponding to the total 

257 arabinose consumed.

258 As it can be seen, the proposed kinetic model contains actually only five differential 

259 equations: one for each process variable to be calculated (Xv, G, A, L and C), which  can 

260 be combined and condensed into five. Also, there are only eleven kinetic parameters to 

261 be set: three growth parameters (µIo, KMI, and YI/X) on the three carbon sources (glucose, 

262 arabinose and lactic acid), one parameter for the Chick’s constant (kd), and the glucose 

263 assimilation coefficient (1-YL/G). Initially, it might seem that there are many parameters 

264 to be calculated in the proposed model, however, most of them can be taken directly 
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265 from the literature. Some of them are very common fermentative parameters, and others 

266 can be calculated in simple separate experiments (no fermentative ones). Obviously, if 

267 mass concentrations are used instead of molar concentrations for the compound’s 

268 variables, their molecular weights must be introduced into the equations. Moreover, 

269 mass/cell coefficients must be introduced if biomass concentration is used in cell mass 

270 instead of cells number.

271 Despite the evolution of the principal compounds can be calculated from the above-

272 mentioned equations, pH evolution in the fermentative medium must be calculated 

273 separately. Regarding to the presence of hydrogen cations in the medium, two cases can 

274 be distinguished: a) regular LA fermentation; and b) LA fermentation with pH control.

275 In the case of a regular fermentation, it is supposed that hydrogen cations in the medium 

276 (H) come from the dissociation of the weak acids: lactic acid (L) and acetic acid (C). 

277 Therefore, H can be calculated from the classical dissociation equation for weak acids 

278 (eq. 11):

279 (11)      𝐻 = 𝐾𝑎·𝑎      ;      𝐻 = 𝐾𝐿·𝐿 + 𝐾𝐶·𝐶

280 Where Kɑ is the dissociation constant of the weak acid and “ɑ” the acid concentration. 

281 Thus, in this case, bearing in mind that the principal acids in the medium are  acetic and 

282 lactic acids, this general equation can be directly applied, taking for the constants the 

283 following values: pKL = 3.86 and pKC = 4.80.

284 In the case of an LA fermentation with pH control, it is supposed that the formed acids 

285 first neutralize the alkali that has been initially added; and, once all the alkali has been 
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286 neutralized, the concentration of the hydrogen cations in the medium begins to increase. 

287 Thus, it should be applied the general theory of acid-base titrations in order to calculate 

288 the resultant pH in the medium in each instant. For this purpose, it can be defined a 

289 titration factor (f), at any time of fermentation, as follow:

290 (12)      𝑓 =
  𝐿 + 𝐶  

𝐵       ;     0 ≤ 𝑓 ≤ 1⇒𝐻 = 𝐾𝑤      ;      ∀𝑓 > 1⇒𝐻 = 𝐾𝑎·(𝐿 + 𝐶 ― 𝐵)

291 Where B is the initial alkali concentration added (mol L-1), in terms of acid-base 

292 equivalents; and Kw is the water dissociation constant (10-14 M). Before the total alkali 

293 neutralization is achieved (0 ≤ f ≤ 1), the hydrogen concentration is only related with 

294 the water dissociation. After that point (∀f > 1), the hydrogen concentration is related 

295 mainly to the acid’s dissociation. For example, if calcium carbonate is used as the 

296 neutralizing agent, the following dissociation reaction must be considered for this alkali:

297 (13)   𝐶𝑎𝐶𝑂3 + 𝐻2𝑂→𝐶𝑎2 + + 2 𝑂𝐻 ― + 𝐶𝑂2

298 Thus, here B is twice the initial alkali concentration added to the medium. Also, in eq. 

299 12,  is the overall dissociation constant for the present free acids. Due to these acids 𝐾𝑎

300 are mainly lactic and acetic acids, this overall constant must be calculated here as the 

301 average of their dissociation constants. Finally, the sum [L+C–B ] represents the not-

302 neutralized acid concentration in the medium. Essentially, this second case with pH 

303 control is analogous to the first one without this control, but it considers the previous 

304 neutralizing effect exerted by the added alkali.

305 To solve the differential equations system of this model, numerical methods must be 

306 applied. Specifically, it has been used the numerical method RK4, a variant of the Runge-
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307 Kutta one21, due to its better convergence properties.  In order to implement the method, 

308 specific computer routines have been developed with the program MatLab–Simulink 

309 (Mathworks Inc., USA). 

310 This numerical procedure offers the theoretical evolution of seven process variables: X, 

311 Xv, G, A, L, C and pH, starting at the at the experimental initial values (boundary conditions) 

312 and going through the time until the end of the fermentation (zero viable biomass 

313 concentration). The values of these parameters have been fitted using a set of 

314 experimental data, both of regular LA fermentations and with pH control. For this 

315 purpose, it has been followed the damped least squares analysis22, being as high as 

316 possible the non-linear regression coefficient of all the calculated curves for all the 

317 experimental data (R2) .

318 3 Results and discussion

319 3.1 Sugar consumption in synthetic media

320 One of the two bacteria employed in this article to produce lactic acid from ESBPP 

321 hydrolysate is Lactobacillus plantarum (CECT 478). This hydrolysate was composed by 

322 approximately 64.3 g L-1 of total reducing sugars, being 29.1 g L-1 of glucose, 21.8 g 

323 L-1 of arabinose and the rest a mixture of other minority sugars, mainly xylose. Due to 

324 the hydrolysate composition and the fact that this strain has been classified as facultative 

325 heterofermentative, which means that can utilize hexoses and pentoses25,  Lactobacillus 

326 plantarum was grown in three synthetic mediums with glucose, arabinose or xylose to 

327 identify which sugars were able to be metabolized.
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328 As it can be observed in  Figure 2, glucose and arabinose are almost consumed in the 

329 synthetic medium, while xylose is not consumed. These results agree with Zhang et al., 

330 where it is mentioned that L. plantarum is not able to metabolize xylose26.

331 The other bacterium used in this work was Lactobacillus casei (2246), which is also 

332 considered to be a facultative heterofermentative one. This strain was tested in a 

333 previous study obtaining, like for the other strain under study, that it could metabolize 

334 only glucose and arabinose among all the sugars tested20. 

335 3.2 Lactic fermentation in ESBPP hydrolysate

336 Preliminary experiments of lactic acid fermentation in ESBPP hydrolysate were performed 

337 with Lactobacillus plantarum and Lactobacillus casei. These fermentations were carried 

338 out without nutrients supplementation and with no pH control. 

339 Different results were obtained for both strains. Thus, L. plantarum achieved a maximum 

340 lactic acid concentration (Lmax) of 6.55 0.09 g L-1, after 120 h of fermentation, and a ±

341 maximum acetic acid concentration (Cmax) of 0.79 0.20 g L-1, after 72 h. However, for ±

342 L. casei, the value of Lmax was 4.34 0.26 g L-1, after 120 h of fermentation, and the ±

343 value of Cmax was 1.80 0.04 g L-1, after 168 h. Thereby, at the conditions tested, L. ±

344 plantarum produced a higher concentration of lactic acid than L. casei, from the same 

345 amount of initial sugars. Specifically, the increase in the lactic acid production was 

346 around 34 % for the L. plantarum strain over the L. casei strain.

347 Considering that the initial reducing sugars concentration in these experiments was 64.3 

348 g L-1, and the initial concentrations of glucose and arabinose were 30 and 22 g L-1 
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349 respectively, the theoretical concentration of lactic acid that would be produced was 43 

350 g L-1. So, the concentration of lactic acid obtained at these conditions was around the 

351 10 % of the theoretical production. These results might be explained based on the lack 

352 of nutrients in the ESBPP hydrolysate. In literature, there are some authors who 

353 supplement the sugars hydrolysate with the usual components of MRS medium, while 

354 others only add a nitrogen source or vitamins. Mussatto et al. carried out the lactic 

355 fermentation with Lactobacillus delbrueckii, supplementing the hydrolysate of 

356 pretreated brewer’s spent grain with 5 g L-1 of either yeast extract or the nutrients of 

357 MRS medium, obtaining better yields in the last case11. In the same way, Zhang and 

358 Vadlani et al. performed a simultaneous saccharification and fermentation with L. 

359 delbrueckii of pulp or corn stover and supplemented the medium with the nutrients of 

360 MRS medium27. Finally, Nancib et al. performed several fermentations with L. casei 

361 subps. rhamnosus on data juice supplemented with different substances (5 vitamins 

362 sources and 6 nitrogen sources), obtaining the highest yield with the addition of yeast 

363 extract28. Thus, next fermentations were carried out using a nutrient supplement for the 

364 ESBPP hydrolysate, as it can be seen below.

365 Regarding pH values measured during the fermentation of both strains, it was observed 

366 a decrease from 6.00 to 4.89, at 48 h of fermentation. This effect is produced by the 

367 increment of lactic and acetic acid concentrations in the medium. The optimum pH value 

368 for the LAB growth is between 5 and 729. Although they are able to tolerate acid 

369 conditions, if they are exposed to low pH for a long time, their physiology and 

370 metabolism can be affected6. Thus, due to the observed pH drop, two different pH 

371 regulations methods for the fermentations of ESBPP were compared as it can be seen 
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372 below. Other authors have also used different strategies to regulate the pH during the 

373 fermentative processes. In this way, Penjin et al. used 20 g L-1 CaCO3 to regulate the pH 

374 in the lactic fermentation on brewer’s spent grain, with Lactobacillus fermentum and 

375 Lactobacillus rhamnosus. Hetényi et al. studied the effect of five pH regulating methods, 

376 obtaining better results with trimethylamine29.

377 3.2.1 Effect of nitrogen source supplementation

378 After the preliminary experiments exposed above, the hydrolysate medium was 

379 supplemented with 5 g L-1 of either yeast extract or peptone, which are commonly used 

380 as nitrogen sources to supplement sugar hydrolysates. Regarding L. plantarum and L. 

381 casei growth, similar trends can be observed on the three media studied (no supplement, 

382 yeast extract supplement and peptone supplement), increasing cell counting from 107 

383 to 1011 cell L-1 after 120 h of fermentation in all cases.

384 The evolution of lactic acid concentration produced by L. plantarum is shown in Figure 

385 3A. The maximum lactic acid concentration (Lmax) was achieved after 120h of 

386 fermentation with both nitrogen sources, being 9.36±0.80 g L-1 in the medium 

387 supplemented with yeast extract and 8.85±0.64 g L-1 in the medium with peptone. No 

388 significant differences were obtained between both nitrogen sources employed (p-value 

389 > 0.05). However, comparing the production of lactic acid in the supplemented medium 

390 with the preliminary study, an increase of between 30 and 40 % can be observed in the 

391 supplement media, and significant differences (p-value < 0.05) were found in the 

392 statistical analysis.
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393 On the contrary, the maximum acetic acid concentration (Cmax) was reached later in the 

394 supplemented hydrolysates than in the no supplemented ones, being 1.92±0.07 g L-1 

395 at 120 h in the medium supplemented with yeast extract, and 1.64±0.06 g L-1 at 168 h 

396 in the medium supplemented with peptone. These values are higher than in the 

397 preliminary study, obtaining significant differences (p-value < 0.05) among the three 

398 media tested.

399 The same conditions were tested with L. casei. The evolution of the LA concentration 

400 during fermentations is shown in Figure 3B. Lmax was reached at 72 h of fermentation on 

401 both media, which is much earlier than in the L. plantarum fermentations. However, the 

402 value obtained was lower, being 6.20±0.62 g L-1 and 4.89±0.23 g L-1 for the hydrolysate 

403 supplemented with yeast extract and peptone, respectively. When the three media were 

404 compared, significant differences were found only in the medium supplemented with 

405 yeast extract (p-value > 0.05). The same effect is observed in the production of acetic 

406 acid. Thus, the Cmax were 2.51±0.27 g L-1 in the hydrolysate supplemented with yeast 

407 extract and 1.93±0.19 g L-1 in the peptone supplemented medium. In both cases after 

408 120 h of fermentation.

409 The pH measured during the fermentations of L. plantarum and L. casei is showed in 

410 Figure 3C and Figure 3D, respectively. These values follow a similar trend, but both were 

411 slightly lower than in the preliminary study with no supplement hydrolysates. The pH 

412 drops in the first 48 h to values lower than 4.5, that could explain the low consumption 

413 of reducing sugars which remains above 50 g L-1 at the end of fermentations in all cases.
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414 All these results show that both strains require a nitrogen supplementation to improve 

415 the lactic acid yield on ESBPP hydrolysate. Moreover, lactic acid production was 

416 influenced by the nitrogen source employed in the L. casei fermentations, obtaining a 

417 higher LA concentration with yeast extract. De la Torre et al. studied the effect of the 

418 nitrogen source (yeast extract, peptone and meat extract) in the fermentation with 

419 Lactobacillus delbrueckii ssp. delbrueckii CECT 286 on MRS medium. In this study was 

420 concluded that peptone was not essential for lactic acid production with this strain30. 

421 However, this effect was not observed in the L. plantarum fermentations. Yeast extract 

422 provides nitrogen, amino acids and vitamins that are essential for the LAB growth31. 

423 Nevertheless, peptone is normally extracted from plant and animal tissues producing 

424 peptides with lacks minerals and/or vitamins compared with other nitrogen sources. For 

425 this reason, yeast extract is generally preferred than other nitrogen sources in LAB 

426 fermentations. The contrasting findings obtained with both strains may be due to 

427 differences in their metabolisms, being different the required nutrients in each case.

428 L. plantarum strain was selected for the following experiments because a higher Lmax 

429 was obtained with this bacterium. Also, since no difference was found in the Lmax for this 

430 microorganism when the hydrolysate was supplemented with yeast extract or peptone, 

431 yeast extract was used in the following studies, due to its lower price. In this way, it must 

432 be taken into account that the price of the produced lactic acid can be 1.7 times higher 

433 when peptone is added instead of yeast extract, according to the formula for the 

434 estimating LA price proposed by de la Torre et al.30.
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435 3.2.2 Effect of pH control

436 The production of lactic acid by LAB is influenced by the pH value in the culture medium. 

437 According to literature, the optimum pH for the lactic acid fermentation is between 5 

438 and 711. In previous experiments, as pH was not controlled, it decreases during the 

439 process to values not suitable for LAB growth. For this reason, two strategies for pH 

440 control were tested. In the first one, pH was controlled manually by adding NaOH 10 N 

441 (three times per day) to maintain the pH value at 6.5. In the second one, pH was 

442 controlled by adding calcium carbonate to the hydrolysate before fermentation, being 

443 tested the initial concentrations of 9, 18, 27, 55 and 75 g L-1.

444 The evolution of glucose, arabinose, lactic acid, acetic acid, biomass concentration, and 

445 pH, through the fermentation time, is shown in Figure 4 for all the conditions tested. 

446 Firstly, it can be observed that glucose is consumed before than arabinose in all cases. 

447 This behaviour would be expected, because, according to literature, LAB metabolize first 

448 glucose rather than other sugars6. Thus, glucose is fully consumed in 48 h in the 

449 experiment with 9 g L-1 of CaCO3 or in the experiment with NaOH regulation. For CaCO3 

450 concentrations higher than 9 g L-1, glucose is depleted after 24 h of fermentation, 

451 indicating even faster fermentations. Regarding to arabinose, it is consumed after 72 h 

452 of fermentation in the experiments with NaOH regulation or with CaCO3 concentrations 

453 of 27, 55 and 75 g L-1; and not being depleted in the cases of 9 and 18 g L-1. These 

454 results agree with the pH variation in the media, as pH values lower than 5 was reached 

455 in 24 h for the experiments with 9 and 18 g L-1 of CaCO3.
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456 The biomass increased as the sugars were consumed (Figure 4), reaching a maximum 

457 after 72 h of fermentation. After this time, a decrease can be observed in the 

458 experiments regulated with NaOH and CaCO3 concentrations of 9, 18 and 27 g L-1. 

459 However, the number of viable cells remained constant in the fermentations with 55 and 

460 75 g L-1 of CaCO3.

461 The maximum LA concentration (30 g L-1) was reached with 9, 18 and 27 g L-1 of CaCO3 

462 and with NaOH, with no significant differences between them. However, it is obtained 

463 earlier in the case of 27 g L-1 (48h). On the other hand, the maximum LA concentration 

464 decreased a 16 % when 55 and 75 g L-1 of CaCO3 was added in the fermentation medium. 

465 Kotzamanidis et. al, also observed a decrease in the lactic acid production when CaCO3 

466 concentrations higher than 70 g L-1 was added in the lactic acid fermentations of beet 

467 molasses by Lactobacillus delbrueckii32. Acetic acid is also produced as co-product due 

468 to the presence of arabinose in the hydrolysate. However, its production depends on the 

469 concentration of neutralizing agent added and the length of fermentation. The highest 

470 concentration of acetic acid (22 g L-1) was obtained in the fermentation with NaOH. 

471 However, in the fermentations with CaCO3, the concentration of acetic acid increased as 

472 the concentration of CaCO3 does (Figure 4).  In fermentations with NaOH and CaCO3 

473 concentrations higher than 27 g L-1 can be observed a decrease in lactic acid 

474 concentration after its peak was reached. In these fermentations, pH remains stable and, 

475 after sugars depletion, L. plantarum can metabolise part of lactic acid into acetic acid 

476 due to specific enzymes present in its metabolism33–35. Similar results were obtained by 

477 Quatravaux et. al, who performed a study with different aeration levels at a constant 

478 pH36. 
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479 In addition of this, the yields obtained are showed in Figure 5. In this figure is 

480 represented the proportion of lactic acid yield and acetic acid yield that are obtained 

481 when the maximum lactic acid is produced and when the maximum acetic acid is 

482 produced. It can be observed that the total yield is higher in the moment when the 

483 maximum concentration of acetic acid is reached. However, higher proportion of acetic 

484 acid is obtained. This fact is interesting because the process can be stopped depending 

485 on the purpose of the process. If a pure stream of lactic acid is required, the process can 

486 be stopped earlier, but if a higher yield is required, the process can be stopped later. In 

487 this sense, the maximum proportion of lactic acid yield is obtained with 9 g L-1 of CaCO3, 

488 while the maximum total yield is obtained with 27 g L-1 or NaOH, in both cases in the 

489 moment of maximum acetic acid production. In these last fermentations, a greater use 

490 of ESBPP is achieved although a mixture of both acids is obtained. For instance, both 

491 acetic and lactic acid can be used for polyhydroxyalkanoates production by fermentation 

492 with pure or mixture culture37 or as a preservative in the food industry38. 

493 In summary, the process presented in this paper (see Figure 1) revalorizes a by-product 

494 of the sugar industry (ESBPP) to produce value-added products, such as, lactic and acetic 

495 acids. The use of beet pulp, instead of a synthetic culture medium with glucose as a 

496 carbon source, significantly reduces costs associated with the supply of the raw material 

497 because it is a cheap and renewable source39. In addition, in the present paper it is 

498 proposed a different use of sugar beet pulp than the usual one, which is animal feed. 

499 On the other hand, in the production of value-added products from lignocellulosic 

500 biomass, the cost of the enzymes used for the hydrolysis is the bottleneck of the process. 

501 To reduce the process cost, the enzymes are produced by SSF on ESBPP and this 
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502 fermented solid is added directly to fresh ESBPP for its hydrolysis. In this way, enzyme 

503 extraction and purification stages during the enzyme production process are avoided19. 

504 Therefore, a simpler and more environmentally friendly procedure to obtain the sugar 

505 hydrolysate is also proposed. 

506 3.3 Kinetic model parameters

507 The kinetic model proposed in the Material and Methods section is based on the 

508 observed findings of the lactic fermentation of Lactobacillus plantarum on ESBPP 

509 hydrolysate with pH regulation. The three metabolic reactions observed, detailed in 

510 section 2.5, are the homofermentative conversion of glucose into lactic acid (eq. 1), the 

511 heterofermentative conversion of arabinose into lactic and acetic acids (eq. 2), and the 

512 oxidation of lactic acid into acetic acid (eq. 3). Reaction 1 and 2 were included 

513 considering that L. plantarum is classified in the literature as facultative 

514 heterofermentative strain26,34,40–43. Reaction 3 was included based on the statements of 

515 Kandler et al, Pintado et al. and Goffin et al.33–35. These authors observed that in the 

516 presence of oxygen and at low concentrations of sugars, L. plantarum convert lactic acid 

517 into acetic acid. The same results were observed in our study; thus, it has been 

518 considered in this work those three metabolic reactions into the model. The model uses 

519 simple equations to predict the evolution of substrates (glucose and arabinose), 

520 products (lactic and acetic acid), biomass and pH, during the fermentation on complex 

521 media as ESBPP hydrolysate, and the R2 value obtained from fitting the model to the 

522 experimental data is in most of the cases in the rank of 0.95–0.99.
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523 After the numerical fitting of the model parameters to the set of experimental data 

524 gathered, following the procedure that it has been described above, the values 

525 summarized in Table 1 were obtained. As it can be seen in previous figures, the growth 

526 of Lactobacillus strains is influenced by the medium pH, but the values of the disinfection 

527 constant obtained are very similar in all the ESBPP cases (0.1–0.2 h-1M-1), and besides in 

528 all the MRS cases (1.5–2.5 h-1M-1). Thus, the intrinsic pH effect is homogeneous, but the 

529 evolution of the acid concentration and the pH values are different in each case. 

530 Consequently, the addition of calcium carbonate as a neutralizing agent produces a 

531 variable pH during fermentations. Moreover, it causes a different behaviour of the 

532 microbial growth and acid production, obtaining different yields in each case.

533 Regarding the maximum specific growth rate of Lactobacillus plantarum based on 

534 glucose (µGo), it must be annotated that it presents a very narrow range (1.5–3.5 h-1), 

535 even for the different types of medium tested (ESBPP hydrolysate and synthetic MRS). 

536 The specific rate based on arabinose (µAo) also shows a narrow range (0.01-0.09 h-1) but 

537 values are one hundred times lower than the previous one. So, growth on glucose is 

538 favoured over growth on arabinose. Only when arabinose is the unique carbon source in 

539 the medium, specific rates for glucose and arabinose are of the same order of magnitude 

540 (5.6 h-1), showing that the cell metabolism is changed in those cases. Finally, the growth 

541 rate on lactic acid (µLo) also presents a narrow range of values in practically all media. In 

542 the case of the ESBPP hydrolysate, this is ten times lower than the one for glucose (0.1–

543 0.3 h-1). The same occurs in the case of the synthetic MRS medium with arabinose (0.4 

544 h-1). However, in the case of the synthetic MRS medium with glucose, the specific rate is 

545 ten times greater (2-3 h-1). Thereby, it seems that the arabinose presence reduces lactic 
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546 consumption. This fact could be useful to improve lactic acid production and gives a 

547 chance to arabinose wastes in front of other fermentation media in the lactic acid 

548 industry.

549 Monod constants for the three substrates ( , , ) present a clear dependency on 𝐾𝑀𝐺 𝐾𝑀𝐴 𝐾𝑀𝐿

550 the medium’s pH. Thus, in the case of calcium carbonate experiments, these three 

551 parameters have a value close to 1 M at very low carbonate concentrations. They 

552 decrease when the carbonate concentration increases, and they fall into a value around 

553 0.4 M for a carbonate calcium concentration of 27 g L-1. For higher carbonate calcium 

554 concentrations take the same value, of around 0.4 M. Taking into account that a higher 

555 Monod constant means a lower affinity substrate-strain, it can be concluded that the 

556 use of calcium carbonate with ESBPP hydrolysates favours the consumption of the 

557 substrate (with the three carbon sources). 

558 Concerning the substrate consumption coefficients (YGX, YAX and YLX), they take also very 

559 narrow ranges, showing no pH influence. As can be seen in Table 1, in the ESBPP media, 

560 the glucose coefficient has values lower values than the corresponding for arabinose, 

561 demonstrating that this bacterium needs more amount of arabinose than glucose to 

562 grow. Again, it is supported the idea that glucose metabolism is favoured versus 

563 arabinose. 

564 The YLG coefficient, which represents the fraction of glucose converted to lactic acid by 

565 reaction 1. takes a narrow range of values between 0.75–0.90, without significant pH 

566 influence (see Table 1). Thereby, the assimilation of glucose to other aims is the 
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567 remaining amount (1-YLG), which keeps this in the range of 0.25-0.10. This means that 

568 a total conversion of glucose to acids is not possible in these conditions. 

569 4 Conclusion

570 ESBPP hydrolysates can be used to produce lactic acid with high yield by lactic 

571 fermentation. Between both Lactobacillus species studied, L. plantarum produced a 

572 higher concentration of lactic acid than L. casei. Besides, the production of lactic acid 

573 can be improved by supplementing ESBPP hydrolysate with 5 g L-1 of yeast extract and 

574 by controlling the pH during fermentation. Acetic acid was also produced as co-product 

575 due to the presence of arabinose in the hydrolysate. Depending on the method used to 

576 regulate the pH, the proportion of lactic and acetic acid produced can be different. This 

577 fact can be useful depending on the subsequent process performed in this stream. 

578 Finally, the kinetic model developed shows good fitting parameters and allows to predict 

579 the evolution of substrates, products, biomass and pH. 
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725 Figure legends

726 Figure 1. Flowchart of the process employed to produce lactic acid from exhausted sugar 

727 beet pulp pellets by enzymatic hydrolysis and lactic acid fermentation. 

728 Figure 2. Evolution of simple sugars concentration in L. plantarum fermentation in MRS 

729 medium with glucose and pH regulation with NaOH (square), glucose and pH regulated 

730 with CaCO3 (circle), arabinose and pH regulated with CaCO3 (triangle), and, xylose and 

731 pH regulated with CaCO3 (diamond).
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732 Figure 3. Evolution of lactic acid concentration (g L-1) and pH in L. plantarum (A, C) and 

733 L. casei (B, D) fermentations, respectively. So, without nitrogen supplementation 

734 (square), with 5 g L-1 of yeast extract (circle) and with 5 g L-1 of peptone (triangle).

735 Figure 4. Evolution of glucose (square), arabinose (circle), lactic acid (up-triangle) and 

736 acetic acid (down-triangle) concentrations, and pH (diamond) in L. plantarum 

737 fermentations, with different pH regulation methods: NaOH (A), 9 g L-1 CaCO3 (B), 18 g 

738 L-1 CaCO3 (C), 27 g L-1 CaCO3 (D), 55 g L-1 CaCO3 (E), 75 g L-1 CaCO3 (F).

739 Figure 5. Maximum lactic acid yield (YLmax/S), acetic acid yield (YC/S), maximum acetic acid 

740 yield (YCmax/S) and lactic acid yield (YL/S) in the fermentations with various pH regulation 

741 methods.

742 Table 1. Kinetic parameters estimated for the lactic acid fermentation in three different 

743 mediums by L. plantarum: a) ESBPP hydrolysate; b) synthetic medium of MRS with glucose 

744 as main carbon source (MRS-glu); and synthetic medium of MRS with arabinose as main 

745 carbon source (MRS-ara). The pH was regulated by adding NaOH or a specific 

746 concentration of calcium carbonate.
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Figure 1. Flowchart of the process employed to produce lactic acid from exhausted sugar beet 
pulp pellets by enzymatic hydrolysis and lactic acid fermentation.
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Figure 2. Evolution of simple sugars concentration in L. plantarum fermentation in MRS 

medium with glucose and pH regulation with NaOH (square), glucose and pH regulated with 

CaCO3 (circle), arabinose and pH regulated with CaCO3 (triangle), and, xylose and pH regulated 

with CaCO3 (diamond).
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Figure 3. Evolution of lactic acid concentration (g/L) and pH in L. plantarum (A, C) and L. casei 

(B, D) fermentations, respectively. So, without nitrogen supplementation (square), with 5g/L 

of yeast extract (circle) and with 5g/L of peptone (triangle).
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Figure 4. Evolution of glucose (square), arabinose (circle), lactic acid (up-triangle) and acetic 

acid (down-triangle) concentrations, and pH (diamond) in L. plantarum fermentations, with 
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different pH regulation methods: NaOH (A), 9 g/L CaCO3 (B), 18 g/L CaCO3 (C), 27 g/L CaCO3 

(D), 55 g/L CaCO3 (E), 75 g/L CaCO3 (F).
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Figure 5. Maximum lactic acid yield (YLmax/S), acetic acid yield (YC/S), maximum acetic acid yield 

(YCmax/S) and lactic acid yield (YL/S) in the fermentations with various pH regulation methods.
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1

pH regulation method

ESBPP hydrolysate MRS - gluc MRS - araParameters (Units)

9 g L-1 † 18 g L-1 † 27 g L-1 † 55 g L-1 † 75 g L-1 † NaOH NaOH 18 g L-1 † 18 g L-1 †

𝑘𝑑 (1 h-1M-1) 0.192 0.081 0.188 0.162 0.262 0.206 2.459 1.739 1.658

𝜇𝐺𝑜 (1 h-1) 2.973 3.412 3.113 3.062 3.612 1.543 2.911 3.344 -

𝜇𝐴𝑜 (1 h-1) 0.033 0.059 0.095 0.065 0.003 0.046 - - 5.618

𝜇𝐿𝑜 (1 h-1) 0.129 0.099 0.335 0.188 0.326 0.250 3.982 1.687 0.413

𝑌𝐿𝐺 (mol mol-1) 0.851 0.790 0.894 0.582 0.744 0.890 0.922 0.779 -

𝐾𝑀𝐺 (g L-1) 178.8 165.3 168.5 78.7 92.1 81.9 67.5 67.8 -

𝐾𝑀𝐴 (g L-1) 136.8 198.4 197.2 50.1 22.7 147.0 - - 124.2

𝐾𝑀𝐿 (g L-1) 105.6 76.8 73.8 33.4 38.5 34.5 79.3 84.3 12.4

𝑌𝐺𝑋 (µmol Gcell-1) 0.505 0.506 0.503 0.799 0.799 0.623 0.162 0.009 -

𝑌𝐴𝑋 (µmol Gcell-1) 1.375 1.374 1.309 0.430 4.301 2.587 - - 0.099

𝑌𝐿𝑋 (µmol Gcell-1) 0.030 0.028 0.027 0.011 0.014 0.022 0.464 0.083 0.219

R2 ( - ) 0.959 0.978 0.988 0.986 0.978 0.980 0.907 0.879 0.852

† Concentration of CaCO3

Table 1. Kinetic parameters estimated for the lactic acid fermentation in three different 

mediums by L. plantarum: a) ESBPP hydrolysate; b) synthetic medium of MRS with glucose 

as main carbon source (MRS-glu); and synthetic medium of MRS with arabinose as main 
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2

carbon source (MRS-ara). The pH was regulated by adding NaOH or a specific 

concentration of calcium carbonate.
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