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ABSTRACT 31 

In this study, we introduce a novel experimental approach and present a simplified mathematical 32 

model for a quick monitoring of a biotec process producing lactobionic acid (LBA). It relies on 33 

monitoring the electrical conductivity of the fermentation broth and it is designed to predict the 34 

concentration of LBA throughout the microbial cheese whey valorisation via LBA production. 35 

Following a systematic series of experiments conducted to refine the mathematical model, we 36 

performed conductivity monitoring during LBA production from "caciotta" and "squacquerone" 37 

wheys by Pseudomonas taetrolens in a 3-liter stirred tank bioreactor. Throughout the bioproduction 38 

process, the conductivity values exhibited an upward trend corresponding to the increase in LBA 39 

concentration. Our findings underscore the feasibility and advantages of employing inline 40 

conductivity monitoring during LBA production from various cheese wheys. The results emphasize 41 

that conductivity measurements can effectively estimate product concentration in a fermentation 42 

process, particularly when there is a shift in ionic concentration. Furthermore, these conductivity 43 

measurements offer valuable insights for monitoring and optimizing the working conditions in a 44 

fermentation process.45 
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1. Introduction 46 

Lactobionic acid (LBA, C12H22O12, 4-ο-β-galactopyranosyl-D-gluconic acid) is an aldonic 47 

acid containing galactose linked to gluconic acid by an etherlike glycosidic bond[1].  48 

Due to its antioxidant, ion-chelating, and humectant properties, LBA has a wide range of applications 49 

in the food[2-4], cosmetic, medicine, pharmaceutical and chemical industries (e.g. as a ligand molecule 50 

in drug delivery, bio-functionalization agent in biocompatible scaffolds for injured tissue and organs 51 

repair systems, as coating material for NPs)[2, 5-7]. 52 

LBA can be produced from pure lactose by using tailored enzymes or chemical oxidation[8]. 53 

The latter is an energy-intensive process, requires high-cost metal catalysts (like gold and platinum) 54 

and generates undesirable side-reaction products[9]; enzymes are often requiring expensive redox 55 

mediators and cofactors[9, 10].  56 

In the last years, the microbial production of LBA has been reported from different bacterial 57 

species (e.g. Acetobacter orientalis, Burkholderia cepacia, Komagataeibacter medellinensis, 58 

Enterobacter cloacae, Pseudomonas taetroleans, Pseudomonas mucidolens, Pseudomonas 59 

myxogenes, Pseudomonas fluorescens) to convert lactose into LBA in flasks and bioreactors. These 60 

microorganisms possess a dehydrogenase (lactose oxidase) system on the double plasmatic 61 

membrane that causes the oxidation of lactose by promoting the oxidation by reducing FAD into 62 

FADH2; immediately after that, the lactonase hydrolyzes the intermediate lactobiono-δ-lactone to 63 

LBA[11].  64 

To contribute implementing the main priorities of the circular bioeconomy and to further boost 65 

the environmental sustainability of LBA production, the opportunity to obtain LBA from by-products 66 

of cheese production was recently tested [11-13]. Indeed, the globally dairy industry produces ~4 –11 67 

million cubic meters of byproducts and waste annually, with an average chemical oxygen demand 68 

(COD) and biological oxygen demand (BOD) between 1 and 10 g L-1 and 0.3 and 5.9 g L-1, 69 

respectively[14]. Cheese whey is one of the main by-products of the cheese production (9-10 70 

kg/kgcheese); its composition changes with the type of cheese manufactured but in general, it contains 71 

proteins, minerals (especially calcium), vitamins and lactose between 44 and 52 g L-1[15, 16]. Cheese 72 

whey can be valorized via dedicated biotechnological solutions, including the bioconversion of one 73 

of its major components (lactose) into LBA[12, 17, 18]. 74 

Regarding LBA, currently, its production from microbial oxidation of lactose is monitored 75 

using High-Performance Liquid Chromatography (HPLC)[6, 12, 19], Thin-Layer Chromatography 76 

(TLC) and Fourier-Transform Infrared Spectroscopy (FTIR) enabling off-line LBA quantification[20]. 77 

These off-line techniques necessitate routine bioreactor sampling for sample analysis, which adds 78 

time to the production cycle and increases labor, material, and financial resource consumption[20]. 79 
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Contrary to HPLC, TLC and FTIR, conductivity-based measurement methods are easy to use 80 

and not expensive[20]. Different works have been published showing the possibility of using electrical 81 

conductivity for inline monitoring of fermentation processes. Interesting results have been obtained 82 

for the production of hydrogen and biogas [21] and for the alcoholic fermentation under enological 83 

conditions[22]. Other examples can be found in the lactic acid production[23] and in the lactic starter 84 

fermentations[24]. Li et al.[25] demonstrated the suitability of the same method in the glucose 85 

fermentation into ethanol, by displaying that conductivity decreased with decreasing sugar 86 

concentration and increasing ethanol concentration. This trend was correlated with the measurement 87 

of the concentration of K+, Mg2+, K+ and Ca2+ ions, which significantly increased in the final stages 88 

of fermentation. Exploiting the correlation of conductivity with ethanol, sugars and ions 89 

concentration, cell death and pH, they have developed a tailored mathematical model to monitor 90 

alcoholic fermentation online. The results indicated the suitability of the model for the full online 91 

monitoring of the alcoholic fermentation process. The conductivity is also used in dairy industries for 92 

the evaluation of the quality of milk[26-28]. 93 

Recently, an aerobic process based on Pseudomonas taetrolens able to efficiently convert 94 

ricotta cheese whey lactose into LBA, has been developed in a 3 L stirred tank aerobic bioreactor[12]. 95 

In this study, a laboratory procedure and a simplified mathematical model are proposed for inline 96 

prediction of LBA production from the conductivity values measured during the production using 97 

“caciotta” whey (CW) and “squacquerone” whey (SW). The results obtained indicate that the 98 

conductivity measurements can effectively estimate LBA production, thus offering the special 99 

opportunity to real-time monitor and thus to optimize LBA biosynthesis from CW and SW. The 100 

suggested approach can be used also for large bioreactors if the characteristic homogenization time 101 

is absolutely less than the characteristic reaction time.  102 

 103 

2. Materials and methods 104 

2.1 Instruments for the conductivity and pH measurements 105 

For the conductivity measurements a low conductivity (LC) and high-resolution probe was used. The 106 

LC conductivity meter is manufactured by Delta OHM. This LC allows to measure and to record 107 

conductivity in liquids, using combined conductivity and temperature probe. The probe is the one 108 

with code SP06T with a measuring range from 5 μS cm-1 to 20 mS cm-1. It is a cell with 4 platinum 109 

electrodes (cell constant K=1) that requires calibration. The instrument is also equipped with a 110 

datalogger that allowed to store up to 36000 conductivity and temperature measurements, then the 111 

data can be transferred to a computer connected to the instrument through a USB 2.0 port. The 112 

software used for data acquisition and processing is DeltaLog9. The data acquisition rate was set to 113 
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1 Hz with a baud rate of 9200. The pH was measured using pH meter Thermo Orion Model 720A, 114 

Research Inc., Beverly, MA, USA. 115 

 116 

2.2 Conductivity measurements in LBA-supplemented saline solution and abiotic wheys  117 

In the first part of the present work the conductivity was measured adding LBA both in a saline 118 

solution (NaCl 0.5 g L-1 in deionized water) and sterilised (121 °C for 20 minutes) caciotta and 119 

squaquerone wheys (CW and SW, respectively, provided by Caseificio Mambelli S.r.l. (Bertinoro, 120 

FC, Italy)). The tested solution temperature was adjusted and maintained constant at to 30 °C before 121 

starting the measurements. The experiment was performed in graduate beaker and under agitation 122 

(200 rpm). 123 

The experimental procedure followed with saline solutions and CW provides that LBA powder (97% 124 

purity, obtained from Sigma-Aldrich with a molar mass of 358 g mol-1) was added to the analysed 125 

solution stepwise arriving to a final LBA concentrations ranging between 2.0 g L-1 (0.005 mol L-1) 126 

and 36.8 g L-1 (0.1028 mol L-1). In the case of the SW, a single addition of LBA (0.116 mol L-1) was 127 

carried out. After each addition of the LBA the analysis of the conductivity allows to identify the time 128 

necessary for obtaining complete solubilization of LBA. The experiments were performed both 129 

adjusting the pH to 7, with addition of a 1 M NaOH solution, and without adjusting the pH.  130 

 131 

2.3 The stirred tank bioreactor 132 

In present work a BIOSTAT® B Sartorius 3 L fermenter filled with 1.5 L of CW or SW was used. 133 

The fermenter is equipped with a single impeller with 6 flat blades set at a clearance of T/3. The 134 

impeller speed was adjusted during the fermentation process starting from N=200 rpm up to a 135 

maximum of N=800 rpm[12]. During the experiment, the air flow was set to 0.3 L min-1 and the pH 136 

was maintained constant by continuously adding a 1 M NaOH solution, while the conductivity was 137 

concurrently measured. Bacterial growth was monitored by cell counts using the drop plate method[29] 138 

and growth curves were established by plotting the Log10 CFU mL-1 as a function of time. 139 

The LBA production and the residual lactose were monitored by HPLC (Agilent 1260 Infinity), as 140 

reported by Coroli et al.[6] and De Giorgi et al.[12]. Briefly, samples were centrifuged at 10000 rpm 141 

for 10 min to remove cell debris and filtered through a cellulose acetate membrane 0.22 μm–25 mm 142 

filter (GVS Filter Technology) before HPLC analysis. HPLC was equipped with an Agilent Hi-Plex 143 

Ligand Exchange Columns (H+) 300×7.8 mm set at 75 °C, coupled to a refractive index detector 144 

(RID) at 40 °C. The mobile phase consisted of a 0.1 mM H2SO4 solution at a flow rate of 0.5 mL min-145 
1. LBA was quantified according to HPLC-grade external analytical standard obtained from Sigma-146 

Aldrich (Milan, Italy). Samples were aseptically withdrawn at given incubation times for growth 147 
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monitoring and for quantification of produced LBA and residual lactose. The conversion yield [%] 148 

was calculated as mol LBA mol-1 of consumed lactose. 149 

Data acquisition and analysis were performed with ChemStation software (Agilent). A simplified 150 

sketch of the fermenter is reported in Figure 1.  151 

 152 

Figure 1 A simplified sketch of the experimental fermenter setup. 153 

 154 

The inoculum was prepared with the following procedure. Pseudomonas taetrolens DSM 21104, 155 

obtained from DSMZ culture collection, was grown in Tryptic Soy Broth (TSB; Sigma-Aldrich, 156 

Milan, Italy) at 30 °C, 150 rpm. The strain was maintained frozen (–80 °C) in TSB supplemented 157 

with 20% (v/v) glycerol. 158 

For preculture preparation, a loopful of strain grown on TSB agar plate was used to inoculate in flask 159 

containing TSB. The preculture was incubated on an orbital shaker (150 rpm, 30 °C) for 18 h and 160 

used (5% v/v) as seed for LBA production in the bioreactor. 161 

  162 

3. The model for evaluating the ion molar concentrations  163 

An experimental procedure is proposed to determine the equilibrium constants essential for 164 

calibrating a simplified mathematical model, which relies on the contribution of ions in the solution 165 

to the overall conductivity. This method, as previously implemented by Alberini et al. [30], involves a 166 

similar approach to detect and monitor pH and conductivity using 2D electrical resistance tomography 167 

(ERT) in a reacting system. This methodology can be applied to scaled-up bioreactors provided that 168 

the gas phase is evenly distributed in the reactor and the homogenization time is significantly shorter 169 

than the characteristic reaction time. 170 
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 171 

Therefore, it is recommended to evaluate the Froude and gas flow numbers before applying the 172 

method to ensure that the reactor operates either in loading or completely dispersed regime (Paglianti 173 

and Montante [31]). The homogenization time measured in gas-liquid stirred tanks [31] and in large 174 

single-phase reactors [32] is typically several dozen seconds, thus considered negligible in comparison 175 

to the characteristic time of the reaction analyzed in the present study. To calculate the overall 176 

conductivity, the molar conductivity, li, of each identified ion is multiplied by the corresponding 177 

molar concentration, Mi, obtaining:  178 

 179 

𝑙 ̅ = ∑ 𝑙௜
௡
௜ୀଵ 𝑀௜                    (1) 180 

 181 

where 𝑙 ̅is the overall conductivity of the solution (S cm-1), Mi is the molar concentration of the i-ion 182 

and n is the number of ions in the solution.  183 

Below in Table 1, the molar conductivity of the main ions considered in this work. 184 

 185 

Table 1: Molar conductivity of selected ions. 186 

Ion Molar conductivity (l) 

[S L mol-1 cm-1] 

H+ 0.34982 

Na+ 0.05011 

Ca2+ 0.119 

OH- 0.1986 

Cl- 0.07635 

H2PO4
- 0.036 

 187 

 188 

In order to establish the correlation between LBA production and electrical conductivity, it is essential 189 

to accurately track the time evolution of the molar concentrations of various ions within the 190 

bioreactor. Given the considerable number of ions present, a comprehensive assessment of the 191 

concentration of all species is impractical. Hence, a simplified approach is recommended, focusing 192 

on the analysis of a limited number of species. In details the simplified model is based on the 193 

following molar balances: a) the lactobionic acid, LBA b) the calcium ion, 𝐶𝑎ଶା c) the sodium ion, 194 

𝑁𝑎ା d) the dihydrogen phosphate ion, Hଶ𝑃𝑂ସ
ି, e) the proton ion, 𝐻ା and some equilibrium equations 195 

a) the equilibrium of sodium lactobionate, 𝑁𝑎𝐿, with 𝐿𝐵𝐴ି, and 𝑁𝑎ାb) the equilibrium of calcium 196 
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lactobionate, 𝐶𝑎𝐿ା, with 𝐿𝐵𝐴ି, and 𝐶𝑎ଶାc) the equilibrium of lactobionic acid, 𝐿𝐵𝐴, with 𝐿𝐵𝐴ି, 197 

and 𝐻ାd) the equilibrium of dihydrogen phosphate ion, 𝐻ଶ𝑃𝑂ସ
ି, with undissociated phosphoric acid 198 

𝐻ଷP𝑂ସ, and 𝐻ା.  199 

 200 

a) The molar balances 201 

The molar balance on the LBA reads as: 202 

 203 

[𝐿𝐵𝐴௧] = [𝐿𝐵𝐴௜௡ௗ] + [𝐿𝐵𝐴ି] + [𝐶𝑎𝐿ା] + [𝑁𝑎𝐿]         (2) 204 

 205 

where [𝐿𝐵𝐴௧] is the total amount of LBA that is present in the undissociated form, [𝐿𝐵𝐴௜௡ௗ], in the 206 

ionic form [𝐿𝐵𝐴ି], in the complex form with the calcium ion, [𝐶𝑎𝐿ା] or in the complex form with 207 

the sodium ion, [𝑁𝑎𝐿]. 208 

The molar balance on the calcium ion reads as: 209 

 210 

[𝐶𝑎௧
ଶା] = [𝐶𝑎ଶା] + [𝐶𝑎𝐿ା]          (3) 211 

 212 

where [𝐶𝑎௧
ଶା] is the total amount of calcium that is present as ion, [𝐶𝑎ଶା] or in the complex form 213 

with the lactobionate ion [𝐶𝑎𝐿ା]. In present simplified model, all the other equilibria involving 214 

calcium ion have been neglected. 215 

The molar balance on the sodium ion reads as: 216 

 217 

[𝑁𝑎ା] = [𝑁𝑎௜௡
ା] + [𝑁𝑎௔ௗௗ] − [𝑁𝑎𝐿]       (4) 218 

 219 

where [𝑁𝑎ା] is the actual sodium ion concentration that is obtained summing to the starting sodium 220 

concentration, [𝑁𝑎௜௡], the amount added with NaOH, [𝑁𝑎௔ௗௗ], and subtracting the sodium present 221 

in the complex form with lactobionate ion, [𝑁𝑎𝐿].  222 

The molar balance on the phosphate reads as: 223 

 224 

[Hଶ𝑃𝑂ସ
ି] = ൣHଶ𝑃𝑂ସ,௜௡

ି ൧ − [𝐻ଷ𝑃𝑂ସ]                   (5) 225 

where [𝐻ଶ𝑃𝑂ସ
ି] is the actual ion concentration, ൣ𝐻ଶ𝑃𝑂ସ,௜௡

ି ൧ is the starting concentration of the 226 

dihydrogen phosphate and [𝐻ଷ𝑃𝑂ସ] is the actual concentration of the undissociated phosphoric acid. 227 

The molar balance on the proton reads as: 228 

 229 
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[𝐻ା] = [𝐻௜௡
ା ] + [𝐿𝐵𝐴ି] + [𝑁𝑎𝐿] + [𝐶𝑎𝐿ା]  − [𝑁𝑎௔ௗௗ]  − ൣ𝐻ଷ𝑃𝑂ସ ൧   (6) 230 

 231 

where [𝐻௜௡
ା ] is the starting concentration of the proton, the sum [𝐿𝐵𝐴ି] + [𝑁𝑎𝐿] + [𝐶𝑎𝐿ା] represents 232 

the protons given by the LBA dissociation, [𝑁𝑎௔ௗௗ] are the protons lost because of the addition of 233 

NaOH, and [𝐻ଷ𝑃𝑂ସ] gives the protons consumed by the undissociated phosphate formation. 234 

The hydroxide ion concentration is obtained using the self-ionisation constant of water: 235 

[𝑂𝐻ି] =
ଵ଴షభర

[ுశ]
           (7) 236 

 237 

b) The chemical equilibria 238 

For the evaluation of the equilibria of lactobionate ion with 𝐶𝑎ଶା and 𝑁𝑎ା the approach suggested 239 

by Vavrusova et al.[33], that analysed the equilibrium of calcium lactobionate, has been followed. It is 240 

worthwhile noticing that, in the simplified model, the conductivity of the complexes, 𝐶𝑎𝐿ା and 𝑁𝑎𝐿, 241 

have been neglected because of their steric hindrance. 242 

The sodium lactobionate equilibrium reads as: 243 

 244 

𝐾௔௦௦,ே௔௅ =
[ே௔௅]

[௅஻஺ష][ே௔శ]
          (8) 245 

 246 

The calcium lactobionate equilibrium reads as: 247 

 248 

𝐾௔௦௦,஼௔௅ =
[஼௔௅శ]

[௅஻஺ష][஼௔మశ]
         (9) 249 

 250 

The LBA equilibrium reads as: 251 

 252 

𝐾ௗ௜௦௦ =
[ுశ] [௅஻஺ష]

[௅஻஺೔೙೏]
                                                         (10) 253 

 254 

Finally, the phosphoric acid equilibrium reads as: 255 

 256 

𝐾ௗ௜௦௦,ுయ௉ைర
=

[ுశ][ுమ௉ைర
ష]

[ுయ௉ைర]
         (11) 257 

 258 

For evaluating the molar concentration of the different species, it is necessary to estimate the 259 

equilibrium constants. The hydrogen phosphate constant, 𝐾ௗ௜௦௦,ுయ௉ைర
, is assumed equal to 6.9 10-3 260 
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mol L-1 [34], while the 𝐾௔௦௦,ே௔௅, 𝐾௔௦௦,஼௔௅ and 𝐾ௗ௜௦௦ have to be experimentally evaluated. In the 261 

following sections the description of the experimental approach suggested for the evaluation of the 262 

equilibrium constants will be described. 263 

 264 

c) How to use molar balances and equilibria for evaluating LBA production 265 

To experimentally evaluate 𝐾௔௦௦,ே௔௅ a known amount of LBA was added to an aqueous solution of 266 

NaCl maintaining the pH at the value of 7 by adding NaOH. Because of the addition of NaOH it is 267 

assumed that LBA if fully dissociated, therefore [𝐿𝐵𝐴௜௡ௗ] is nil and because of the absence of calcium 268 

and phosphate ions [𝐶𝑎𝐿ା], [𝑃𝑂ସ
ଷି] and [𝐻ଶ𝑃𝑂ସ

ି] are nil too. Following the indications contained in 269 

European Pharmacopoeia[35] it has been assumed that a mole of LBA could supply a single mole of 270 

H+. Therefore, the molar concentration of the added NaOH, was equal to the molar concentration of 271 

the added LBA, [𝑁𝑎௔ௗௗ] = [𝐿𝐵𝐴௧]. This assumption has been confirmed by the experimental 272 

observation knowing the final concentration of NaOH added to the system.  273 

The molar balances of lactobionic, [𝐿𝐵𝐴ି], Equation (2), and sodium, [𝑁𝑎ା], Equation (4), ions 274 

assume the simplified form.  275 

 276 

[𝐿𝐵𝐴ି] = [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿]         (12) 277 

 278 

[𝑁𝑎ା] = [𝑁𝑎௜௡
ା ] + [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿]        (13) 279 

 280 

where [𝑁𝑎௜௡
ା ] and [𝐿𝐵𝐴௧] are the molar concentrations of Na initially present in the solution and the 281 

molar concentration of LBA added step by step, respectively. To evaluate the ionic concentrations 282 

also the sodium lactobionate equilibrium, given by Equation (8), is necessary. The three equations 283 

enable the determination of the three unknown molar concentrations, [𝑁𝑎𝐿], [𝐿𝐵𝐴ି] and [𝑁𝑎ା]. It is 284 

worth noting that [H+], [OH-] are known because the pH is maintained equal to 7 and [Cl-] does not 285 

change during the experiments. 286 

The approach proposed, in the present work, has been simplified, neglecting the effect of the activity 287 

coefficients, given that the evaluation of the ionic strength in the real medium is not straightforward. 288 

Nevertheless, in the analysis of the dissolution experiments the effects of the ionic strength have been 289 

evaluated by means of the Davies equation[36], as suggested by Vavrusova et al. [33] 290 

By fitting the experimental data, it is possible to determine the value of  𝐾௔௦௦,ே௔௅ .  291 

To experimentally evaluate 𝐾ௗ௜௦௦, a known amount of LBA was added to an aqueous solution of NaCl 292 

without adjusting the pH. Certainly, in the absence of calcium ions, [𝐶𝑎𝐿ା] is nil. Moreover, since no 293 
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addition of NaOH is made, [𝑁𝑎௔ௗௗ] is also nil. Additionally, due to the absence of phosphate ions, 294 

[𝐻ଶ𝑃𝑂ସ
ି] and [𝐻ଷ𝑃𝑂ସ] are nil as well. 295 

The molar balances of Equations (2), (4), and (5) take the following simplified forms: 296 

[𝐿𝐵𝐴௜௡ௗ] = [𝐿𝐵𝐴௧] − [𝐿𝐵𝐴ି] − [𝑁𝑎𝐿]          (14) 297 

 298 

[𝑁𝑎ା] = [𝑁𝑎௜௡
ା ] − [𝑁𝑎𝐿]         (15) 299 

 300 

[𝐻ା] = [𝐻௜௡
ା ] + [𝐿𝐵𝐴ି] + [𝑁𝑎𝐿]                 (16) 301 

 302 

To solve the problem, we need to include the equilibrium of [𝑁𝑎𝐿], Equation (8), and the equilibrium 303 

of [𝐿𝐵𝐴], Equation (10). Consequently, a system composed of five equations must be solved to 304 

evaluate the undissociated [𝐿𝐵𝐴௜௡ௗ], the dissociated [𝐿𝐵𝐴ି], the complex [𝑁𝑎𝐿], the [𝑁𝑎ା] and the 305 

[𝐻ା]. 306 

The value of 𝐾ௗ௜௦௦ is determined by fitting the experimental data. 307 

For experimentally evaluating the 𝐾௔௦௦,஼௔௅ the LBA powder was added in CW maintaining the pH at 308 

the value of 7, by adding NaOH. Respect to the saline solution, in the real media a greater molar 309 

concentration of Ca2+ has to be expected. The impact of the molar concentration of Ca2+ on the 310 

medium conductivity cannot be overlooked due to its high molar concentration, significant molar 311 

conductivity [37] and its tendency to associate with the LBA- ion [33]. When NaOH is added, both the 312 

equilibria with Na+ and with Ca2+ should be considered. Due to the presence of NaOH, it has been 313 

assumed that LBA fully dissociates in this case as well. However, it is important to note that the 314 

comprehensive description of the multiple possible equilibria in the real medium is beyond the scope 315 

of the present study. The problem has been simplified considering that only Ca2+ is present as cation 316 

in the initial solution and only H2PO4
- is present as an anion, therefore [𝑁𝑎௜௡] is nil. The ratio between 317 

[𝐻ଶ𝑃𝑂ସ
ି] and [𝐶𝑎ଶା], in the original whey, has been assumed equal to 0.87 as suggested by Cataldi 318 

et al.[38]. Due to the presence of NaOH, also in this case, the fully dissociation of LBA has been 319 

assumed, therefore [𝐿𝐵𝐴௜௡ௗ] nil and [𝑁𝑎௔ௗௗ] is assumed equal to [𝐿𝐵𝐴௧] while the [𝐻ଶ𝑃𝑂ସ
ି] it is 320 

assumed that it does not change during the experiment.  321 

The molar balances on [𝐿𝐵𝐴], [𝐶𝑎ଶା], [𝑁𝑎ା] assume the following simplified form: 322 

 323 

[𝐿𝐵𝐴ି] = [𝐿𝐵𝐴௧] − [𝐶𝑎𝐿ା] − [𝑁𝑎𝐿]           (17) 324 

 325 

[𝐶𝑎ଶା] = [𝐶𝑎௧
ଶା] − [𝐶𝑎𝐿ା]         (18) 326 

 327 
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[𝑁𝑎ା] = [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿]         (19) 328 

 329 

The equilibrium of [𝑁𝑎𝐿] is given by Equation (8), and the equilibrium of [𝐶𝑎𝐿ା] is given by 330 

Equation (9). Finally, a system composed by five equations has to be solved to evaluate the 331 

dissociated [𝐿𝐵𝐴ି], the complexes [𝑁𝑎𝐿] and [𝐶𝑎𝐿ା], the [𝑁𝑎ା] and the [𝐶𝑎ଶା]. 332 

The initial concentration value for the reference cation, [𝐶𝑎௧
ଶା]  has to be identified adjusting the 333 

molar concentration for obtaining the correct value of the initial medium conductivity. The value of 334 

𝐾௔௦௦,஼௔௅ it is finally estimated by fitting the measured and the computed values of conductivity. The 335 

experiments performed adding LBA to a saline solution or to whey allow to estimate the values of 336 

the equilibria constants 𝐾௔௦௦,ே௔௅, 𝐾ௗ௜௦௦, 𝐾௔௦௦,஼௔௅. If the three equilibria constants are known the 337 

equilibrium equations and the molar balances, used in conjunction with the electrical conductivity 338 

values, allow to estimate the molar concentration of the different species. 339 

Table 2 presents the various types of experiments conducted in the present study, outlining for each 340 

experiment the utilized molar balances and equilibrium equations. Additionally, the table includes 341 

the known molar concentrations as well as the computed molar concentrations derived from the molar 342 

balances and equilibrium equations.  343 

Table 2: Equations to be solved in the different experiments. 344 

 345 

Experiment Known 
variables 

Unknown 
Variables  

Equation to be solved Relevant 
results 

LBA 
addition to a 
saline 
solution with 
pH 
adjustment 

[𝑁𝑎௜௡
ା ] 

[𝐿𝐵𝐴௧] 

[𝑁𝑎𝐿] 

[𝐿𝐵𝐴ି] 

[𝑁𝑎ା]. 

Molar Balances: 

[𝐿𝐵𝐴ି] = [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿] 

[𝑁𝑎ା] = [𝑁𝑎௜௡
ା ] + [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿]  

Equilibria: 

𝐾௔௦௦,ே௔௅ =
[ே௔௅]

[௅஻஺ష][ே௔శ]
  

Fitting 
computed 
conductivity 
with the 
experimental 
data to 
evaluate 
𝐾௔௦௦,ே௔௅ 

LBA 
addition to a 
saline 
solution 
without pH 
adjustment 

[𝐿𝐵𝐴௧] 

[𝐻௜௡
ା ] 

[𝑁𝑎௜௡
ା ] 

 

[𝐿𝐵𝐴௜௡ௗ] 

[𝐿𝐵𝐴ି], 

[𝑁𝑎𝐿], 

[𝑁𝑎ା] 

[𝐻ା]. 

Molar Balances: 

[𝐿𝐵𝐴௜௡ௗ] = [𝐿𝐵𝐴௧] − [𝐿𝐵𝐴ି] − [𝑁𝑎𝐿]    

[𝑁𝑎ା] = [𝑁𝑎௜௡
ା ] − [𝑁𝑎𝐿] 

[𝐻ା] = [𝐻௜௡
ା ] + [𝐿𝐵𝐴ି] + [𝑁𝑎𝐿] 

Equilibria: 

𝐾௔௦௦,ே௔௅ =
[ே௔௅]

[௅஻஺ష][ே௔శ]
   

Fitting 
computed 
conductivity 
with the 
experimental 
data to 
evaluate 
𝐾ௗ௜௦௦ 
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𝐾ௗ௜௦௦ =
[𝐻ା] [𝐿𝐵𝐴ି]

[𝐿𝐵𝐴௜௡ௗ]
 

LBA 
addition to 
caciotta 
whey 
adjusting pH 

[𝐶𝑎௧
ଶା] 

[𝐿𝐵𝐴௧] 

[𝑁𝑎𝐿] 

[𝐶𝑎𝐿ା], 

[𝐿𝐵𝐴ି] 

[𝑁𝑎ା] 

[𝐶𝑎ଶା] 

Molar Balances 

[𝐿𝐵𝐴ି] = [𝐿𝐵𝐴௧] − [𝐶𝑎𝐿ା] − [𝑁𝑎𝐿]    

[𝐶𝑎ଶା] = [𝐶𝑎௧
ଶା] − [𝐶𝑎𝐿ା]  

[𝑁𝑎ା] = [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿] 

Equilibria: 

𝐾௔௦௦,஼௔௅ =
[𝐶𝑎𝐿ା]

[𝐿𝐵𝐴ି][𝐶𝑎ଶା]
 

𝐾௔௦௦,ே௔௅ =
[ே௔௅]

[௅஻஺ష][ே௔శ]
  

By means of 
the initial 
conductivity 
value 
estimate 
[𝐶𝑎௧

ଶା] 

Fitting 
computed 
conductivity 
with the 
experimental 
data to 
evaluate 

𝐾௔௦௦,஼௔௅ 

LBA 
addition to 
caciotta 
whey 
without 
adjusting pH 

[𝐶𝑎௧
ଶା] 

ൣHଶ𝑃𝑂ସ,௜௡
ି ൧

[𝐻௜௡
ା ] 

[𝐿𝐵𝐴௜௡ௗ] 

[𝐿𝐵𝐴ି] 

[𝐶𝑎𝐿ା] 

[𝐶𝑎ଶା] 

[Hଶ𝑃𝑂ସ
ି] 

[HଷPOସ
  ] 

[𝐻ା] 

Molar Balances 

[𝐿𝐵𝐴௧] = [𝐿𝐵𝐴௜௡ௗ] + [𝐿𝐵𝐴ି] + [𝐶𝑎𝐿ା] 

[𝐶𝑎௧
ଶା] = [𝐶𝑎ଶା] + [𝐶𝑎𝐿ା] 

[Hଶ𝑃𝑂ସ
ି] = ൣHଶ𝑃𝑂ସ,௜௡

ି ൧ − [𝐻ଷ𝑃𝑂ସ] 

[𝐻ା] = [𝐻௜௡
ା ] + [𝐿𝐵𝐴ି] + [𝐶𝑎𝐿ା]   

− [𝐻𝑃𝑂ସ
ଶି] 

Equilibria: 

𝐾ௗ௜௦௦,ுయ௉ைర
=

[ுశ][ுమ௉ைర
ష]

[ுయ௉ைర]
  

𝐾௔௦௦,஼௔௅ =
[𝐶𝑎𝐿ା]

[𝐿𝐵𝐴ି][𝐶𝑎ଶା]
 

𝐾ௗ௜௦௦ =
[𝐻ା] [𝐿𝐵𝐴ି]

[𝐿𝐵𝐴௜௡ௗ]
 

By means of 
the initial 
conductivity 
value 
estimate 
[𝐶𝑎௧

ଶା] and 
ൣHଶ𝑃𝑂ସ,௜௡

ି ൧ 

 

Test to 
compare 
computed 
and 
measured 
conductivity 
values 

Fermentation 
of wheys 
adjusting pH 

[𝐶𝑎௧
ଶା] [𝐿𝐵𝐴ି] 

[𝐿𝐵𝐴௧] 

[𝐶𝑎𝐿ା] 

[𝑁𝑎𝐿]    

[𝐶𝑎ଶା] 

[𝑁𝑎ା] 

Molar Balances 

[𝐿𝐵𝐴ି] = [𝐿𝐵𝐴௧] − [𝐶𝑎𝐿ା] − [𝑁𝑎𝐿]    

[𝐶𝑎ଶା] = [𝐶𝑎௧
ଶା] − [𝐶𝑎𝐿ା]  

[𝑁𝑎ା] = [𝐿𝐵𝐴௧] − [𝑁𝑎𝐿] 

Equilibria: 

𝐾௔௦௦,஼௔௅ =
[𝐶𝑎𝐿ା]

[𝐿𝐵𝐴ି][𝐶𝑎ଶା]
 

By means of 
the initial 
conductivity 
value 
estimate 
[𝐶𝑎௧

ଶା] 

 

Test to 
compare 
computed 
and 
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𝐾௔௦௦,ே௔௅ =
[ே௔௅]

[௅஻஺ష][ே௔శ]
  

Constraints: 

𝑙 ̅ = ෍ 𝑙௜

௡

௜ୀଵ

𝑀௜  

measured 
LBA molar 
concentratio
n 

 346 

 347 

3. Results and Discussion 348 

 349 

In this section, we present a comparison between the predicted and measured values of conductivity 350 

across various systems, including solutions of LBA in NaCl water solutions and in cheese whey. 351 

These tests were conducted with and without pH control, achieved by adding a solution of NaOH. 352 

Additionally, experiments performed in the fermenter are discussed. The experimental focus lies on 353 

measuring solution conductivity to assess LBA in the fermentation process. To begin, we conducted 354 

a preliminary step to estimate the accuracy of the conductivity probe by preparing a solution of 355 

sodium chloride in water. A solution of 0.00856 mol L-1 was prepared and the experimental value of 356 

1032 µS cm-1 was measured. Applying Equation (1) with the molar conductivities shown in Table 1 357 

a computed value of 1082 µS cm-1 was estimated. This test suggests that the uncertainties of our 358 

conductivity probe is quantified as 4.84%. 359 

The first goal was the identification of the values of the equilibrium constants 𝐾௔௦௦,ே௔௅, 𝐾௔௦௦,஼௔௅ and 360 

𝐾ௗ௜௦௦. As pointed out above the value of 𝐾௔௦௦,ே௔௅ was obtained performing experiments adding LBA 361 

to a saline solution and adjusting the pH to the value of 7, by means of a solution of NaOH. During 362 

the test pH and electrical conductivity were measured. Under these working conditions the proposed 363 

model is simplified and it is reduced to the Equation (8), Equation (12) and Equation (13). 364 

In Figure 2a the comparison between the experimental and the computed, using Equation (1), trends 365 

of the medium conductivity are shown. The computed trends have been estimated both neglecting 366 

and introducing the effect of the ionic strength, I. The analysis of the computed trends shows that, in 367 

present working conditions, the effect of the ionic strength is negligible. Therefore, in the following 368 

the activity coefficients have not been evaluated. For processes characterized by higher value of the 369 

ionic strength the evaluation of the activity coefficients could be necessary. In that case, on the basis 370 

ionic strength the proper semi-empirical approach should be selected for the activity coefficient 371 

evaluation. In Equation (8) the value of 𝐾௔௦௦,ே௔௅  equal to 6 L mol-1 has been used for fitting the 372 

experimental data. In the following the above value of 𝐾௔௦௦,ே௔௅  will not be changed for all the 373 

working conditions tested. 374 
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 375 

(a) 

 

(b) 

 

 376 

 377 

Figure 2: (a) Trends of conductivity values observed in the saline solution after gradual additions of 378 
LBA and pH adjustment, measured and computed. (b) Trends of conductivity values observed in the 379 
saline solution after gradual additions of LBA without adjusting the pH, measured and computed. 380 

 381 

 382 

The second equilibrium constant to be evaluated is the 𝐾ௗ௜௦௦. In this case, the experiments were 383 

performed adding LBA powder and measuring the conductivity reached a steady state, without 384 

adjusting the pH. As observed during the fermentation of glucose to produce alcohol and other acidic 385 

substances that increase the amount of H+, there is a negative relationship between pH value and 386 
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electronic conductivity [25] because of the different values of the molar conductivity of H+ and OH-. 387 

As pointed out in the previous section, in this case to evaluate the electrical conductivity of the 388 

medium, it is necessary to solve a system formed by five equations, Equations (8), (10), (14), (15) 389 

and (16).  390 

In Figure 2b the comparison between the experimental and the computed trends of the medium 391 

conductivity are shown. In the Equation (10) the value of 𝐾ௗ௜௦௦ equal to 6 10-5 mol L-1 has been used 392 

for fitting the experimental data. The value of Kass,NaL has been maintained equal to 6 L mol-1.  393 

Figure 2b shows that the experimental time trace of the medium conductivity is accurately predicted 394 

with a simplified model. From the experimental point of view, it is interesting to point out that the 395 

conductivity increment observed in Figure 2a is greater than that measured without the pH 396 

adjustment. The difference is due to the contribution of [Na+] given by the NaOH addition and the 397 

complete dissociation of LBA that absolutely compensate the lower [H+] due to the base addition. 398 

Finally, the procedure for the evaluation of 𝐾௔௦௦,஼௔௅ is proposed. To evaluate this constant the 399 

proposed experimental procedure suggests to monitor electrical conductivity adding LBA in the 400 

cheese whey. In this case to evaluate the electrical conductivity a system formed by five equations, 401 

(8), (9), (17), (18) and (19) has to be solved. The initial concentration value for the reference cation, 402 

[𝐶𝑎௧
ଶା], has to be identified for correctly predicting the initial value of the medium conductivity; in 403 

the current test, a concentration of 0.114 mol L-1 has been identified. Finally, [𝐻ଶ𝑃𝑂ସ
ି] has been 404 

computed as 0.87x0.114=0.099 mol L-1 following the suggestion by Cataldi et al.[38]. In the following 405 

𝐾௔௦௦,஼௔௅ has been assumed identical to the measured value of 𝐾௔௦௦,ே௔௅, equal to 6× 10-5 L mol-1, for 406 

limiting the number of adjustable constants, even if, for improving the accuracy of the model, a 407 

different value of 𝐾௔௦௦,஼௔௅ could be introduced. 408 

Figure 3a depicts the comparison between the measured and computed values of electrical 409 

conductivity in the cheese whey (CW) after incremental additions of LBA, with pH control 410 

maintained at a constant value of 7. The accuracy of the prediction is deemed acceptable. Upon 411 

comparison with the experimental trend observed in Figure 2a, where pH was adjusted in a saline 412 

solution, we observe a lower increase in electrical conductivity in this case.  413 

 414 

 415 

 416 

 417 

 418 

 419 
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(a) 

 

(b) 

 

 420 

 421 

Figure 3 (a) Trends of conductivity values observed in the CW after gradual additions of LBA 422 

controlling the pH, measured and computed. (b) Trends of conductivity values observed in the CW 423 

after gradual additions of LBA, without adjusting the pH, measured and computed. 424 

 425 

 426 

 427 

To validate the applicability of the three equilibrium constants in predicting electrical conductivity 428 

under changing conditions, a real media test was conducted without pH adjustment subsequent to the 429 

addition of LBA. Following a procedure similar to previous experiments, LBA powder was gradually 430 
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introduced into the medium, while both pH and conductivity were monitored throughout the process. 431 

Respect to the previous cases now the equilibrium described by Equation (8) is not introduced because 432 

NaOH was not added to the medium, therefore we can assume that [𝑁𝑎ା] is nil. In this case to 433 

evaluate the electrical conductivity of the medium a system formed by seven equations has to be 434 

solved. In details the following molar balances have been used: on LBA, Eq. 2 where [𝑁𝑎𝐿] is nil 435 

because sodium was not added to the medium, on the [𝐶𝑎ଶା], given by Equation (3), on the proton, 436 

given by Equation (6) where [𝑁𝑎𝐿] and [𝑁𝑎௔ௗௗ] are nil because no sodium was added and on the 437 

phosphate, given by Equation (5). The equilibria to be considered were the phosphoric acid, Equation 438 

(11), the [𝐶𝑎𝐿ା] equilibrium, Equation (9) and finally the lactobionic acid equilibrium, Equation (10). 439 

The values of [𝐶𝑎௧
ଶା] and [𝐻ଶ𝑃𝑂ସ

ି] have been assumed equal to those used for the test done 440 

controlling the pH, 0.114 mol L-1 and 0.099 mol L-1 respectively. Figure 3b shows the comparison 441 

between the measured and the computed values. It is worthwhile noticing that in present case no 442 

fitting of the data has been performed, because all the necessary equilibrium constants are now 443 

known. Also in this case, the accuracy of the prediction is acceptable. Comparing the experimental 444 

trend in saline solution, shown in Figure 2b, and in CW, shown in Figure 3b, we can observe that in 445 

the former case the conductivity increased, while in the latter case decreased. This sensible difference, 446 

in present work, has been correctly predicted introducing the equilibrium described with Equation 447 

(11). The discontinuity in the conductivity time trace observable at 4000 s from the beginning can be 448 

attributed to the reduction of [𝐶𝑎ଶା] and [𝐻ଶ𝑃𝑂ସ
ି]. 449 

To verify the accuracy of the proposed model, some other tests have been performed adding LBA to 450 

saline solutions, CW or SW whey. The increment of LBA concentration was done with a single 451 

addition or with stepwise additions as previously described. The final concentration of LBA in all 452 

cases was equal to 0.116 mol L-1. The tests were performed both controlling and not-controlling the 453 

pH. The tests performed using CW/SW gave always higher conductivity values compared to saline 454 

solutions. Figure 4 shows that the reproducibility of the results remains acceptable in all the cases. 455 

 456 
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 457 

 458 

Figure 4 Reproducibility tests: comparison between computed and measured conductivity. 459 

 460 

Finally, some tests in fermentation processes have been performed. It is worthwhile noticing that the 461 

experimental data so far shown have been obtained in no fermenting systems. The experimental data 462 

that will be shown in the following have been obtained in fermenting systems. Therefore, the 463 

characteristic time in reacting systems are absolutely longer than that of non-fermenting systems. 464 

Figure 5 shows the time traces of the experimental data usually measured during the CW fermentation 465 

process: the bacterial growth, the LBA production and the lactose concentration. For instance, in the 466 

CW test, starting from 7.6±0.056 Log10 CFU mL-1, the highest cell counts 8.26±0.084 Log10 CFU 467 

mL-1 was achieved after 30 h; then the cell concentration decreased until 51 h (7.75±0.046 Log10 CFU 468 

mL-1). The LBA titre registered a maximum value of 26.53 g L-1 (0.074 mol L-1, 85.8% of conversion 469 

yield, 0.044 mol L-1 of residual lactose). The characteristic time for the fermentation process fairly 470 

agrees with that identified by De Giorgi et al.[12], Sarenkova et al.[19], Narala et al. [39], Kim et al.[40] 471 

and Goderska[41].  472 

 473 
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 474 

Figure 5 Growth kinetic of P. taetroleans, produced LBA and residual lactose using CW in 475 

bioreactor.  476 

 477 

Finally, the suggested model for evaluating the LBA production from the measured values of the 478 

electrical conductivity in a real fermentation process is tested.  479 

The initial reference value for [𝐶𝑎௧
ଶା] was identified for correctly predict the starting conductivity 480 

value, for all the other parameters the values obtained in dissolution tests were used. The fermentation 481 

has been performed maintaining the pH at 7. For evaluating the molar concentration of each species, 482 

the system formed by the Equations (8), (9), (17), (18) and (19) has to be solved. Obviously [𝐿𝐵𝐴௧] 483 

in this case indicates the amount of LBA formed by the fermentation process. 484 

In Figure 6, the experimental trends of the measured conductivity together with the experimental and 485 

the computed value of [𝐿𝐵𝐴௧] are shown. The experimental conductivity data have been filtered for 486 

removing the effect of the presence of the bubble size, plotting the maxima conductivity measured 487 

every 600 seconds.  488 

 489 
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 490 

Figure 6 Trends of measured conductivity, measured [𝐿𝐵𝐴] and computed [𝐿𝐵𝐴], in bioreactor with 491 

CW, adjusting the pH. 492 

 493 

During the fermentation of CW, if the pH control is active, the measured conductivity increases as 494 

expected. The accuracy of the model is acceptable; only in a single point the relative error between 495 

experimental and computed value is relevant. Moreover, at the end of the fermentation peaks at lower 496 

conductivity are present which are due to the high impeller speed which enhances the air entrapment 497 

in the system. 498 

Finally, to further test the model a similar batch fermentation to the CW was performed for a different 499 

whey, SW. The evaluation of the concentration of each species has been done as in the case of CW 500 

fermentation. Figure 7 shows the comparison between experimental and computed values of [𝐿𝐵𝐴௧] 501 

obtained for the fermentation of SW with the pH control. In this case the maximum fermentation 502 

yield of LBA, quantified by HPLC was 40.108 g L-1 (0.112 mol L-1). 503 

Despite the whey was different the model predicts correctly the amount of LBA produced at different 504 

stages of the fermentation based only on the conductivity of the media. 505 

The positive correlation between an increase in LBA concentration and conductivity was confirmed 506 

for both cheese wheys. Present experimental observations agree with those by Bazinet[42], who 507 

observed that the initial conductivity value is influenced by the composition of the cheese whey. In 508 

the supplementary materials, we have provided an application of the approach proposed in the present 509 

work to alcoholic fermentation under enological conditions. This application demonstrates the ability 510 

of our approach to accurately predict the decrease in experimental conductivity observed when the 511 

pH of the medium decreases due to carbon dioxide production. 512 
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 513 

Figure 7 Comparison between calculated and measured [𝐿𝐵𝐴] during production in bioreactor using 514 

SW, adjusting the pH. 515 

 516 

4. Conclusions 517 

 518 

The objective of this study was to set up and validate a mathematical model for the real-time 519 

monitoring of LBA production from cheese wheys by P. taetrolens.  520 

Several experiments were conducted to explore different scenarios and develop a predictive model. 521 

Subsequently, the model was tested in a 3 L batch bioprocess in a reactor fed with different wheys. 522 

The results confirmed that a simplified monitoring approach based on conductivity measurements 523 

can effectively monitor LBA bioproduction in the presence of various feedstocks. This methodology 524 

demonstrates significant potential for enabling effective inline monitoring of batch bioprocesses, 525 

thereby eliminating the need for demanding conventional offline sampling. 526 

 527 

For media characterized by high ionic strength, evaluating the activity coefficient may be necessary. 528 

In such cases, depending on the ionic strength, an appropriate model for evaluating the activity 529 

coefficient should be selected. Theoretically, when the characteristic times for mixing and mass 530 

transfer are shorter than the characteristic reaction time, a single probe may suffice. However, for 531 

large reactors, multiple probes may be preferred to mitigate potential negative effects resulting from 532 

additive maldistributions. 533 

 534 
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Nomenclature 537 

I = ionic strength [mol L-1] 538 

M = molar concentration [mol L-1] 539 

Ka= dissociation constant for the LBA [mol L-1] 540 

Kass= equilibrium constant for LBA complexes [L mol-1] 541 

[X]= molar concentration of the X ion [mol L-1] 542 

𝑙 ̅= solution conductivity [S cm-1] 543 

𝑙௜= molar conductivity of the i-ion [S L mol-1 cm-1] 544 

 545 
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 609 

Supplementary material 610 

In the current study, we explore the feasibility of utilizing electrical conductivity measurements to 611 

monitor the fermentation process for lactobionic acid production. Building upon this methodology, 612 

we extend our investigation to include the monitoring of alcoholic fermentation under enological 613 

conditions in this section. The experimental data have been taken from the manuscript by Colombié 614 

et al. [22].  615 

In the aforementioned paper, fermentation was conducted using a synthetic medium comprising 200 616 

g/l of glucose, along with 6 g/l each of malic acid and citric acid. and a nitrogen source with 18.6% 617 

of NH4CI was analysed. Since the study only reports the reduction in conductivity rather than the 618 

absolute values, it's not possible to account for the influence of mineral salts. Basing on the medium 619 

composition, neglecting the presence of the mineral salts, the identified equilibria are: 620 

 Ammonium  621 

𝐾ேுర
శ =

[ேுరைு][ுశ]

ൣேுర
శ൧

       622 

[𝑁𝐻ସ
ା] = ൣ𝑁𝐻ସ

ା
௜௡

൧ − [𝑁𝐻ସ𝑂𝐻]  623 

Where 𝐾ேுర
శ=5.75 10-10 mol L-1 624 

 625 

Citric Acid 626 

𝐾஺௖ு =
[஺஼ష][ுశ]

[஺௖ு]
   627 

[𝐴𝑐𝐻] = [𝐴𝑐𝐻௜௡] − [𝐴𝐶ି]  628 

Where 𝐾஺஼ு=7.44 10-4 mol L-1 629 

 630 

Malic Acid 631 

𝐾஺௠ு =
[஺ெష][ுశ]

[஺௠ு]
   632 

[𝐴𝑚𝐻] = [𝐴𝑚𝐻௜௡] − [𝐴𝑀ି]  633 

Where 𝐾஺௠ு=3.48 10-4 mol L-1 634 

 635 
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Known 
variable 

Unknown 
Variables  

Equation to be solved Relevant 
results 

[𝐻ା] [𝑁𝐻ସ𝑂𝐻][

[𝑁𝐻ସ
ା] 

[𝐴𝐶ି] 

[𝐴𝑐𝐻] 

[𝐴𝑀ି] 

[𝐴𝑚𝐻] 

Molar Balances: 

[𝑁𝐻ସ
ା] = ൣ𝑁𝐻ସ

ା
௜௡

൧ − [𝑁𝐻ସ𝑂𝐻]  

[𝐴𝑐𝐻] = [𝐴𝑐𝐻௜௡] − [𝐴𝐶ି] 

[𝐴𝑚𝐻] = [𝐴𝑚𝐻௜௡] − [𝐴𝑀ି] 

Equilibria: 

𝐾ேுర
శ =

[𝑁𝐻ସ𝑂𝐻][𝐻ା]

[𝑁𝐻ସ
ା]

 

𝐾஺௖ு =
[𝐴𝐶ି][𝐻ା]

[𝐴𝑐𝐻]
 

𝐾஺௠ு =
[𝐴𝑀ି][𝐻ା]

[𝐴𝑚𝐻]
 

Evaluation 
of the 
conductivity 
changes 

ST1 The equations used for evaluating the ion concentrations 636 

Fixing the [𝐻ା] it is possible to evaluate the concentrations of the different ions and using the molar 637 

conductivity shown in the Table ST2 evaluate the conductivity of the medium. 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

ST2 Molar conductivity 648 

In Figure S1, the computed variation of the medium conductivity, Δll-lin evaluated respect to the 649 

conductivity measured at the beginning of the fermentation  𝑙ప௡
തതത, is shown as a function of the pH. It 650 

is necessary to point out that, because of the carbon dioxide production, the pH of the medium tends 651 

to decrease, as experimentally observed by Colombié et al. [22] (compare the trend shown in Fig1S 652 

with the experimental trend shown in Figure 1a[22]). 653 

 654 

Ion 

Molar 
conductivity 
(l) [S L mol-

1 cm-1] 

H+ 0.34982 

OH- 0.1986 

NH4+ 0.0735 

AC- 0.0702 

AM- 0.0588 
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 655 

Fig S1 The conductivity trend as a function of the pH 656 

 Colombié et al.[22] analysed the behaviour of different media containing different concentrations of 657 

malic and citric acids. In Table ST3 the experimental values of the pH measured and the 658 

lexperimentally measured and computed according the proposed approach or the empirical 659 

equation suggested by Colombié et al. [22]. 660 

 661 

 662 

 663 

 664 

 665 

 666 

ST3 Comparison between lexperimentally measured and computed. 667 

The results shown in the Table ST3 suggest that present model, without introducing any adjustable 668 

parameter, allows to qualitatively predict the evolution of the electrical conductivity in different 669 

media during the fermentation. From the quantitative point of view, present approach gives practically 670 

the same average error evaluated with Colombié empirical equation, without introducing any 671 

adjustable parameter.    672 

Malic and citric 
concentration 

[g/l] 
pH 
exp. 

l exp. 
[mS/cm] 

l 
comp. 

Present 
work 

[mS/cm] 

l comp. 
Colombie 

work 
[mS/cm] 

"6-6" 0.25 -0.36 -0.52 -0.41 
"3-3" 0.5 -0.23 -0.23 -0.12 
"9-9" 0.14 -0.36 -0.49 -0.42 


