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Abstract 23 

Itaconic acid (IA) holds enormous potential in the polymer industry as a green substitute for 24 

several valuable chemicals derived from fossil fuels. However, its full potential is limited by 25 

high production costs, resulting from the use of expensive feedstocks and downstream 26 

processing approaches. In this context, this study strategizes an inexpensive approach for the 27 

efficient production and recovery of IA using damaged/defective waste potatoes, a major food 28 

waste across the globe. Initially, the optimized acidic saccharification process (1.5% HCl, 20% 29 

w/v solid loading) yielded 170 g glucose/kg potato. The fermentation of activated charcoal-30 

treated potato hydrolysate by Aspergillus terreus DSMZ 23081 resulted in 32 g/L IA with a 31 

yield and productivity of 0.21 gIA/gGlu (36.2 gIA/kgWPB) and 0.17 g/L/h, respectively. The 32 

downstream processing was performed by implementing a salting-out extraction approach. 33 

Among various solvent-salt combinations, maximum IA extraction efficiency was observed 34 

when 25% (w/v) Na2SO4 was used as a salting-out agent with sec-butanol as the extractant. 35 

Optimizing the physicochemical parameters (pH, solvent volume, shaking time, etc.) led to 36 

92% recovery from pure IA solution. Finally, when the process was applied to potato-based 37 

fermentation broth, 80.5% IA was recovered with 85% purity. By integrating valorisation of a 38 

low-cost agro-industrial waste with an optimized salting-out extraction strategy that overcomes 39 

key limitations of conventional IA purification, the developed bioprocess demonstrates a 40 

simple and economically feasible end-to-end strategy for sustainable IA production.  41 
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Nomenclature 49 

Abbreviation Description 

IA Itaconic acid 

WPB Waste potato biomass 

WPAH Waste potato acid hydrolysate 

SHF Separate hydrolysis and fermentation 

DCW Dry cell weight 

SOE Salting out extraction 

DSP Downstream processing 

HMF Hydroxy methyl furfural 

E Extraction efficiency 

K Partition coefficient 

AC Activated charcoal 

V0 Initial volume of IA solution/fermentation broth 

Vorg.  Volume of the organic layer after separation 

Vaq. Volume of the aqueous layer after separation 

MT Total mass of IA  

Morg. Mass of IA in the organic layer 

Maq. Mass of IA in the aqueous layer 

Dm Mass distribution ratio 

%worg. % Mass fraction of IA in organic layer 

%waq.. % Mass fraction of IA in aqueous layer 

P Phase ratio  

 50 

 51 
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1. Introduction 52 

In the global pursuit of carbon neutrality and a net-zero economy, products derived 53 

from microbial fermentation are gaining importance to reduce reliance on fossil-based 54 

processes [1]. These are eco-friendly processes with low energy requirements, producing 55 

biodegradable products using renewable resources [2–4]. Itaconic acid (IA) or 2-56 

methylidenebutanedioic acid is a bio-based platform chemical bearing substantial value. It is 57 

an unsaturated dicarboxylic acid that could serve as a versatile building block in the production 58 

of fibres, resins, lattices, plastics, detergents, rubber, paints, surfactants, lubricants, and 59 

bioactive compounds [5,6]. IA holds promise as a sustainable alternative to fossil-derived 60 

chemicals such as acrylic acid, acetone cyanohydrin, maleic anhydride, and sodium 61 

tripolyphosphate [7,8]. Filamentous fungi, Aspergillus terreus, possess a specialized gene 62 

cluster for IA biosynthesis. The fermentation process involving A. terreus, is the primary route 63 

for industrial IA production [3]. Despite its high industrial applicability, the large-scale 64 

commercialization of IA remains constrained by economic barriers, mainly arising from the 65 

use of costly feedstocks such as pure glucose and molasses, along with tedious and energy-66 

intensive downstream processing (DSP) techniques [9–11]. The IA could fully replace 67 

petroleum-based polyacrylic acid, tapping into a global multi $billion market if its current 68 

market price drops significantly. The current market price of IA (~1.5 USD/kg) must be 69 

reduced to 0.5–1.0 USD/kg through inexpensive biomanufacturing strategies in order to 70 

efficiently compete with its petrochemical counterparts [12].  71 

Feedstocks and other raw materials account for 40-50% of the bioprocess cost. 72 

Utilization of low-cost, non-edible waste biomass as a feedstock offers a promising approach 73 

to curtail these expenses and enhance the competitiveness of IA [13]. Lignocellulosic wastes 74 

are heterogeneous, recalcitrant, and produce fermentation inhibitors; thus, extensive and 75 

expensive pretreatment and processing steps are required [9,14]. In contrast, starchy feedstocks 76 
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could be more conveniently saccharified due to their homogenous and amorphous nature as 77 

compared to crystalline cellulose [15]. Further, the glucose-rich hydrolysate obtained is rich in 78 

high-quality food-grade sugars and devoid of fermentation inhibitors [16,17]. Potato (Solanum 79 

tuberosum) is the world’s fourth most important food crop. In addition to being consumed 80 

fresh, potatoes are widely processed industrially to produce items such as starch and chips.   81 

This processing generates a vast amount of waste (damaged/defective potatoes, peels, scraps, 82 

waste effluent, etc.) across the supply chain. As the market for potatoes and processed potato 83 

products continues to expand, so does the volume of waste produced [18]. A significant portion 84 

of this waste is either landfilled, leading to serious environmental and economic concerns, or 85 

used as low-value animal feed. However, due to their high carbohydrate and sugar content 86 

combined with low lignin levels, these waste streams represent promising feedstocks for 87 

fermentative conversion into valuable biochemicals, offering a potential shift in the economic 88 

landscape of waste utilization [18,19]. Several reports have demonstrated using starch-rich 89 

wastes from potato industries as fermentation feedstock [15,18,20,21]. Among different 90 

enzymatically saccharified starch-rich industrial residues, starch derived from wastewater 91 

coming from the potato industry led to maximum IA production [15]. India is the second-92 

largest producer of potatoes, generating around 50-60 metric tonnes of potatoes annually. 93 

Approximately 16% of the total potato produced is discarded as waste due to post-harvest 94 

mishandling, damage, spoilage, diseases, cosmetic defects, and mismanaged oversupply 95 

[19,22]. Potatoes are typically composed of 75-80% water, 15-20% starch, 1-1.5% fibres, 1.5-96 

2% protein, and less than 1% fat and ash [23,24]. The damaged/defective potatoes, also known 97 

as “Cull potatoes”, represent an underexploited starch-rich feedstock with high global 98 

abundance, suitable for cost-effective IA production [18].   99 

Currently, IA industries rely on DSP approaches, which are energy-intensive, 100 

unsustainable, and expensive, contributing to 30-40% of production cost [25]. Studies have 101 
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explored various techniques like adsorption, membrane separation,  electrodialysis, reactive 102 

extraction, precipitation, and crystallization for IA recovery from fermentation broth [10,26–103 

29]. However, each technique has certain drawbacks, such as complexity, high equipment 104 

costs, high energy requirements, multistage processing, low purity, toxic byproducts, etc. 105 

[10,30]. This necessitates the search for newer downstream strategies suitable for industrial 106 

scalability. The salting out extraction (SOE) technique is a simple strategy for effective product 107 

extraction where the dissolution of an inorganic salt into the aqueous solution of a compound 108 

decreases its water solubility (salting-out), and increases the partitioning effect of the organic 109 

solvent [31,32]. It is widely exploited for analysing and extracting drugs, pesticides, proteins, 110 

and other organic compounds from complex matrices [32,33]. Several studies have 111 

demonstrated use of SOE for the recovery of succinic acid, lactic acid, and butyric acid [31,34–112 

36]. This technique offers several advantages, such as mild operation conditions, simple 113 

processing, high selectivity and purity, high extraction efficiency, ease of recovery and reuse, 114 

etc., rendering it suitable for industrial scalability [32,33,37]. Given its success with other 115 

organic compounds, this technique holds promise for the efficient recovery of IA from 116 

fermentation broth, which has not been investigated previously. 117 

In the present study, a comprehensive and integrated upstream-to-downstream 118 

approach for the low-cost production and recovery of IA using waste potatoes was developed. 119 

Acidic saccharification, a cost-effective strategy, was applied to generate glucose-rich 120 

hydrolysate from waste potato biomass (WPB). The hydrolysate obtained was used as a carbon 121 

source for IA production by Aspergillus terreus, a well-known IA producer. The bioprocess 122 

was optimized to maximize IA production from glucose-rich hydrolysate. The SOE technique 123 

was applied for efficient recovery of accumulated IA from the broth with a systematic 124 

screening and investigation of solvent-salt interactions, pH control, and physicochemical 125 

variations. Through process optimization at multiple stages, saccharification, fermentation, and 126 
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downstream recovery, the study aims to demonstrate a scalable and economically viable 127 

bioprocess that could contribute to sustainable IA manufacturing.  128 

2. Materials and methods 129 

2.1 Materials 130 

All the media components, salts/solvents, and reagents were purchased from Himedia 131 

Laboratories, Sigma-Aldrich, and Fischer Scientific, respectively. IA (with ≥99% purity) was 132 

procured from Sigma-Aldrich. All the salts and solvents used in this study were of analytical 133 

and HPLC grade. Damaged/defective ‘Chipsona’ potatoes were procured from the local market 134 

in New Delhi, India.  135 

2.2 Acidic saccharification of waste potatoes  136 

Damaged/defective potatoes were used as feedstock for IA production using a separate 137 

hydrolysis and fermentation (SHF) approach. Starch in the potatoes was hydrolyzed into 138 

glucose using an acidic saccharification approach, as described in our previous study [38]. 139 

Briefly, HCl was added to the WPB slurry and autoclaved under standard sterilization 140 

conditions (20 min; 121°C; 15 psi). The acid loading (0.5-3% v/v HCl) and solid loading (5-141 

30% w/v) were optimized to ensure maximum glucose release with the minimum generation 142 

of fermentation inhibitors, hydroxymethyl furfural (HMF), and furfural. The resultant waste 143 

potato acid hydrolysate (WPAH) was separated from the unhydrolyzed residue by 144 

centrifugation (9200 x g X 15 min). 145 

2.3  Microorganism and culture conditions for itaconic acid production   146 

A. terreus DSMZ 23081 was procured from Leibniz Institute DSMZ-German 147 

Collection of Microorganisms and Cell Cultures GmbH, Germany. It was preserved in 50% 148 

glycerol stocks at -80°C and maintained on malt extract agar plates and slants at 30°C. The 149 

spores were harvested from malt extract agar plates cultivated for 5 days using 0.9% w/v NaCl 150 
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solution with 0.05% Tween 20. The concentration of spores in the suspension was determined 151 

using a Neubauer chamber.  152 

Fermentation for IA production was conducted in synthetic glucose media and WPAH 153 

media [39]. A primary culture medium consisting of 5 g/L yeast extract and 30 g/L glucose was 154 

prepared in a 250 mL flask with a working volume of 50 mL, and initial pH was adjusted to 155 

2.5 with 1 M H2SO4. After autoclaving, the primary culture was inoculated with 106 spores/mL 156 

from the spore suspension and incubated at 30°C at a shaking speed of 150 rpm. Fermentation 157 

was carried out in 50 mL standard glucose media in 250 mL flasks. The media composed of 158 

100 g/L glucose, 0.1 g/L KH2PO4, 3 g/L NH4NO3, 1 g/L MgSO4.7H2O, 5 g/L CaCl2.2H2O, 1.67 159 

mg/L FeCl3.6H2O, 8 mg/L ZnSO4.7H2O, and 15 mg/L CuSO4.5H2O. The pH of the glucose 160 

solution was adjusted to 3.4 before autoclaving. The salt solutions were filter sterilized using a 161 

0.2 µm nylon filter and added after autoclaving rest of the media. The media was inoculated 162 

with 5% v/v inoculum from 48 h old primary culture and incubated at 30°C with a shaking 163 

speed of 200 rpm.  164 

The IA production from WPAH was carried out with varying concentrations of glucose 165 

(50, 100, and 150 g/L) in the hydrolysate, and pH was adjusted to 3.4, followed by filter 166 

sterilization and fermentation. For detoxification, the hydrolysate was treated with 1, 2, 5, and 167 

10% w/v activated charcoal (AC) by shaking for 2 h at 30°C, followed by filtration using 168 

Whatmann paper 1. Further process parameters like shaking speed, inoculum age, and 169 

inoculum size were optimized to improve the conversion efficiency.   170 

2.4 Optimization of the salting-out extraction process using pure IA 171 

Preliminary screening of various solvents for their partitioning behaviour for IA and the 172 

salting-out effect of different salts was carried out using a solution of pure IA (50 g/L) in 173 

distilled water. Both water-immiscible and miscible polar organic solvents were screened. 174 
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Water-immiscible solvents included n-butanol (n-But), isobutanol (sec-But), methyl ethyl 175 

ketone (MEK), methyl isobutyl ketone (MIBK), ethyl acetate (EA), dichloromethane (DCM), 176 

and chloroform (CFM). Water-miscible solvents, namely acetonitrile (ACN), tertiary butanol 177 

(tert-But) n-propanol (n-Prop), isopropanol (sec-Prop), and acetone, were also tested for IA 178 

extraction from its salt-saturated aqueous solution. Inorganic salts tested for the salting-out 179 

approach included (NH4)2SO4, Na2SO4, K2SO4, MgSO4, KH2PO4, NH4Cl, NaCl, KCl, and 180 

MgCl2. 181 

Screening experiments were conducted using 20 mL IA solution in 150 mL flasks. 182 

Unless stated otherwise, individual salts (10% w/v) were dissolved in the IA solution, and an 183 

equivalent volume of organic solvent was added to the solution. For the partitioning of IA into 184 

the organic layer, the flasks were kept in shaking conditions at 200 rpm for 3 h at 30°C. 185 

Thereafter, the flasks were kept undisturbed overnight for complete separation of aqueous and 186 

organic phases. The organic phase was separated with the help of a separating funnel and 187 

evaporated in a round-bottom flask using a rotary evaporator (IKA, Breisgau, Germany). After 188 

evaporation, the residual solid was dissolved in milliQ water, and the amount of extracted IA 189 

was estimated using High Performance Liquid Chromatography (HPLC). 190 

The best solvent-salt pair/s resulting in the highest IA recovery was chosen for 191 

optimizing other physicochemical parameters to maximize extraction efficiency. Critical 192 

factors, viz. salt concentration (0-50% w/v), pH (1.0-5.0), IA concentration (10-80 g/L), 193 

extraction/mixing time (1-4 h), initial volume ratio (V0,aq/V0,org.), and repeated extraction (1-3 194 

times), were investigated.  195 

2.5 Downstream processing of IA from the fermentation broth  196 

After the optimization of conditions for the extraction IA from the aqueous solution, 197 

the best solvent-salt combination and other physicochemical parameters were applied for the 198 

recovery of IA synthesized in the fermentation broth by A. terreus DSMZ 23081 after 10 days 199 
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of cultivation on synthetic glucose media and WPAH media. The salt was added directly into 200 

the fermentation broth, and the pH was adjusted to an optimum value. Subsequently, the IA 201 

extraction was carried out using the chosen organic solvent. The organic phase was manually 202 

separated from the aqueous fermentation broth and fungal mycelia by decantation. The upper 203 

organic layer was treated for 1 h with AC (2% w/v) by shaking at 30°C for the removal of 204 

pigments and impurities from the extract. The AC was removed through filtration, and the 205 

filtrate was transferred into a round-bottom flask, followed by rotary evaporation to obtain the 206 

dried extract. The condensed solvent collected from the rotary evaporator was reused in the 207 

next cycle of extraction. The dried IA extract was analysed for yield and purity. 208 

2.6  Calculation 209 

The saccharification yield of WPB hydrolysis was calculated using Eq. (1):  210 

Saccharification yield (%)    =    Glucose (g)in hydrolysate of ’x’ g WPB
Starch content in ’x’ g WPB × 1.11 

    X    100%                          (1) 211 

              The partitioning behaviour of IA into the organic phase under different solvent-salt 212 

and physicochemical variations was studied with respect to certain partition parameters, 213 

namely mass fraction of IA in organic (worg.) and aqueous layer (waq.), mass distribution ratio 214 

(Dm), extraction efficiency or IA recovery (E), phase ratio (P), partition coefficient (K) and 215 

water content of organic layer (H2Oorg.). These parameters give a measure of the efficacy of the 216 

process, which allows a coherent selection of optimum DSP conditions for IA recovery from 217 

fermentation broth. These parameters can be calculated using Eq (3) – Eq. (7) as below: 218 

worg. or waq. (%)   =       Morg.

MT
  X 100%    or     Maq.

MT
 X 100%                                                       (2) 219 

Dm                     =       Morg.

   Maq.
                                                                                                        (3) 220 

E (%)                 =     Morg.

MT
 X 100%                                                                                           (4) 221 
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P                         =      Vorg.

Vaq.
                                                                                                        (5)                                        222 

K                         =    
[IA]org.

[IA]aq.
                                                                                                      (6) 223 

H2Oorg. (%)         =    (Vo- Vaq.)
Vorg.

    X 100%                                                                                 (7) 224 

  where, Morg. is mass of IA in organic layer, Maq. is mass of IA in the aqueous layer, MT 225 

is total mass of IA, Vorg. is volume of organic layer after mixing. Vaq. is volume of the aqueous 226 

layer, [IA]org. is IA concentration in the organic phase, [IA]aq. is IA concentration in the aqueous 227 

phase, and Vo is initial volume of the IA solution. 228 

Finally, to determine the % purity of IA in the final extract, a known amount (Mex.) of 229 

the final dry extract precipitate was dissolved in Milli-Q water, and IA concentration was 230 

analyzed using HPLC. The % purity of extracted IA was calculated using Eq. (8): 231 

% Purity of IA     =    
[IA]Ex. X VMQ

MEx.  
   X  100%                                                                          (8)                      232 

 where, MEx is the mass of dried extract, volume of milli-Q water used to dissolve the 233 

extract, and [IA]Ex. is the concentration of IA in the final extract solution. 234 

2.7 Analytical methods  235 

The starch in the WPB was estimated using the method adopted by McCleary et al. 236 

[40].  To monitor glucose consumption, biomass, and IA production during the fungal 237 

fermentation, the samples (1 mL) were withdrawn periodically at every 24 h. The collected 238 

samples were centrifuged at 9200 x g for 10 min, and the supernatant was analysed through 239 

HPLC for quantification of residual glucose and produced IA. The fungal biomass obtained 240 

after centrifugation was dried in an oven to determine dry cell weight (DCW).  The IA extracted 241 

in the organic layer was estimated after evaporating the solvent and dissolving the total dried 242 

extract in Milli-Q water.   243 
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An HPLC system (Perkin Elmer, Waltham, MA, USA) equipped with a Bio-Rad HPX-244 

87H Aminex ion exclusion column (Bio-Rad Laboratories, Hercules, CA, USA) and a 245 

refractive index detector (RID) was used for quantification of glucose and IA. The 5.0 mM 246 

H2SO4 was used as the mobile phase with a flow rate of 0.6 mL/min. HMF and furfural in the 247 

hydrolysate were estimated using a C-18 column and UV Diode array detector (UV-DAD) (270 248 

nm wavelength), and a 15 %v/v methanol in water was used as the mobile phase with a flow 249 

rate of 0.6 mL/min. 250 

Fourier-transform infrared (FT-IR) spectroscopic characterization of the extracted IA 251 

and standard IA was conducted to confirm their structural identity. Powdered IA (extract and 252 

standard) was mixed with KBr to form a pellet, and the spectrum (4000–400 cm−1) was 253 

recorded on an FT-IR spectrometer (Perkin Elmer FT-IR/FIR Frontier, Waltham, MA, USA). 254 

For the nuclear magnetic resonance spectroscopy (1H NMR) characterization, the standard and 255 

extracted IA were dissolved in deuterium oxide (D2O), and spectra were recorded at 25°C on 256 

an NMR spectrometer operating at a resonance frequency of 500 MHz (Bruker 500 MHz, 257 

Karlsruhe, Germany). 258 

2.8. Statistical analysis 259 

All the experiments in the study were performed in triplicate, and the results presented 260 

are the mean ± standard deviation (SD) of triplicate measurements (n =3). Statistical analysis 261 

was performed with excel. Statistical analyses among groups were performed using one-way 262 

analysis of variance (ANOVA). Differences among groups were declared statistically 263 

significant if p <0.05. 264 

 265 

 266 

 267 
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3. Results and discussion 268 

3.1      Acidic saccharification of waste potatoes (WPB) 269 

Waste potatoes (WPB) are a promising choice of feedstock in terms of high glucose 270 

content with ease of extraction, achievable through mild acidic or enzymatic processes without 271 

extensive pretreatments. Damaged or defective potatoes unsuitable for consumption were used 272 

directly for saccharification without drying, minimizing energy consumption. The grated waste 273 

potatoes comprised 25% dry matter and 75% moisture content. Solid loading was considered 274 

based on the dry matter content of the total WPB, and water was added to achieve the desired 275 

reaction volume, taking into account the inherent moisture content (Supplementary Table 1). 276 

The WPB contained 18.5% w/w starch content, which was hydrolysed to glucose through dilute 277 

acid treatment.  Initially, the acid loading was optimized by adding 0.5-3% v/v HCl into the 278 

WPB slurry with 10% w/v solid content, followed by autoclaving. The effect of HCl 279 

concentration was monitored based on the release of glucose (Fig. 1A) and fermentation 280 

inhibitors, HMF (Fig. 1B), and furfural (Fig. 1C) production. Starch hydrolysis efficiency 281 

increased with rising HCl concentrations up to 1.5% v/v, at which the maximum glucose 282 

concentration of 72 g/L was achieved, corresponding to a saccharification yield of 88%. At this 283 

acid concentration, minor amounts of HMF (0.6 g/L) and furfural (0.02 g/L) were detected. 284 

However, further increases in HCl concentration significantly elevated the formation of HMF 285 

and furfural, which could potentially inhibit subsequent fermentation processes. Therefore, 286 

1.5% v/v HCl was chosen as the optimal acid loading for continued experiments. 287 

Following the optimization of acid loading, the next step involved optimizing solid 288 

loading. To achieve this, saccharification experiments were conducted using various 289 

concentrations of WPB solid (5, 10, 15, 20, 25, and 30% w/v). For the preparation of glucose-290 

rich slurry, 1.5% v/v HCl was mixed with different amounts of WPB, and the impact of solid 291 

loading was assessed. Results showed a linear increase in glucose concentration, reaching up 292 
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to 136 g/L, with a consistent saccharification efficiency exceeding 80% up to a solid loading 293 

of 20% w/v (equivalent to 80% WPB and 20% water) (Fig. 1D). However, increasing the WPB 294 

concentration beyond this point significantly decreased saccharification efficiency, likely due 295 

to reduced HCl accessibility to starch in the denser slurry. Similar observations have been made 296 

in previous studies on biomass hydrolysis, where high solid loading resulted in reduced 297 

saccharification efficiency due to limited free water, elevated viscosity, and hindered mixing, 298 

imposing mass transfer constraints on acid/enzyme diffusion [41,42]. Moreover, higher WPB 299 

loadings led to increased formation of HMF (Fig. 1E) and furfural (Fig. 1F), with 300 

concentrations of 0.9 g/L and 0.06 g/L, respectively, at 20% w/v solid loading.  301 

Acidic saccharification offers a rapid and economically viable approach for glucose 302 

extraction from starchy feedstocks, unlike the two-step enzymatic liquefaction and 303 

saccharification method, which is time-consuming and incurs additional enzyme-related costs 304 

[38,43]. A previous report on cull potatoes showed that acidic (85.2%) and enzymatic (83.2%) 305 

treatment yielded comparable results from 4% (w/v) dried potato powder [44]. In another study, 306 

dilute acid saccharification using 0.5% H2SO4 was employed on waste potatoes, which 307 

generated 55.8 g/L glucose without any fermentation inhibitors. This hydrolysate was 308 

successfully applied for ethanol and lipid production using Saccharomyces cerevisiae and 309 

Rhodotorula mucilaginosa, respectively, indicating the potential of acidic hydrolysate of potato 310 

as a cost-effective feedstock for fermentation [23]. Similarly, in the current study, the optimized 311 

acidic hydrolysis parameters (1.5% v/v HCl and 20% w/v solid loading) applied to the bulk 312 

hydrolysis of WPB yielded 170 g of glucose per kilogram of WPB and achieved a 313 

saccharification efficiency of greater than 80%. The resultant glucose-rich hydrolysate served 314 

as a fermentation medium for IA production. 315 

Studies have shown that fermentation inhibitors, HMF and furfural, are also produced 316 

by acid-mediated degradation of polysaccharides rich in pentose and hexose sugars [43]. Saha 317 
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et al. reported that a concentration as low as 0.4 g/L of HMF, furfural, and acetic acid strongly 318 

inhibited the growth and productivity of A. terreus [45]. Another study demonstrated that IA 319 

production from an inhibitor-rich wheat straw hydrolysate could be achieved only after a 1000-320 

fold dilution [46]. This underscores the negative influence of these inhibitors on IA productivity 321 

and fermentation kinetics [46,47]. The current study demonstrated that optimized conditions 322 

led to minimal formation of HMF (0.9 g/L) and furfural (0.06 g/L). The existing research 323 

implicates that HMF and/or furfural toxicity is predominantly responsible for inhibiting 324 

enzymes in the central carbon metabolism of all microorganisms [47]. This was also evident 325 

for IA production in a report involving corn stover hydrolysate, where furfural exhibited a more 326 

substantial influence on IA productivity than the same amount of HMF [48]. A similar 327 

inhibitory trend of furfural>acetic acid>HMF was reported in a simulated medium for IA 328 

production [49]. Since potatoes have low lignocellulosic content (1-1.5% w/w), primarily 329 

confined in the peels, furfural production was much below the tolerable limits. Additionally, 330 

the potential generation of other toxic inhibitors, which are typically more prevalent in 331 

lignocellulosic feedstocks, is eliminated. 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 
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 352 

Fig. 1. Optimization of saccharification process for glucose release from waste potatoes. Effect 353 

of HCl loading on (A) Glucose release (bar graph) and saccharification yield (Line graph), (B) 354 

HMF, and (C) Furfural. Effect of solid loading with fixed acid loading of 1.5% HCl: (D) 355 

Glucose release (bar graph) and saccharification yield (Line graph), (E) HMF, and (F) Furfural. 356 

The results are presented as the mean ± SD of triplicate measurements. Statistical analysis 357 

across acid-loading and solid-loading conditions indicated statistically significant differences 358 

between conditions (p < 0.05).  359 

3.2 Itaconic acid production in WPAH media 360 

A. terreus DSM 23081 is a commonly utilized strain for IA production in both research 361 

and industrial settings. Initially, the fungus was cultivated in a synthetic medium containing 362 

100 g/L of pure glucose as the carbon source. The temporal profiles of residual glucose, dry 363 

cell weight (DCW), IA production, and pH are presented in Supplementary Fig. 1. After 10 364 

days of fermentation, glucose was fully consumed, yielding a DCW of 17.8 g/L and an IA 365 

concentration of 51 g/L. During fermentation, the pH gradually declined, reaching 366 
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approximately 1.5 by the end. Despite a substantial yield, the use of pure glucose as a 367 

fermentation substrate results in high production costs and needs to be replaced by glucose 368 

derived from waste/biomass sources to enhance economic feasibility. 369 

Previous studies have utilized starch or flour derived from sources such as corn, potato, 370 

sago, and rice for IA production. However, employing edible feedstocks in biorefineries 371 

presents ethical issues [6,50–52]. Therefore, starch-rich waste streams are more appropriate 372 

choices for microbial fermentation. In this context, a previous report demonstrated the 373 

production of 41 g/L IA with a yield of 0.27 g/g using glucose (150 g/L) obtained from the 374 

enzymatic hydrolysis of starchy food waste [53]. In this study, to achieve an inexpensive IA 375 

production, the standard glucose media was replaced with glucose-rich WPB hydrolysate 376 

(WPAH) and fermentation was carried out at 30°C under similar conditions (pH 3.4; inoculum 377 

size-5%v/v; inoculum age-48h; and shaking speed 200 rpm) with no additional 378 

supplementation. Fig. 2 illustrates the time-course profiles for glucose depletion, biomass 379 

accumulation, and IA production using WPAH media. Fermentations were performed with 380 

varying initial glucose concentrations (50, 100, and 150 g/L).  In WPAH, the fungus exhibited 381 

a dispersed mycelial morphology. Maximum biomass levels achieved were 13, 21, and 31.5 382 

g/L corresponding to initial glucose concentrations of 50, 100, and 150 g/L, respectively. IA 383 

production under these conditions resulted in titers of 6.8, 16.5, and 25 g/L, respectively (Table 384 

1). The DCW and IA formation was concomitant with glucose consumption, which was 385 

exhausted after 5, 7, and 8 days of fermentation.  386 

 387 

 388 

 389 

 390 
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 399 

 400 

 401 
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 403 

 404 

 405 

Fig. 2. IA production from WPAH by A. terreus DSM 23081 varying initial glucose 406 

concentrations of 50 g/L, 100 g/L, and 150 g/L. (A) IA production (g/L); (B) residual glucose 407 

amount (g/L); and (C) fungal growth-DCW(g/L). Symbols: square (50 g/L), triangle (100 g/L), 408 

circle (150 g/L). Values are presented as mean ± SD of triplicate measurements. 409 

 410 
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Table 1. Summary of IA production from WPAH by A. terreus DSM 23081 in shake flask 411 

cultures.  412 

Initial 

glucose 

(g/L) 

IA Titer 

(g/L) 

IA Yield  

(gIA/gGlu) 

DCW  

(g/L) 

Biomass 

yield 

(gDCW/gGlu) 

Fermentation  

time 

(h) 

50 6.8 ± 0.7 0.136  13.0 ± 0.6 0.26 120 

100 16.5 ± 1.1 0.165 21.0 ± 1.3 0.21 168 

150 25.0 ± 1.2 0.167 31.5 ± 2.1 0.21 192 

 413 

Interestingly, 50 g/L glucose resulted in higher biomass yield (0.26 gDCW/gGlu) but lower 414 

IA yield (0.136 gIA/gGlu), indicating preferential metabolic flux toward cell growth under low 415 

substrate concentration. In contrast, increasing the glucose concentration to 150 g/L resulted in 416 

an improved IA yield (0.167 gIA/gGlu) and a reduced biomass yield (0.20 gDCW/gGlu), indicating 417 

a metabolic shift toward IA biosynthesis when ample substrate was available. Notably, the dry 418 

cell weight (DCW) observed in WPAH was higher than that in standard glucose media, likely 419 

due to the presence of proteins, phosphates, and other minerals in the potato biomass, which 420 

may have supported enhanced fungal growth and a dispersed morphology. These findings 421 

suggest that impurities present in WPAH did not restrict the growth of the fungus; rather, they 422 

had a more pronounced impact on IA synthesis. Notably, concentrated WPAH medium with 423 

more than 150 g/L glucose resulted in improper growth of the fungus, characterized by 424 

clumping, and a substantially low titer (<10 g/L), possibly due to high osmotic stress and a 425 

higher concentration of undesired impurities. Based on these results, WPAH with 150 g/L of 426 

glucose was selected for further fermentation studies.  427 

 428 

 429 
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3.3  Activated charcoal (AC) detoxification and process optimization  430 

AC treatment is a widely used detoxification method for biomass hydrolysates prior to 431 

fermentation. Multiple studies have demonstrated that AC-mediated removal of impurities 432 

(e.g., furan derivatives, pigments, glycoalkaloids, phenolics, organic acids, etc.) from complex 433 

media improves metabolite production [47,54,55]. For instance, a study by Liu et al. 434 

demonstrated that treating corn stover hydrolysate with AC enhanced IA production, reaching 435 

levels up to 33.6 g/L, while untreated hydrolysate yielded no IA [48]. Aiming to improve the 436 

IA production, WPAH was treated with varying amounts (1, 2, 5, 10% w/v) of AC. The 437 

hydrolysate treated with 1% and 2% w/v AC appeared partially pigmented, while a higher 438 

amount of AC (5% and 10% w/v) led to complete depigmentation (Fig. 3A). These AC-treated 439 

(1-10%) WPAH, containing 150 g/L glucose, were subsequently used as fermentation medium. 440 

Consistent with previous studies, the AC-mediated detoxification significantly improved IA 441 

production in WPAH, with the highest yield achieved using 5% AC (Fig. 3B). Under this 442 

condition, glucose was exhausted after 9 days, and a mixed pelleted morphology was observed 443 

with a DCW of 28.5 g/L. The detoxified WPAH (5% w/v AC) demonstrated a 17% 444 

improvement in IA production, resulting in a titre of 29.2 g/L and a yield of 0.19 g/g.   445 

Additionally, AC treatment triggered a morphological transition from dispersed to a mixed 446 

pelleted form, enhancing its suitability for production. This improvement in IA productivity 447 

and changed morphology is likely due to AC's ability to adsorb inhibitory compounds, such as 448 

HMF, glycoalkaloids, pigments, and metal ions, that would otherwise hinder fungal 449 

metabolism and physiology. 450 

Further, optimization of other process parameters, like shaking speed (Fig. 3C), 451 

inoculum size (Fig. 3D), and inoculum age (Fig. 3E), was carried out using AC-treated (5%) 452 

WPAH. The optimal shaking speed, inoculum age, and size were found to be 200 rpm, 72 h, 453 

and 3% v/v, respectively. The fermentation using AC-treated WPAH (150 g/L glucose) with the 454 
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optimal combination of shaking speed, inoculum age, and size, resulted in reduced fungal 455 

growth (DCW of 27.5 g/L) and enhanced IA production. Moreover, this process allowed for a 456 

completely pelleted morphology and a biomass yield (0.18 g/g) similar to that of pure glucose 457 

medium. Pellet formation in filamentous fungi is advantageous for industrial fermentation, as 458 

it enhances mass transfer (oxygen and nutrient availability), supports secondary metabolite 459 

production, and contributes to a low-viscosity fermentation broth [56,57]. Consequently, the 460 

final IA titer improved to 32 g/L, corresponding to conversion yield and productivity of 0.21 461 

g/g and 0.15 g/L/h, respectively. The fermentation profile of the optimized system is shown in 462 

Fig. 3F. Additionally, the WPAH medium exhibited buffering capacity, as indicated by a 463 

modest pH decrease to 2.5 despite the accumulation of 32 g/L of itaconic acid, indicating slight 464 

regulation of the medium’s pH. The final process yielded 36.2 g IA per kg of waste potatoes 465 

(36.2 gIA/kgWPB). Previously, starch recovered from potato processing wastewater was 466 

successfully used for IA production. Through optimization of several parameters, including 467 

pH, inoculum concentration, peptone and salt supplementation, and deionization, a titer of 35.8 468 

g/L was achieved from 180 g/L glucose [20]. Our study reports a comparable yield from WPAH 469 

without requiring additional supplementation or deionization steps. 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 
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 489 
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 491 

Fig. 3. (A) Detoxification of WPAH by activated charcoal (AC) treatment. (B) Impact of 492 

different concentrations of AC on IA production. Optimization of the process parameters for 493 

IA production by A. terreus DSM 23081 using AC detoxified WPAH hydrolysate: (C) shaking 494 

speed; (D) size of inoculum, and (E) age of inoculum. (F) Fermentation profile of itaconic acid 495 

(g/L), residual glucose (g/L), DCW (g/L), and pH under optimized conditions. Symbols: circle 496 

(itaconic acid), square (residual glucose), rhombus (DCW), and triangle (pH). Values are 497 

presented as mean±SD (n = 3), and differences were statistically significant (p < 0.05). 498 
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3.4 Screening of solvent and salt combinations for IA extraction 499 

Achieving cost-effective DSP is one of the foremost bottlenecks in IA 500 

biomanufacturing [9]. While conventionally used crystallisation methods can yield high 501 

recovery in standard medium, they impose significant challenges in complex media like 502 

biomass hydrolysate with multiple unwanted components [10]. These methods often 503 

necessitate additional separation, concentration, and purification steps, which render the 504 

overall process laborious,  energy-intensive, and expensive [10,30]. Hence, exploration of 505 

alternative, more streamlined approaches is essential. In this context, the SOE was employed 506 

for the downstream processing of IA. 507 

The efficiency of an SOE process hinges on careful selection of salts and solvents and 508 

the fine-tuning of process conditions to achieve high purity and yield [37]. Hence, to develop 509 

a viable SOE-based DSP technique, various solvent-salt combinations were screened for their 510 

IA extraction efficiency. The investigated solvents included water-immiscible and miscible 511 

polar organic solvents with high volatility (BP<120°C), which were chosen to efficiently 512 

solubilize polar IA and facilitate easy recovery through evaporation (Supplementary Table 2). 513 

Initially, a simple liquid-liquid extraction (LLE) technique employing water-immiscible 514 

solvents was used to extract IA from its pure solution. The extraction efficiency was observed 515 

in the following order: n-But ≈ sec-But > EA > MEK > MIBK > DCM, with no extraction in 516 

CFM. The maximum IA recovery of 66% was observed with n-butanol and sec-butanol 517 

(Supplementary Fig. 2).  518 

The salting-out process was incorporated by dissolving some common inorganic salts 519 

(10% w/v) in the IA solution (Supplementary Table 3). The extraction efficiency of water-520 

immiscible solvents was significantly enhanced (p<0.05) in salt-saturated IA solutions as 521 

compared to IA solutions without salts (Fig. 4A). The salt ions bind water molecules via strong 522 
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ion-dipole interactions. This reduces the solubility of the less polar IA molecules in the aqueous 523 

phase, promoting their transfer into the organic phase. Notably, the addition of certain salts 524 

[(NH₄)₂SO₄, Na₂SO₄, and NaCl] triggered phase separation when combined with water-525 

miscible solvents, thereby enabling the extraction of IA into the organic layer. Other salts were 526 

either precipitated out or failed to induce phase separation in water-miscible solvents (Fig. 4B).  527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

Fig. 4: Screening of various solvent-salt combinations for IA extraction efficiency from its pure 544 

solution. Salting-out extraction using (A) water-immiscible solvents, and (B) water-miscible 545 

solvents.  Values are shown as mean ± SD (n = 3), and differences between conditions were 546 

statistically significant (p < 0.05). 547 
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 Many reports have employed SOE with water-miscible solvents, where salt addition 548 

induces the formation of an aqueous two-phase system (ATPS), for recovering biochemicals 549 

from fermentation broth. For instance, a combination of isopropanol and (NH4)2SO4 resulted 550 

in 97% recovery of 2,3-butanediol from sugarcane bagasse hydrolysate [58]. This extraction 551 

technique has been extensively employed for the recovery of molecules like propanediol and 552 

butanediol, but fewer reports exist for organic acids [32,59]. Moreover, partial phase separation 553 

in ATPS systems might also risk co-extraction of undesired hydrophilic impurities, potentially 554 

compromising product purity [59,60].  555 

In the current study, among all screened systems, the salting-out effect of Na2SO4 556 

resulted in maximum IA extraction efficiency. To investigate this in detail, various partition 557 

parameters were evaluated for all the solvents in the presence of 10% Na2SO4 (Table 2). In the 558 

case of water-miscible solvents, although the phase separation occurred upon Na2SO4 559 

dissolution, the volume distribution remained highly uneven, indicated by the high phase ratio 560 

(P>2).  In contrast, the phase separation was much more uniform in the case of water-561 

immiscible solvents (P∼1). Among these, sec-butanol extracted maximum IA (73.1%), while 562 

also retaining 9.1% (v/v) water from the aqueous layer with a phase ratio of 1.2. The extraction 563 

efficiency was observed to be fairly high (>80%) in water-miscible solvents; however, a large 564 

portion of water molecules was transferred into the organic layer, which may carry other 565 

hydrophilic by-products with them. The partition coefficient (K) is considered a more reliable 566 

indicator, as it accounts for both the quantity of solute and the volume of each phase. In this 567 

study, the highest K values were obtained using sec-butanol (2.22) and tert-butanol (1.9) as 568 

extractants. 569 

 570 

 571 
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Table 2: Salting out extraction of IA using a combination of Na2SO4 as the salting-out agent 572 

with various polar organic solvents (water-miscible and immiscible).  Values are expressed as 573 

mean ± SD. Overall differences among solvents were statistically significant (p < 0.05). 574 

 Solvent Extraction 
efficiency,  
E or 
IA recovery 
(%) 

Mass 
distribution 
ratio, 
Dm 

Vorg. 
(mL) 

Vaq. 
(mL) 

Phase 
ratio,  
P 
(Vorg./ 
Vaq.)  

Water 
content in 
organic 
layer 
(%) 

[IA]org. 

(g/L) 
[IA]aq. 

(g/L) 
Partition 
coefficient, 
K  
([IA]org./ 
[IA]aq.) 

Water-immiscible solvents 

 n-But 68.3±2.1 2.1±0.06 22.0 18.0 1.22 9.09 31.0±0.9 17.6±0.5 1.76±0.05 

 sec-But 73.1±2.2 2.7±0.08 22.0 18.0 1.22 9.09 33.2±1.0 14.9±0.4 2.23±0.06 

 MEK 62.7±1.9 1.7±0.05 21.0 19.0 1.11 4.76 29.9±0.9 19.6±0.6 1.53±.0.05 

 MIBK 52.1±3.1 1.1±0.03 20.5 19.5 1.05 2.44 25.4±0.8 24.5±0.7 1.04±0.03 

 EA 64.0±3.2 1.8±0.09 22.0 18.0 1.22 9.09 29.1±1.4 20.0±1.0 1.45±0.07 

 DCM 37.6±2.6 0.6±0.03 17.5 22.5 0.78 0.00 21.5±1.3 27.8±1.6 0.77±0.04 

 CFM 14.4±0.8 0.2±0.01 20.5 19.5 1.05 2.44 9.0±0.5 43.9±2.6 0.21±0.01 

Water-miscible solvents 

 ACN 70.5±3.5 30.0±1.5 30.0 10.0 3.00 33.3 23.5±1.2 29.5±1.5    0.80±0.4 

 tert-But 81.5±2.4 28.0±0.8 28.0 12.0 2.33 28.6 29.1±0.9 15.4±0.5 1.89±0.05 

 n-Prop 82.1±2.5 32.0±0.9 32.0 8.0 4.00 37.5 25.7±0.8 22.4±0.7 1.15±0.03 

 sec-Prop  84.0±2.6 33.0±1.0 33.0 7.0 4.71 39.4 25.5±0.8 22.9±0.7 1.11±0.03 

 Acetone 85.2±3.5 35.0±1.1 35.0 5.0 7.00 42.8 24.3±0.7 29.6±0.8 0.82±0.02 

 575 

3.5     sec-butanol v/s tert-butanol: Effect of Na2SO4 concentration 576 

The addition of salt increases the density of the aqueous layer and reduces the 577 

interactions between water and solvent molecules, thus promoting phase separation. When sec-578 

butanol and tert-butanol were used with IA solution containing 10% w/v Na2SO4, the phase 579 

ratio was 1.2 and 2.3, respectively. Complete phase separation (P=1) is favourable to minimize 580 
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product contamination with other water-soluble compounds. To achieve this, the effect of 581 

change in salt concentration (0-40% w/v) was studied on the partitioning behaviour of sec-582 

butanol and tert-butanol (Table 3). At higher concentrations (>40% w/v), Na2SO4 began to 583 

precipitate. It was observed that for both solvents, an increment in Na2SO4 improved IA, 584 

enhanced phase separation, and reduced water content in the upper solvent layer. For sec-585 

butanol, increasing Na2SO4 to 25% w/v enhanced the extraction efficiency and partition 586 

coefficient (K) to 78.2% and 3.6, respectively. A complete phase separation (P=1) was also 587 

observed in this condition, and further salt increment did not alter the partition behaviour. In 588 

the case of tert-butanol, the maximum Na2SO4 concentration (40% w/v) increased extraction 589 

efficiency to 83.5% with a K of 3.04, however, complete phase separation could not be 590 

achieved (P≠1). With the P value of 1.67, the solvent layer still retained 20% (v/v) water, which 591 

might compromise the purity of the final product.  592 

The results indicate sec-butanol, a moderately polar solvent with low water miscibility, 593 

as an ideal extractant for IA.  Multiple studies have supported the effectiveness of sulfate-based 594 

salts in facilitating the efficiency of SOE systems [31,34,37]. The salt effectively modified 595 

interfacial interactions, resulting in minimal contamination from other impurities. The highly 596 

water-soluble Na2SO4 with its strongly kosmotropic sulphate ions exerts a pronounced salting-597 

out effect, which intensifies as salt concentration is increased [32,37]. The kosmotropic ions 598 

form a robust hydration shell with water molecules through strong electrostatic interactions, 599 

which significantly reduces the availability of free molecules to solubilize IA, thereby pushing 600 

it toward the organic phase. This leads to a notable increase (26%) in the extraction efficiency 601 

(p<0.01) (Table 3). The results indicate that a maximum recovery (78.2%) and complete phase 602 

separation (P = 1) were achieved using the sec-butanol-Na2SO4 system, which was chosen for 603 

SOE-based recovery of IA from fermentation broth. 604 

 605 
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Table 3. Effect of varying Na2SO4 concentrations on the salting-out-assisted extraction 606 

efficiency of IA using sec-butanol and tert-butanol as extractants. Values reported as mean ± 607 

SD. A statistical comparison across different Na₂SO₄ concentrations reveals a significant effect 608 

(p < 0.05) on IA recovery. 609 

 
 
Na2SO4  

(% w/v) 

sec-But                            tert-But 

IA  
recovery 
(%) 

Partition 
coefficient,  
K 

Phase 
ratio,  
P 

Water 
content   
in organic 
layer, 
H2Oorg. 
(%) 
 

 IA    
recovery 
(%) 

Partition 
coefficient, 
K 

Phase  
ratio,  
P 

Water 
content     
in organic 
layer, 
H2Oorg.  
(%) 

0 62.0±2.8 1.10±0.04 1.50 16.7  - - - 100 

5 69.9±2.5 1.72±0.05 1.35 13.1  84.1±2.3 1.76±0.07 3.00 33.3 

10 73.1±2.2 2.23±0.06 1.22 9.1  81.5±2.4 1.89±0.07 2.33 28.6 

15 74.1±1.2 2.58±0.04 1.11 4.8  81.8±1.5 2.04±0.08 2.20 27.3 

20 76.2±1.1 3.05±0.10 1.05 2.4  82.1±1.7 2.21±0.09 2.08 25.9 

25 78.2±2.3 3.60±0.11 1.00 0.0  82.4±2.5 2.39±0.09 1.96 24.5 

30 78.2±2.1 3.60±0.10 1.00 0.0  82.7±1.8 2.57±0.10 1.86 23.1 

35 78.2±1.9 3.60±0.09 1.00 0.0  83.1±1.2 2.80±0.11 1.76 21.6 

40 78.2±2.2 3.60±0.12 1.00 0.0  83.5±1.8 3.04±0.12 1.67 20.0 

 610 

3.6 Role of pH in SOE-based IA recovery  611 

  The efficiency of a solvent extraction process is strongly influenced by the pH of the 612 

aqueous medium. IA is a dicarboxylic acid with two acidic protons having dissociation 613 

constants of 3.8 (pKa₁) and 5.5 (pKa₂). The ionic state of IA changes with pH variations in 614 

accordance with the pKa values (Eq. 9,10), which alters its solubility. In this context, the effect 615 
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of pH (0.5-5.0) on extraction efficiency was investigated. The dissolution of salt causes a 616 

change in the pH; hence, the media pH was adjusted after salt was added.  617 

pKa₁ ≈ 3.8            H2A ⇌ HA
-
 + H

+
                                                                                           (9) 618 

pKa2 ≈ 5.5            HA- ⇌ A2-
  + H

+
                                                                                           (10) 619 

Fig. 5A shows variation in log K and %IA recovery with change in pH. The log K 620 

values give a measure of the relative affinity of a compound towards water and solvent. A pH 621 

of 2.0-3.0 favours the partitioning of IA into the organic layer, which is evident by the positive 622 

log K values. The maximum IA recovery (84.65%) was observed at pH 2.0, corresponding to 623 

a log K value of 0.74, indicating efficient partitioning. However, beyond pH 3.5, the log K 624 

became negative, and the % IA recovery dropped sharply, falling to 53.2% at pH 3.5 and only 625 

5.5% at pH 5.0.  626 

At low pH, the IA molecules predominantly exist in protonated non-ionic form (H2A), 627 

which is easily solubilized in the organic solvent through hydrophobic interactions, thus 628 

contributing to the positive value of log K (log [IA]org./[IA]aq.). It is evident from the results 629 

that the salting-out effect is operational mainly in acidic medium (pH<pKa1), where non-ionic 630 

or unionised IA dominates. In contrast, IA becomes increasingly ionized (HA−) and hydrophilic 631 

at higher pH values, which limits its solubility in the organic phase and reduces extraction 632 

efficiency. The charged IA ions prefer to remain in the aqueous layer, resulting in a negative 633 

log K. The IA ions compete with the salt ions for ion-dipole interactions with water molecules, 634 

diminishing the salting-out effect.  635 

The experimental findings show the critical role of pH in maintaining IA in its unionised 636 

form in accordance with the pKa values, which, in synergy with the salting-out effect, 637 

significantly improves extraction efficiency. A similar pH-dependent behaviour has been 638 

reported in a study investigating multiple carboxylic acids, including lactic, citric, formic, 639 
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acetic acids, etc. For all tested acids, the extraction efficiency of an ethanol-(NH4)2SO4 system 640 

was more pronounced at pH 2-3 [61]. Similarly, an acetone-(NH4)2SO4  system for succinic 641 

acid showed maximum recovery at pH 3.0 [35]. In line with previous studies, the highest 642 

extraction efficiency for IA was observed at pH 2.0 using the developed sec-butanol-Na2SO4 643 

system (Fig. 5A). Interestingly, at extremely acidic conditions (pH<2.0), the %IA recovery is 644 

reduced even though the IA exists in its protonated form. This could be attributed to the 645 

presence of an excess of protons, which bind with solvent molecules and interfere with their 646 

interactions with IA molecules. Hence, pH 2.0, giving the best yield, was selected for further 647 

processing.  648 

3.7 Effect of IA concentration and solvent saturation 649 

The optimized SOE system [sec-butanol; 25% (w/v) Na₂SO₄; pH 2.0] was tested across 650 

a broad range of initial IA concentrations (10–80 g/L). The extraction efficiency exhibited an 651 

inverse relationship with initial IA concentration (Fig. 5B). From a low concentration (10 g/L) 652 

solution, 93% of IA was extracted, with a corresponding K value of 13.2. However, as the 653 

initial IA concentration increased, a decline in extraction efficiency was observed. At the 654 

highest tested concentration of 80 g/L, the IA recovery dropped to 68%, significantly 655 

decreasing the K value to 2.1.  This trend was also supported by the [IA]org. v/s [IA]aq. plot 656 

(Fig.5C). The initial part of the curve is steep and linear, indicating a favourable extraction at 657 

low IA concentrations. However, as [IA]aq. increases, the slope gradually declines and 658 

ultimately levels off into a plateau beyond [IA]org. of 50 g/L. This behavior suggests a saturation 659 

effect, which is likely due to the limited solubility of IA in the organic phase and potential 660 

interfacial crowding. The [IA]org. v/s [IA]aq. curve (Fig. 5C) aligns perfectly with the 661 

“Langmuir-isotherm” model of adsorption, which describes monolayer adsorption onto a 662 

surface with “finite capacity”.  Analogously, the solvent extraction system showed a similar 663 

behavior, where the organic phase shows a “finite capacity” to solvate IA molecules and 664 
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becomes saturated when the number of IA molecules is abundant. These findings suggest that 665 

the SOE process is highly efficient at low to moderate IA concentrations but faces saturation 666 

constraints at higher concentrations (>50 g/L). At elevated solute loads, partitioning is 667 

constrained either by thermodynamic saturation or kinetic mass-transfer limitation, ultimately 668 

reducing the net recovery.  669 

Process modifications like multiple extractions and solvent volume adjustment were 670 

investigated to improve yields at high IA concentration. When the volume of sec-butanol was 671 

doubled, the extraction efficiency increased to 90%. Comparable results were obtained when 672 

extraction was repeated with an equal volume of fresh solvent (Fig. 5d). However, a further 673 

increase in solvent volume or additional extraction cycle yielded no significant change in %IA 674 

recovery (p>0.05).  Doubling the solvent volume effectively addressed the thermodynamic 675 

constraint by increasing the availability of free solvent molecules to solvate IA and improved 676 

the process efficiency by 32%. Notably, a shaking/mixing time of 3 h per extraction cycle was 677 

optimal for maximum IA recovery, and no improvement was observed through longer 678 

extraction times, suggesting an equilibrium state of the system (Supplementary Fig. 3). No 679 

yield improvement with prolonged extraction cycles indicated that the mass transfer was no 680 

longer the limiting factor in the process.  681 

 682 

 683 

 684 

 685 

 686 

 687 
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 700 

 701 

Fig. 5: Impact of various physicochemical parameters on the partition kinetics of sec-butanol-702 

Na2SO4 (25% w/v)  system for IA extraction (A) Effect of initial pH of aqueous solution on log 703 

K (bar graph) and % IA recovery (line graph); (B) Impact of IA concentration on %mass 704 

distribution (bar graph) and partition coefficient (line graph) of optimized extraction system 705 

with pH 2.0; (C) [IA]org.v/s [IA]aq. curve with varying IA concentration in the solution; (D) 706 

Influence of change in solvent volume (initial phase ratio V0,aq.:V0,org.) and executing multiple 707 

rounds of extraction on %IA recovery.  708 

 709 

 710 

 711 

 712 
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3.8  Downstream processing of IA from fermentation broth  713 

The developed SOE strategy was implemented for the recovery of IA produced by A. 714 

terreus using synthetic and potato hydrolysate-based media (Fig. 6). After fermentation, 25% 715 

w/v Na2SO4 was dissolved in the culture broth (containing fungal mycelium), and the pH was 716 

adjusted to 2.0 using dilute H2SO4. Sec-butanol, in an amount twice the volume of the initial 717 

mixture, was then added to the culture flask and incubated for 3 h at 200 rpm. The aqueous 718 

(broth) and organic (sec-butanol) phases were separated by allowing the mixture to stand 719 

overnight. Alternatively, the mixture was centrifuged for rapid phase separation. The organic 720 

layer acquired the pale orange colour of the pigments produced by the fungus during 721 

fermentation, which left behind a pigmented precipitate after evaporation. A treatment with 2% 722 

w/v AC prior to evaporation rendered the solvent colourless and resulted in a white extract 723 

precipitate. This treatment also enhanced the purity of extracted IA. Finally, 83% of the total 724 

IA (51 g/L) was recovered from the IA accumulated on synthetic glucose media with high 725 

purity (95%). Implementation of the developed DSP technique on WPAH-based culture 726 

containing 32 g/L IA resulted in the recovery of 80.5% IA with 85% purity. The extracted IA 727 

was characterized through FT-IR and NMR, and the results were compared to standard IA 728 

(Supplementary Fig. 4). The overall upstream-to-downstream process of IA production from 729 

waste potatoes yielded 29 g IA per kg of waste potatoes.   730 

Solvent extraction techniques, particularly reactive extraction, have been gaining 731 

popularity in recent studies due to low energy demand, high yield, and in situ extraction 732 

[62,63]. It involves a chemical reaction between IA and tertiary/quaternary amine (extractant), 733 

forming a complex which shows high affinity to the organic phase (diluent) [62,63]. However, 734 

recovery of solid IA, extractant, and diluent is challenging, which adds to the operation cost, 735 

complicates scale-up, and leads to environmental concerns [10,30]. In contrast, the developed 736 

SOE technique allows easy solvent recovery and reusability since it is based upon physical 737 
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partitioning and no chemical reaction. The salt could also be recovered from the broth by 738 

precipitating it with cold acetone [31]. The optimized SOE process, when implemented on the 739 

A. terreus fermentation broth, resulted in substantial recovery (>80%) of solid IA from both 740 

synthetic glucose medium (>95% purity) and potato hydrolysate medium (>85% purity) (Fig. 741 

6). These outcomes validate the practical applicability of the developed method in both simple 742 

and complex fermentation media for achieving a high yield of purified IA in a cost-effective 743 

and eco-friendly way.  All the experiments performed in the study were performed in shake 744 

flasks, and the scalability of the process in bench-top bioreactors and industrially relevant 745 

conditions needs to be validated. The next phase of this work will focus on assessing the 746 

process efficiency on a larger scale. 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

Fig. 6: (A) DSP of IA from fermentation broth using optimized conditions of the SOE system; 759 

(B) HPLC chromatogram of crude fermentation broth and purified IA after extraction; (C) FT-760 

IR spectra depicting similarity of characteristic peaks in standard and extracted IA. 761 

(A) 

(B) (C) 
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4. Conclusions 762 

The current study seeks to dismantle two chief pillars contributing to the high 763 

production cost of IA: feedstocks and downstream processes, which impede its widespread 764 

applicability. Although existing literature demonstrated bioconversion of waste feedstocks to 765 

IA, only a few reports exist where downstream processing techniques have been successfully 766 

employed on complex media. By integrating the use of a low-cost starchy waste as substrate 767 

with the application of a mild and simple SOE-based downstream processing technique, this 768 

workflow presents a novel and comprehensive strategy, offering an effective approach for 769 

reducing the overall production cost of IA. This study employed extensive and systematic 770 

optimization of parameters influencing the efficiency of each stage of IA biomanufacturing: 771 

saccharification, fermentation, and recovery. The developed upstream-to-downstream process 772 

allows valorisation of 1 kg of potato waste into 29 g of purified IA with minimal processing 773 

steps. This process offers a cost-effective, streamlined, and sustainable alternative to existing 774 

bioprocesses for IA production. Further study will focus on process refinement and bioreactor 775 

scale-up to improve yields and evaluate the suitability of this strategy for industrial IA 776 

manufacturing.  777 
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