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Abstract 

Microbial conversion of lignocellulosic biomass into value-added bioproducts like lactic acid 

(LA) is sustainable yet resource-intensive, characterized by low yields and costly operations. 

This study focused on the development of lignocellulosic LA bioprocesses through the 

valorization of agricultural, Kraft and dairy industrial waste. These wastes are low-cost, 

sustainable and discarded in abundance during raw material processing. Two complete waste-

based pretreatment strategies: (1) steam-assisted combined GLD and PWW (SGLD-PWW), 

and (2) microwave-assisted combined GLD and PWW (MGLD-PWW) were developed and 

optimized using Response Surface Methodology (RSM) to enhance sugar release from corn 

cob waste (CCW). The CCW is non-food based, rich in carbohydrates, and geographically 

widespread. Artificial Neural Network (ANN) models were developed to predict glucose 

responses using experimental data from the Kraft waste pretreatment, followed by sensitivity 

analysis and comparative assessment with a Generative Artificial Intelligence (GAI) model 

like ChatGPT. Following pretreatment optimization, the Kraft waste pretreated CCW and 

supplemented dairy wastewater-based simultaneous saccharification and fermentation 

process (sDWW-SSF) was modelled and optimized using the RSM for LA concentration and 

conversion. The logistic and modified Gompertz models assessed the Lactobacillus 

plantarum ATCC 14917 cell growth and LA production kinetics for the: (1) supplemented 

DWW under SSF-microaerophilic (sDWW-SSFmicroaerophilic), (2) supplemented DWW under 

SSF-anaerobic (sDWW-SSFanaerobic), and (3) De Man, Rogosa and Sharpe medium modified 

with SGLD-PWW pretreated CCW instead of pure glucose under SSF-microaerophilic 

(mMRS-SSFmicroaerophilic). Prior to scale-up, various buffer agents, pH changes, micronutrient 

supplementation and bioprocess types were evaluated for enhanced LA production and sugar 

utilization. Optimized conditions for LA production were assessed at 0.5 L with specific 
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mixing criteria: constant impeller tip speed (Vtip) and constant power input per unit volume 

(P/V), guiding subsequent scale-up to 5 L with kinetic analysis.  

For the CCW pretreatment optimization, the SGLD-PWW (49.89% GLD, 118°C, 5 min) 

strategy resulted in a 32% and 40% higher reducing sugar and glucose yield, respectively, 

compared to the MGLD-PWW (48.70% GLD, 800 W, 9 min) strategy. The SGLD-PWW 

technology was thereafter selected for the SSF process optimization towards LA production.  

The developed steam- and microwave-assisted ANN models showed high coefficient of 

determination (R2) scores >0.95 for the observed and predicted glucose responses. Sensitivity 

analysis revealed high susceptibility to the stepwise variation in GLD concentration from 0% 

to 50% (>3.3-fold increase) and power intensity from 100 W to 900 W (>2.6-fold increase) in 

relation to its baseline value. Furthermore, the GAI model provided key insights that 

coincided with the study’s contextual interpretations. These models offer a promising avenue 

to expedite labour-intensive wet lab experiments and enhance lignocellulosic pretreatment. 

The optimized sDWW-SSF (25g/L CSL, 2 mL/L Tween 80 and 10% SL) process gave a LA 

concentration and conversion of 11.15±0.42 g/L and 18.90±0.75%, respectively. For the 

kinetic studies, the sDWW-SSFmicroaerophilic system observed slightly lower maximum specific 

growth rate (μmax) (0.35 h-1) and maximum potential LA concentration (Pm) (13.01 g/L g/L) 

values than the mMRS-SSFmicroaerophilic (μmax= 0.64 h-1, Pm= 14.01 g/L), but higher values than 

sDWW-SSFanaerobic (μmax= 0.34 h-1, Pm= 12.01 g/L). The negligible variations in the Pm values 

achieved for the sDWW-SSFmicroaerophilic system highlights its economic and resource-efficient 

attributes, mitigating reliance on complex media, freshwater and anaerobic conditions. 

The SSF with CaCO3 and MnO nanoparticle (sDWW-SSFCaCO3(30)+MnO, pH5.5) achieved 31.12 

g/L LA concentration and up to 46.27% sugar utilization at flask-scale. This contributed to a 

64.17% (>2.7-fold) increase in LA concentration when paralleled to the sDWW-SSF system. 
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The 0.5 L bioreactor revealed 18.25% higher LA concentration and 40% reduced production 

time for constant P/V, conferring enhanced mixing efficiency in comparison to the constant 

Vtip. At 5 L scale with constant P/V, LA concentration peaked at 31.43 g/L with up to 43.55% 

sugar utilization, corresponding to 0.26 h-1 μmax and 35.11 g/L Pm.  

The major findings of this study underscore that leveraging waste residues from agricultural, 

Kraft, and dairy industries fosters interdisciplinary co-operation among these stakeholders for 

the comprehensive valorization of waste into high-value commodities. This strategy 

coincides with global sustainable development goals and effectively contributes to optimizing 

the food-energy-water (FEW) nexus. Thus, it reflects a tangible step towards achieving a 

circular bioeconomy and integrated framework for lignocellulosic bioprocesses, promoting 

environmentally friendly processes and economic viability. 

Keywords: Artificial Intelligence modelling, Complete waste-based pretreatment, Kinetic 

modelling, Lactic acid production, Scale-up, Waste-based media formulation. 
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CHAPTER 1 

General Introduction 

1.1. Background 

In an era of increasing environmental awareness and the urgent need for sustainable 

solutions, the focus on developing value-added bioproducts has gained significant 

momentum. These bioproducts offer a promising pathway to reduce dependence on non-

renewable resources and address critical global challenges. The following discussion explores 

the importance of sustainable bioproducts, particularly lactic acid (LA), the innovative use of 

waste streams for bioproduct generation, and the optimization and scale-up methodologies 

that support bioprocess development. 

1.1.1. The need for sustainable value-added bioproducts 

Against the backdrop of a rapidly increasing global population that has surpassed 7.9 billion 

in 2022 and continues to grow to an estimated 9.6 billion by 2050 (International Energy 

Outlook, 2023), there is an escalating need to address the associated challenges of climate 

change, resource depletion and environmental degradation. This growing global concern has 

intensified the transition from a largely reliant non-renewable economy to one that 

encourages sustainable development, energy independence and effective management 

towards environmentally benign alternatives (Diaz et al., 2018). The food-energy-water 

(FEW) nexus (Figure 1.1) has exacerbated the global mandate to accelerate progress towards 

achieving sustainable development goals with the aim of alleviating macroeconomic, 

demographic and climatic pressures that are expected to rise in the short- and mid-term future 

(Bardazzi and Bosello, 2021). With current frameworks directed to single sector 

management, it is vital to identify and understand the interdependencies and interconnections 

among all three sectors in order to optimally manage the food, energy and water triad 



2 
 

(Valencia et al., 2021). In response to this pressing issue, the exploration of microbial-derived 

value-added bioproducts have emerged as a pivotal avenue of research. These bioproducts 

include biofuels (bioethanol, biodiesel, biohydrogen), biochemicals (lactic acid, itaconic acid, 

succinic acid) and biopolymers (polyhydroxyalkanoates, polylactic acid) among others (Diaz 

et al., 2018). Microorganisms, with their inherent ability to produce a diverse array of 

compounds through fermentation processes, present a promising solution to meet the global 

demand. As global systems strive to meet sustainability goals and address the challenges of 

climate change, the allegiance with microbial bioprocessing underscores a collective effort to 

forge a more stable and resilient future.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Overview of the interactions and interdependencies of the food-energy-water 

(FEW) nexus (adapted from Wen et al., 2021). 
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With a particular focus on compounds like LA, it has become a key player in this paradigm 

shift, holding significant potential as a versatile platform chemical with applications spanning 

from the food and pharmaceutical industries to biodegradable polymer production (Figure 

1.2) (Nwamba et al., 2021). Biobased production of LA is preferred over chemical methods 

since it generates optically pure isomers (D-LA or L-LA), crucial for industries requiring 

specific isomeric forms. Unlike chemical synthesis, which produces a racemic mixture, 

necessitates costly enantio-separation and generates secondary waste, microbial fermentation 

is more cost-effective, environmentally friendly, and uses renewable resources, making it a 

sustainable and economically viable alternative (Abdel-Rahman et al., 2013). In order to 

support the growing demand for LA in industry, its overall projected annual revenue growth 

rate has significantly increased by 8.2% from 2024 to 2030 (Global Lactic Acid Market Size, 

Share and Trends Analysis Report, 2023) (Figure 1.3).  

This discourse delves into the urgent need for sustainable microbially derived bioproducts, 

emphasizing the role of LA as a cornerstone in the development of green technologies, 

through its use in biodegradable materials and eco-friendly processes, thereby promoting 

circular bioeconomy within its niche. This focus is driven by the need to reduce reliance on 

fossil fuels, maintain food security standards and minimize environmental impact, making the 

adoption of a low cost, renewable, and non-food feedstock essential for the long-term supply 

of LA (Daful and Görgens, 2017). Recognizing the transition to green technologies, 

lignocellulosic biomass (LCB) stands out as promising substrates, offering both 

environmental and economic benefits. This sets the stage for investigating LCB as a key 

resource for microbially derived value-added products such as LA.  
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Figure 1.2. Biotechnological applications of lactic acid in various industrial sectors.  

 

Figure 1.3. Global lactic acid production by raw material from 2020 to 2030 (adapted from 

the Global Lactic acid Market Size, Share and Trends Analysis Report, 2023). 
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1.1.2. Lignocellulosic biomass for value-added products 

LCB serves as a prominent substrate over refined sugars from an economic and 

environmental point of view. In fact, its use also aids in land disposal reduction and 

valorization of waste residues for the production of marketable products without the risk of 

competing with food security (Bellasio and Sauer, 2015; Saini et al., 2015). Currently, LCB 

production stands at approximately 220 billion tons per annum, worldwide (Bansod et al., 

2024), where only a small fraction has been used in non-food-based areas (Limayem and 

Ricke, 2012). Based on the input/output energy ratio, abundance and low cost (~50% lower), 

LCB is considered a superior substrate for commodity platform chemical production over 

other feedstocks such as starchy materials (FitzPatrick et al., 2010). Agricultural waste 

residues make up a major portion of LCB and these mainly comprise of corn, sugarcane, rice 

and wheat (Balan, 2014). Generally, the bulk of LCB consists of cellulose (38-55 wt%), 

hemicellulose (23-32 wt%) and lignin (15-25 wt%) with trace quantities of inorganic salts 

and extractive portions (resins, tannins, fatty acids) (McKendry, 2002). Some studies have 

explored lignocellulosic bioproduct generation and these include wheat straw (Cizeikiene et 

al., 2018), sugarcane leaf waste (Moodley and Gueguim Kana, 2019), giant reed (Jiang et al., 

2020), rice straw (Chen et al., 2013), corn stover (Chen et al., 2020a), and corn cobs (Qiao et 

al., 2022), among others. Specifically, corn is one of the major cereal crops with an estimated 

global annual production of over 1 billion metric tons (USDA, 2024) and is used in the 

manufacture of human food, animal feed and products such as corn starch, adhesives and 

sweeteners (Ruan et al., 2019). The increased cultivation and exports of corn has led to the 

generation of non-food-based portions such as the leaves, husks, stalks and cobs, with the 

latter being the most abundant (Figure 1.4) (Sewsynker-Sukai and Gueguim Kana, 2018a). 

Corn cob waste (CCW) constitutes approximately 50% of the global corn production with a 

high energy density (4960–5210 MJ/Kg), rich carbohydrate content (38-45% cellulose, 26-35 
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% hemicellulose) and low lignin content (8-19%) (Potumarthi et al., 2012; Kim, 2018). 

Previous studies have demonstrated the microbial production of LA, bioethanol and 

biohydrogen among others, using CCW (Table 1.1). Nevertheless, lignocellulosic material 

such as CCW are protected by an amorphous matrix of hemicelluloses and lignin that is 

responsible for its highly recalcitrant structure (Daful and Görgens, 2017). The glucose rich 

polymer, cellulose, is embedded within the crystalline matrix, rendering enzymes 

inaccessible for hydrolytic attack. Lignocellulosic pretreatment is a crucial step in altering 

such properties in order to improve the amenability of enzymes to the cellulose microfibrils 

and hemicellulose matrices for microbial bioprocessing (Figure 1.5) (Kim et al., 2015).  

 

Figure 1.4. Annotated image of the (A) corn plant (Adapted from Steil, 2019; modified) and 

(B) corn cobs (Adapted from Lovelyn, 2020; modified). 
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Figure 1.5. The effect of pretreatment on lignocellulosic biomass (Adapted from Muley and 

Boldor, 2017; modified). 

 

Table 1.1. Microbial fermentation for biofuel and commodity chemical production using corn 

cob waste. 

Bioproduct Reference 

Lactic acid  Wang et al. (2023) 

Xylitol Baptista et al. (2020) 

Polyhydroxybutyrate Stoica et al. (2018) 

Biohydrogen Li et al. (2022) 

Biobutanol Shanmugam et al. (2019) 

Bioethanol Sokan-Adeaga et al. (2024) 

Malic acid Li et al. (2021) 

Butyric acid Fu et al. (2022) 
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1.1.3. Current trends in lignocellulosic pretreatments and their limitations 

Numerous technologies have been developed in an effort to mitigate the limitations of 

lignocellulosic waste-based commodity chemical production with minimal capital 

investments and increased product outputs. Pretreatment is the most crucial step that accounts 

for 40% of the total production expenses and sets the path for high yields, improved 

downstream applications and reduced capital costs (Saravanan et al., 2023). Various 

lignocellulosic pretreatment methods have been established and these include physical 

(grinding, steam explosion, microwave), biological (enzymes, microorganisms), chemical 

(acid, alkaline, inorganic salts) and combinations of these techniques (Chakraborty et al., 

2024). Overall, strategies with the inclusion of chemicals display the highest efficacy since it 

has the ability to recover more than 75% of fermentable sugars as opposed to pretreatments 

employed without chemicals (Vasco-Correa and Shah, 2019). However, these pretreatment 

strategies are plagued by high energy requirements, undesirable inhibitor compounds and 

excessive costs due to the chemicals used, heating mechanisms, equipment and reactor vessel 

compatibility. Furthermore, with water being a finite resource, the water footprint within 

bioprocessing units have majorly impacted the sustainability and economic viability of 

lignocellulosic pretreatments (Kumar et al., 2017).  As a result, the selection of a suitable 

pretreatment method using renewable and sustainable raw materials is imperative to enhance 

high sugar yields, minimize inhibitory compounds, reduce costs of post pretreatment 

operations and implement simple yet efficient reactor designs.  

Recently, the use of chemical waste residues from industrial streams have been proposed as 

potential lignocellulosic pretreatment catalysts due to its economic and environmental 

benefits. The Kraft pulp and paper industry is one such processing unit that is highly 

established in the global market. These production plants generate large amounts of pulp with 

excessive waste in the form of green liquor dregs (GLD). According to Kinnarinen et al. 



9 
 

(2016), for every ton of pulp produced, the total annual production of GLD ranges 

approximately between 4 to 11 kg. Based on the characterization of GLD, it possesses 

alkaline species (Na2CO3 and Na2S) that may represent an interesting replacement to 

conventional, expensive alkali-based pretreatments such as NaOH (Golmaei et al., 2018). 

Usually, GLD is landfilled after the Kraft paper and pulping process, as it contains high 

concentrations of calcite that remains in the filter lines causing blockages and hydraulic 

conductivity issues (Golmaei et al., 2018). Therefore, the retrieval of GLD from the Kraft 

paper and pulp waste lines (Figure 1.6) towards lignocellulosic pretreatment units may help 

overcome the large expenses attached to pretreatment chemicals, while relieving this industry 

of disposal costs. GLD consists of an array of elements and compounds that confer variable 

impacts on the chemical and structural characteristics of the biomass during pretreatment 

(Cheng et al., 2010; Gu et al., 2013). In particular, the combination of alkalic salts (Na2CO3 

and Na2S) aims to cleave the ester and glycosidic bonds within the cell wall matrix, engage in 

lignin rearrangement and modify the crystalline state of cellulose (Cheng et al., 2010; Geng et 

al., 2014). While using these individual alkalic salts (Na2CO3 or Na2S) in lignocellulosic 

pretreatments is considered to be as effective as strong alkaline chemicals such as NaOH, it is 

important to note that a combination of alkalic salts (present within GLD) demonstrates a 

synergistic effect. This synergistic effect potentially surpasses the pretreatment outcomes 

achieved using solely NaOH (Rorke et al., 2021). In terms of the physical characteristics of 

GLD and its problematic disposal, many studies have focused on repurposing GLD to 

produce high value products. Examples of repurposing GLD include its use in fertilizers 

(Mäkelä et al., 2012), alkaline sealing barriers for acid mine drainage (Moyo et al., 2023), 

substitutes in cement products (Srivastava et al., 2024), and neutralizing agents (Cabral et al., 

2008) among others. However, as it stands there are very few reports that have assessed the 

efficiency of GLD as a pretreatment catalyst (David et al., 2020; Rorke et al., 2021). Our 
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recent study provided a baseline on the development of a GLD pretreatment strategy for 

improved sugar release from CCW using fresh water (David et al., 2020) (Appendix A). 

Following our previous study on GLD (David et al., 2020), Rorke et al. (2021) optimized a 

surfactant-assisted GLD pretreatment for enhanced digestibility of paper mill sludge. 

Findings from both studies demonstrated the potential of GLD as a pretreatment alternative 

(David et al., 2020; Rorke et al., 2021).  

Apart from the chemical cost in the lignocellulosic biorefinery production system, the water 

performance has also been considered to significantly impact the operations. Water is known 

to strongly influence the efficiency of thermochemical conversion and delignification of LCB 

within pretreatment units (Pelaez-Samaniego et al., 2024). Its extensive use raises concerns 

regarding the cost and sustainability within biorefinery processing systems. To resolve this, 

the use of industrial wastewater streams have been proposed to be coupled with pretreatment 

chemicals in order to omit the use of freshwater streams. One such abundant wastewater 

stream is that of the Kraft paper and pulp industry, which generates approximately 40% of the 

global industrial wastewater (Figure 1.6) (Toczylowska-Maminska, 2017). Therefore, the 

proposed concept of using the paper wastewater (PWW) effluent from the Kraft industry 

intends to manipulate every aspect of waste in the aim of transforming these materials to 

highly valuable commodities while decreasing production cost and alleviating the current 

water crisis. However, for optimal efficiency in this transformation, a focused emphasis on 

process optimization becomes indispensable. By strategically refining and enhancing each 

stage of the bioprocess, it does not only ensure resource efficiency but also unravels the full 

potential of this innovative “waste to wealth “concept, thereby contributing to sustainable and 

economic development.  
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Figure 1.6. Overview of the Kraft paper and pulp chemical process (Adapted from Quina and 

Pinheiro, 2020; modified). 

1.1.4. Artificial Intelligence modelling for lignocellulosic bioprocessing 

Transitioning from the intricate details of LCB pretreatment, the pivotal role of Artificial 

Intelligence (AI) modelling tools such as Artificial Neural Networks (ANN) comes to the 

forefront in navigating the complexities of this process. Recognizing the need for a 

sophisticated modelling approach to optimize and predict the outcomes of Kraft waste-based 

pretreatments, ANNs stand out as a formidable solution due to their capacity to capture non-

linear relationships and discern intricate patterns within vast datasets, positioning them as 

invaluable tools in the scope of sustainable bioprocessing (Sindhu et al., 2016). Unlike 

Response Surface Methodology (RSM) and other traditional statistical models, which are 

typically constrained by assumptions of linearity and require the specification of fixed 

relationships between variables, ANNs operate with strong adaptability and fault tolerance 
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(Ramírez-Brewer et al., 2024; Cheng et al., 2023). This flexibility enables ANNs to capture 

and process intricate, multidimensional interactions inherent in bioprocess systems without 

the need for predefined models or linear assumptions (Cheng et al., 2023). Consequently, 

ANNs deliver superior predictive accuracy and robustness, especially in scenarios where the 

complexity of the data challenges conventional modelling techniques. Their application not 

only enhances the precision of bioprocess optimization but also contributes to the 

development of more efficient and sustainable processes by effectively navigating the 

multifaceted variables involved in lignocellulosic bioprocessing systems. Moreover, the 

inclusion of sensitivity analysis in model development is essential for unravelling the key 

variables influencing the pretreatment outcomes. This analytical technique allows for a 

systematic exploration of the model's sensitivity to input variations, providing valuable 

insights into the relative importance of different parameters (Chen et al., 2020b). 

Interestingly, integrating Generative Artificial Intelligence (GAI) such as ChatGPT 

interpretation into the model development process adds a layer of knowledge that aids in 

bridging the gap between complex computational models and human understanding (Ray, 

2023). GAI relies on deep learning techniques and neural networks to generate content that 

closely resembles human-generated outputs. By translating the sophisticated patterns, 

structures and computational outputs into accessible language, GAI systems contextualize 

and simplify model predictions, making them more understandable (Mathew, 2023). This 

capability facilitates decision-making, enhances communication among stakeholders, and 

ensures that the knowledge embedded in intricate models are not just confined to technical 

experts but can be broadly applied across various domains (Ray, 2023). In this way, GAI 

tools contribute to a more inclusive and effective utilization of advanced computational 

models, enhancing their practical impact and accessibility. This holistic approach not only 

contributes to the advancement of sustainable bioprocessing but also ensures the transparency 
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and interpretability of the developed models, fostering confidence in their real-world 

application. 

1.1.5. Lignocellulosic lactic acid production: Bioprocess optimization, kinetic studies and 

scale-up 

Lignocellulosic LA production is still in the infancy stage within the global markets, due to 

its reduced economic viability and low process efficiency as well as the ongoing challenges 

associated with scale-up processes. Its production presents many technological issues that 

occur at different stages of bioprocessing which hinders its large-scale implementation. One 

such outlook surrounding production is the choice of the LA producing microorganism, 

known as LABs and its specific strains. These selections are based on its enantiomeric 

configurations, desirability in industrial applications, high acid tolerance, enhanced yield and 

productivity, amenability to genetic engineering as well as nutritional requirements (Abedi 

and Hashemi, 2020; Macedo et al., 2020). LABs carbon metabolism drives homofermentative 

or heterofermentative pathways, with homofermentation preferred for its high optical purity 

(>99%) and yield whereby monosaccharides are converted almost solely to LA (theoretical 

yield of 1 g/g) (Martinez et al., 2013; Abedi and Hashemi, 2020). The respiratory needs of 

LABs can also influence their metabolic pathways, with anaerobic conditions favouring 

glycolysis for LA production (Sano et al., 2020). In contrast, aerobic conditions activate the 

minimal electron transport chain to promote a high energy metabolism for increased biomass 

growth and replication (Smetanková et al., 2012; Sano et al., 2020). Due to the mixed respiro-

fermentative metabolism whereby microorganisms can switch metabolic routes upon 

availability of oxygen, understanding these mechanisms and oxygen requirements is crucial 

for designing efficient industrial-scale LA bioprocesses. 
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LABs require exogenous sources of carbon, nitrogen, phosphorus, vitamins and minerals for 

growth, due to their lack of several biosynthetic pathways (Chen et al., 2020c). Therefore, the 

fermentation medium should be specifically designed according to the nutritional 

requirements. Generally, LAB cultivation uses the commercial De Man, Rogosa and Sharpe 

(MRS) media since it contains three nitrogen sources (meat extract, peptone and yeast 

extract) along with several other micro and macro-nutrients (Chen et al., 2020c). 

Nevertheless, standard media components for LA fermentation contribute approximately 30% 

to the production costs (Tang et al., 2013). Therefore, intricate details about the nutritional 

requirements of LABs and the restrictions in the biosynthesis pathways due to unavailability 

of certain constituents is of utmost importance in order to mimic their natural niche (Van Niel 

and Hahn Hagerdal, 1999).  

The LA fermentation medium should be economically practical, and productivity must not be 

affected as this could offset any cost reduced by medium optimization. The carbon and 

nitrogen sources within the fermentation media are valuable components that control the 

biosynthesis of LA. Nitrogen plays a vital role in synthesizing amino acids, proteins, and 

nicotinamide adenine dinucleotide (NAD), essential for cell functioning (Reitzer, 1987).  

Several cost-effective nitrogen sources, including soybean meal, ammonium chloride, urea, 

and corn steep liquor (CSL), have been explored as alternatives to traditional MRS media 

components (Thongchul et al., 2010; Liu et al., 2010; Li et al., 2016). CSL stands out for its 

rich organic nitrogen content and ability to replace yeast extract in LA fermentation. CSL not 

only provides essential nutrients but also offers economic feasibility by accounting for about 

one fifth of the cost of yeast extract (Tan et al., 2016). Another component of interest is the 

carbon source as it is the main energy substance selectively utilized by the microorganism 

and plays a key role in LAB metabolism, conferring growth and LA formation (Gäenzle, 

2015). LCB has been categorized as a high energy, renewable, abundant substrate and its use 
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in industrial bioprocessing may address several economic and environmental implications. 

Even though nutritional supplementation in media formulation is imperative within 

fermentation processes, an avenue for its uptake into microbial cells is also extremely 

important. Tween 80, a non-ionic surfactant is a constituent in standard MRS media that is 

known for its association with microbial cell membrane permeability for enhanced 

penetration of nutrients into the cell (Taoka et al., 2011). Moreover, Tween 80 shows promise 

of multi-fold activities with regards to emulsification and improved enzymatic 

saccharification of lignocellulosic materials (Taoka et al., 2011; Zhang et al., 2018). In 

addition to the minimal media formulation, the high-water consumption also requires 

attention in bioprocessing units. As a result, several attempts have been made to either reduce 

water usage or omit it completely from the fermentation system. In light of these 

advancements, the dairy industry has been brought to the forefront due to the generation of 

large quantities of dairy wastewater (DWW) (~ 0.2-10 L of wastewater/L of processed milk) 

(Coelho et al., 2020). These wastewater streams are subjected to costly, energy exhaustive 

and environmentally non-viable treatments prior to disposal (Gogoi et al., 2021).  Therefore, 

instead of costly treatment processes prior to polluting water bodies with DWW, creating an 

alternative path for application by substituting fresh water with DWW in fermentative 

processing may present a possible breakthrough for sustainable and economic development.  

The aforementioned elements provide the foundational framework for minimally 

supplemented LA media formulation. However, it is crucial to delve into various 

physicochemical factors such as the effect of buffer agents, pH changes and micronutrient 

supplementation in addition to their intricate interactions to comprehensively understand and 

optimize the LA fermentation process. Buffer agents are crucial for LA fermentation since it 

maintains the overall pH stability within the optimal range of pH 4.5 to pH 6.5 for LAB 

growth and metabolic activity (Anagnostopoulou et al., 2022). Various compounds like 
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K2HPO4, NaHCO3, Na2HPO4·12H2O, Na3PO4, and CaCO3 serve as buffering agents to 

counteract excessive acidification caused by the production of LA. Validation of selected 

buffers through laboratory-scale experiments is essential prior industrial-scale applications. 

Micronutrient supplementation, particularly with MgSO4 (Mg2+) and MnSO4 (Mn2+), plays a 

crucial role in enhancing bacterial growth, biomass production, and overall LA fermentation 

performance. These micronutrients act as cofactors, boosting enzyme catalytic activity in 

biosynthetic pathways and improving enzyme-substrate binding affinity in carbohydrate 

metabolism (Yu et al., 2008, Lew et al., 2013). Apart from the abovementioned 

supplementations, nanoparticles such a manganese oxide (MnO) present ongoing research 

exploring novel possibilities for precise and efficient delivery of essential elements to LABs 

and improved efficiency in LA bioprocessing. Characterized by their nanoscale properties, 

nanoparticles offer high surface-to-volume ratios and unique surface features, facilitating 

enhanced adsorption and activation of reactant molecules (Sanusi et al., 2020).  

LA production can be achieved through three bioprocess types: (1) separate hydrolysis and 

fermentation (SHF), simultaneous saccharification and fermentation (SSF), and prehydrolysis 

with SSF (PSSF) (Carrillo-Nieves et al., 2017). Amongst these bioprocess types, the SSF 

process is being scrutinized as a viable option over the SHF process attributable to its reduced 

production costs, omission of separate saccharification steps, reduced risk of contamination 

and shorter fermentation times. The SSF process combines both the enzymatic hydrolysis and 

fermentation stage in a single bioreactor and enables a common working temperature for both 

processes while reducing the number of unit operations (Sewsynker-Sukai and Gueguim 

Kana, 2018b). Meanwhile, the PSSF bioprocess acting as an intermediate system, offers a 

compromise on the strengths of both the SHF and SSF processes, resulting in a shorter 

prehydrolysis step (6-24 hr) with increased saccharification efficiency due to the optimal 

temperatures (50°C) than the SHF followed by fermentation. Despite these advantages, the 
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prehydrolysis stages still necessitate a longer process duration and higher energy input 

compared to the SSF process, thereby diminishing its economic viability. Resultantly, SSF 

without prehydrolysis has been estimated to reduce the capital investment by more than 20% 

(Wingren et al., 2003). At the outset, this capital investment reduction already places the SSF 

process in a positive light given high costs associated with lignocellulosic LA production. 

However, the impact of the SSF and PSFF processes in terms of yield output, productivity, 

energy, and cost consumption remains a matter of debate (Zhu et al., 2015; He et al., 2016). 

Thus, emphasizing the integral role of bioprocess selection in optimizing and modelling the 

SSF and PSSF processes for LA production efficiency is imperative.  

Based on the abovementioned components, studies have sparsely engaged in the optimization 

of a waste-based media formulation consisting of a nitrogen, carbon, and surfactant source 

for simultaneous saccharification and LA production. Response Surface Methodology (RSM) 

models are statistical analysis tools that use experimental designs and exploratory data to 

predict process outputs in relation to the input parameters presented (Kucharska et al., 2018). 

Like bioprocess type and optimization, kinetic modelling has been shown to play a 

fundamental role in predicting the behavioural patterns of microorganism growth and product 

formation for the bioprocess development trajectory towards scale-up. Kinetic models gather 

information from the experiments observations and quantitatively describe the systematic 

occurrences in response to changes in fermentation conditions. For instance, the logistic 

model is a substrate independent growth model that evaluates the changes in the microbial 

cell growth as a function of the growth rate, initial and maximum concentrations over time 

(Muloiwa et al., 2020). On the other hand. the modified Gompertz model has the ability to 

determine the production lag time, maximum production rate and maximum production 

concentration on a given substrate (Dodić et al., 2012). The predicted responses of these 

models assist in (i) enhancing product yield and productivity, (ii) managing resource 
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utilization, (iii) reducing undesired by-product formation, and (iv) minimizing cost and time, 

all while maintaining high product purity for industrial scale transformation (Kucharska et al., 

2018).  

When scaling up a bioprocess from flask to reactor, efficient mixing is vital for homogeneous 

nutrient distribution, gas dispersion, and microorganism dispersion with significant impact on 

mass transfer rates, heat transfer, and reaction kinetics (Bisgaard et al., 2021). Examining 

mixing regime parameters like constant power input per unit volume (P/V) and constant 

impeller tip speed enable scalability potential, enhances productivity, yield, and product 

quality. Constant P/V measures energy efficiency, informing reactor design for improved 

industrial-scale bioprocessing, while constant Vtip influences mixing, transfer processes, 

substrate utilization, and cell shear stress. Optimizing these parameters during scale-up is 

critical to maintain optimal process conditions, temperature regulation, and microbial 

integrity throughout the bioreactor. 

 

1.2. Problem statement 

LA is a simple hydroxy carboxylic acid that has been used as a precursor to generate multiple 

intermediate and commodity chemicals in the food, chemical, pharmaceutical and cosmetics 

industries (Choi et al., 2024). Therefore, its increasing demands coupled with economic 

growth pressures and environmental responsibility have stimulated the search for renewable 

and sustainable production strategies for LA. Technologies that produce LA from 

lignocellulosic derived sugars have gained attention as a result of stable feedstock supply, 

low cost and reduced carbon footprint (Raj et al., 2022). Despite LCB being a promising 

feedstock for biorefineries, its rigid and complex structure hinders its enzymatic 

bioconversion and microbial fermentation, thus hampering economic viability. To address 
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this issue, cost-effective pretreatment methods are being explored while addressing issues of 

high costs and resource consumption. More specifically, the application of Kraft paper and 

pulp waste such as GLD and PWW for pretreatment of CCW have been scantily reported in 

literature. Therefore, in an effort to develop a low cost and sustainable pretreatment method, 

a combined GLD and PWW pretreatment using two different heating mechanisms 

(microwave and steam) have been proposed.  

With the imperative for kraft waste-based pretreatment of CCW, another crucial facet lies in 

comprehending the complex dynamics of glucose responses under various unique 

pretreatment conditions. To address this challenge, advanced modelling techniques such as 

ANN, sensitivity analysis, and GAIs like ChatGPT are crucial. These methodologies provide 

a sophisticated means to model and predict the glucose responses from Kraft waste pretreated 

CCW, with its ability to learn patterns and relationships as well as generate innovative and 

factually accurate insights based on the process data.  

Furthermore, LA production is negatively impacted by the high cost associated with the 

routinely used commercial MRS media, impairing the economics of the system (Tang et al., 

2013). In order to negate these excessive costs, the meticulous selection of cheap yet effective 

raw materials are desired for technoeconomic viability. There is a paucity of studies on the 

optimization of key input parameters that form part of a feasible media formulation for 

simultaneous saccharification and LA production. Factors such as substrate solid loading, 

nitrogen source concentration and surfactant concentrations, among others are key aspects 

that require optimization for enhanced LA concentration and LA conversion in SSF 

processes. Moreover, the use of industrial wastewater streams such as DWW instead of fresh 

water or other wastewater (WW) into the media formulation processes may reduce expenses 

and resources, while converting waste to wealth. Since DWW is a disposed stream from the 

dairy industry, its use in the media formulation for LA production is advantageous as it 
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recycles valuable components, provides a nutrient-rich environment inherent to LAB growth 

and may potentially reduce adaptation time for LABs. The abovementioned challenges 

necessitate the modelling and optimization of the simultaneous saccharification and LA 

fermentation process from a DWW-based medium with inputs of substrate solid loading 

(pretreated CCW), CSL concentration and Tween 80 concentration.  

In the same context, the utilization of a basic media formulation, comprising a carbon source, 

nitrogen source, and surfactant in DWW, for LA production forms the base medium on which 

to build upon in order to enhance the product output. However, the LA fermentation process 

encounters a rapid decrease in pH due to product accumulation, leading to microbial and 

enzyme inhibition, along with an accumulation of substantial residual fermentable sugar. This 

phenomenon hinders the efficiency of the fermentation process and challenges the overall 

yield of LA. To address this issue, a comprehensive evaluation of physicochemical 

parameters such as addition of buffer agents, pH change and micronutrient supplementation 

is imperative to optimize the conditions for enhanced LA production and sugar utilization 

while maintaining microbial and saccharification enzyme activity. Furthermore, a 

comparative analysis between the SSF and PSSF bioprocesses is warranted to determine the 

most effective approach for mitigating pH-related challenges and improving overall 

fermentation outcomes. 

Furthermore, there is a dearth of knowledge on the mathematical kinetic modelling of 

Lactobacillus species cell growth and LA formation.  This information is essential for 

industrial scale-up of commodity chemicals such as LA since maintaining anaerobiosis incurs 

high cost. For this reason, it is essential to have an in-depth understanding of the SSF 

bioprocess kinetics with the aim of enhancing the feasibility and productivity of LA 

production.  
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The scale up of LA production using an optimized minimally supplemented waste-based 

media poses a significant challenge due to the lack of comprehensive studies on scalability 

criteria. While development of a waste-based medium show promise of sustainable LA 

production, there is a critical gap in understanding the impact of scale-up parameters such as 

constant Vtip and constant P/V. The lack of knowledge on some of these scalability factors 

hinders the assessment of the production process's scalability potential and will facilitate the 

transition from laboratory scale processes to industrial scale applications. 

 

1.3. Aims and Objectives 

This study aims to develop and optimize a lignocellulosic lactic acid (LA) bioprocess using 

Kraft pretreated corn cob waste (CCW) in a minimally supplemented dairy wastewater 

(DWW) medium.  

To achieve this aim, the following specific objectives were undertaken:  

(i) Development and optimization of two complete waste-based lignocellulosic pretreatments 

consisting of (1) a steam-assisted combined GLD and PWW (SGLD-PWW), and (2) 

microwave-assisted combined GLD and PWW (MGLD-PWW) pretreatment, to enhance the 

enzymatic saccharification of CCW. 

(ii) Development of two Artificial Neural Network (ANN) models to predict glucose yield 

from steam- and microwave-assisted Kraft waste-based pretreatment of lignocellulosic 

wastes. Performing a sensitivity analysis of input variables on the glucose yield using the 

developed models and subsequently comparing its outcome with interpretations by a 

Generative Artificial Intelligence (GAI) model, ChatGPT. 
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(iii) Modelling and optimization of a simultaneous saccharification and fermentation (SSF) 

process using combined Kraft pretreated CCW (from objective ii) and supplemented DWW 

medium (sDWW-SSF) to achieve maximum LA concentration and LA conversion. 

(iv) Investigation of the kinetics of L. plantarum ATCC 14917 cell growth and LA 

production for the optimized sDWW-SSF process under microaerophilic and anaerobic 

conditions, in conjunction with a SSF process using commercial De Man, Rogosa and Sharpe 

(MRS) medium (modified with pretreated CCW). 

(vi) Exploration of various physicochemical parameters namely, buffer systems, pH changes, 

micronutrients supplementation and bioprocess types, to assess its effect on LA concentration 

and sugar utilization. 

(vii) Development of preliminary scale-up experiments and kinetic analysis using the 

optimized bioprocess conditions from objective vi for LA production. 

(viii) Lastly, assessment of the potential of the fermentation effluent as animal feed and 

biofertilizer using compositional and nutritional analysis, aiming to completely valorize the 

waste LA effluent. 

 

1.4. Outline of thesis structure 

This thesis consists of eight chapters presented in the research paper format as outlined in the 

thesis template by the College of Agriculture, Engineering and Science (CAES) of the 

University of KwaZulu-Natal, South Africa. Each experimental chapter is self-contained, 

consisting of an abstract, introduction for the study’s motivation through literature, materials 

and methods, results and discussion, and conclusions. The development, screening and 
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application of novel waste-based pretreatment and fermentation strategies are key concepts in 

all chapters. A brief description of each chapter is as follows: 

Chapter 1 provides a general outline of the present research and states the aims and 

objectives.  

Chapter 2 presents an extensive review of literature on the potential application of Kraft 

paper and pulp waste residues such as green liquor dregs (GLD) and paper wastewater 

(PWW) as a chemical catalyst and fresh-water substitute, respectively, in lignocellulosic 

pretreatments.  

Chapter 3 explores integrated biorefinery systems, covering aspects such as microbial lactic 

acid (LA) fermentation processes, the potential of low cost minimally supplemented media 

formulation, process optimization and artificial intelligence modelling, kinetic studies, and 

scale-up strategies. 

Chapter 4 focuses on the development and optimization of two complete waste-based 

lignocellulosic pretreatment strategies, namely, (1) a steam-assisted combined GLD and 

PWW (SGLD-PWW), and (2) microwave-assisted combined GLD and PWW (MGLD-

PWW) pretreatment to enhance sugar recovery from corn cob waste (CCW). The MGLD-

PWW and SGLD-PWW pretreatments were modelled and optimized using the Response 

Surface Methodology (RSM) model with reducing sugar and glucose yields as the model 

responses. 

Chapter 5 develops two Artificial Neural Network (ANN) models to predict glucose yields 

using data from available literature on steam- and microwave-assisted Kraft waste 

pretreatments under varied novel conditions. Moreover, an in-depth sensitivity analysis based 

on the developed ANN models, and a comparative assessment with Generative Artificial 

Intelligence such as ChatGPT were also conducted. 
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Chapter 6 models and optimizes the simultaneous saccharification and fermentation (SSF) 

processes using the SGLD-PWW pretreated CCW in a dairy wastewater (DWW) formulated 

medium (sDWW-SSF). The input parameters considered for the supplemented medium 

included varied concentrations of corn steep liquor (CSL) (10-30 g/L), Tween 80 (0-2 mL) 

and solid loading (10-20%). The developed model designated as sDWW-SSF gave LA 

concentration and LA conversion as the responses. Following sDWW-SSF process 

optimization, the kinetics of Lactobacillus plantarum ATCC 14917 cell growth and LA 

production were assessed using the logistic and modified Gompertz models, respectively, 

under microaerophilic (sDWW-SSFmicroaerophilic) and anaerobic (sDWW-SSFanaerobic) 

environments. Additionally, a third SSF process implemented the commonly used 

commercial De Man, Rogosa and Sharpe (MRS) medium, where pure glucose was replaced 

with pretreated CCW (mMRS-SSFmicroaerophilic) for comparison with the DWW formulated 

processes. 

Chapter 7 assesses the impact of various physicochemical parameters to enable complete 

sugar utilization and enhance LA production within the previously optimized DWW 

formulated medium under microaerophilic conditions (chapter 6) of the lignocellulosic LA 

bioprocess. These conditions included different buffer agents (K2HPO4, NaHCO3, 

Na2HPO4·12H2O and CaCO3), examining the effect of pH changes (pH 4.8, pH 5.5), and 

supplementation with micronutrients (MgSO4 and MnSO4 or MnO). Additionally, two 

bioprocess types such as SSF and SSF with prehydrolysis (PSSF) were evaluated. Thereafter, 

the optimized bioprocess conditions for LA productions were selected for scale-up 

assessment at 0.5 L using constant impeller tip speed (Vtip) and constant power input per unit 

volume (P/V) as the mixing criteria. Experimental findings from the optimized LA output 

informed further incremental scale-up at 5 L, followed by kinetic assessment of Lactobacillus 
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plantarum ATCC 14917 microbial cell growth and LA production using the logistic and 

modified Gompertz models, respectively. 

Chapter 8 incorporates the major findings from this study and provides conclusions and 

recommendations for future research. 
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CHAPTER 2 

Literature Review 

Recent developments in the application of Kraft pulping alkaline chemicals for 

lignocellulosic pretreatment: Potential beneficiation of green liquor dregs waste 

This chapter has been published in Bioresource Technology (306, 123225) with the title: 

Recent developments in the application of Kraft pulping alkaline chemicals for 

lignocellulosic pretreatment: Potential beneficiation of green liquor dregs waste. 

The published review paper is presented in the following pages. 

 

Highlights 

• The Kraft pulping industry represents a major hub for alkaline solutions. 

• Green liquor, although not a waste, has extensively been used for pretreatment. 

• Green liquor dregs, a remarkable alkaline waste for lignocellulosic pretreatment. 

• Development of innovative lignocellulosic biorefineries using wastes. 
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CHAPTER 3 

Extended Literature review 

This chapter elaborates on aspects which are not covered in the published literature review in 

Chapter 2. It explores integrated biorefinery systems, covering outlooks such as microbial 

lactic acid (LA) fermentation processes, the potential of low cost minimally supplemented 

media formulation, process optimization and artificial intelligence modelling, kinetic studies, 

and scale-up strategies.  
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Advancements in Lactic Acid Production: Harnessing minimally supplemented dairy 

wastewater media for sustainable bioprocessing, optimization and modelling 

Abstract 

The escalating demand for lactic acid (LA) necessitates the reassessment of conventional 

production methods, owing to the significant cost and resource burden, particularly due to its 

nutrient-rich media formulations and requirement for freshwater. The paradigm shift towards 

a minimally supplemented medium formulation that incorporates wastewater in place of 

freshwater challenges the costly traditional De Man, Rogosa and Sharpe medium, by 

strategically selecting cost-effective raw materials and tailoring its compositions for enhanced 

LA production. The dairy industry provides a major supply of dairy waste, particularly dairy 

wastewater (DWW) that can be diverted from effluent disposal to the bioprocessing of LA. 

This review delves into the potential incorporation of economical enhancement agents 

(nitrogen source, carbon source and surfactant) in a DWW medium and the exploration of 

different physicochemical parameters (buffer agents, pH effects, MnO nanoparticles, and 

micronutrients) for LA production. It also navigates through various bioprocess types, 

process optimization strategies, kinetic modelling, and scale-up optimization with emphasis 

on resource efficiency and economic feasibility. Furthermore, the current challenges and 

future perspectives are highlighted. 

Keywords: Lactic acid, Minimally supplemented media, Dairy wastewater, Optimization, 

Kinetic modelling, Scale-up, Value-added products 
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3.1. Introduction 

The ever-growing global population is expected to rise to 9.6 billion by 2050 according to the 

International Energy Outlook (2023). This exponential population growth has led to a surge 

in the overall universal demand of fossil fuel-derived energy and commodity chemicals, 

while placing tremendous strain on industrial markets (Song et al., 2019). Recently, there has 

been significant research surrounding the implementation of a carbon-neutral bioeconomy 

and the commercialization of lignocellulosic derived-microbial fermentation processes for the 

production of value-added bioproducts (Diaz et al., 2018). These bioproducts include biofuels 

(bioethanol, biodiesel, biohydrogen), biochemicals (lactic acid, itaconic acid, succinic acid) 

and biopolymers (polyhydroxyalkanoates, polylactic acid) among others (Diaz et al., 2018). 

One such bioproduct of interest is lactic acid (LA), since it is a robust organic acid that has 

high commercial value, due to its wide variety of applications in food, cosmetics, 

pharmaceutical and other commodity chemicals (Nwamba et al., 2021). Moreover, due to the 

sparked interest in bioplastics such as polylactic acid (PLA), it is estimated that the LA 

market will drastically increase to facilitate its production (Tian et al., 2018). The production 

of LA can be achieved either by the chemical synthesis or microbial fermentative routes. The 

latter accounts for approximately 90% of the LA production worldwide and gives rise to 

either D-LA, L-LA or a mixture, based on the choice of the LA producing microorganism, 

known as LABs and specific microbial strains (Ahmad et al., 2020). LABs include bacteria 

belonging to genus Lactococcus, Lactobacillus, Bifidobacterium, Streptococcus and 

Leuconostoc, amongst others. In particular, Lactobacillus strains are known to be the most 

economically important for the production of LA, attributable to its high acid tolerance, 

enhanced yield and productivity as well as amenability to genetic engineering (Kylä-Nikkilä 

et al., 2000). Moreover, species selections are also based on its enantiomeric configurations, 

desirability in industrial applications and nutritional requirements (Abedi and Hashemi, 2020; 
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Macedo et al., 2020). The latter characteristic can influence the LABs carbon metabolism and 

drives it either towards the homofermentative or heterofermentative pathway (Figure 3.1). 

The homofermentative pathway converts monosaccharides almost solely to LA, with a 

theoretical yield of 1 g/g (Martinez et al., 2013). On the other hand, heterofermentative 

metabolism gives rise to split pathways with different products such as LA, acetic acid, 

ethanol and carbon dioxide, with a theoretical LA yield of 0.5 g/g (Abdel-Rahman et al., 

2011). In terms of economical relevance, homofermentative LABs are desired as a result of 

high yields (almost 100%), high optical purity (>99%) and productivity (Abedi and Hashemi, 

2020). LA pathways are also streamlined according to their respiratory needs. LABs are 

known to be facultative anaerobes, whereby they can grow in the presence or absence of 

oxygen (Sano et al., 2020). Generally, under anaerobic conditions, LABs tend to generate 

energy through glycolysis by converting pyruvate to lactate (Sano et al., 2020). Conversely, 

in the presence of oxygen, the minimal electron transport chain is activated, thus promoting 

high energy metabolism for increased biomass growth and replication (Smetanková et al., 

2012). Some microbial strains can represent a mixed respiro-fermentative metabolism, in 

which these microorganisms can switch metabolic routes upon availability of oxygen 

(Sewsynker-Sukai and Gueguim Kana, 2018). For this reason, knowledge of the mechanistic 

pathways and influence of oxygen requirements will notably impact LA process design for 

industrial scale-up.  
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Figure 3.1. Schematic diagram of the (A) homofermentative and (B) heterofermentative 

pathways of glucose fermentation in LA bacteria (Adapted from Martinez et al., 2013; 

modified). 

Lignocellulosic LA production is still in the infancy stage within the global markets, due to 

its low economic viability. Lignocellulosic substrates particularly derived from sources such 

as agricultural biomass (corn, sorghum, sugarcane, rice, and wheat), are waste components 

produced in large quantities and does not hinder food security, therefore presenting a 
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promising feedstock for biorefinery systems (Karimipour-Fard et al., 2024). The wastes 

generated include corn cobs, sugarcane leaves and bagasse, sorghum chaff, rice straw, and 

wheat straw, amongst others. It constitutes a complex matrix and rigid structure comprising 

cellulose (38–50%), hemicellulose (23–32%), and lignin (15–25%) (McKendry, 2002). More 

specifically, lignin is a complex aromatic polymer that acts as a protective shield around the 

cellulose and hemicellulose moieties, and its intertwining nature creates a matrix that is 

resistant to enzymatic and microbial degradation (Mahmood et al., 2019). Nevertheless, 

lignocellulosic pretreatment is a critical step in the processing of lignocellulosic biomass 

(LCB), aimed at disrupting its intricate structure. It facilitates enhanced enzymatic 

accessibility, essential for maximizing sugar release during subsequent saccharification 

towards LA fermentation stages (Chakraborty et al., 2024). In essence, the journey from 

lignocellulosic substrates through pretreatment to LA production underscores the intricate 

interplay of biological and chemical principles, offering a pathway toward more sustainable 

and economically viable bioprocessing while achieving complete valorization of waste-based 

substrates. Therefore, intervention of novel methodologies and cost-effective strategies is 

crucial to overcome the technological challenges and enhance the economic feasibility of 

lignocellulosic LA production, aligning with the principles of the circular bioeconomy. 

Implementing innovative approaches, optimizing bioprocessing steps, and integrating 

sustainable practices can pave the way for its widespread adoption and commercial success in 

the global market. 

This chapter explores the implications of dairy waste effluents on the environment, 

recognizing the ecological concerns associated with its discharge after expensive treatment. 

Subsequently, the chapter delves into the potential of dairy wastes as valuable substrates for 

biofuel and bioproduct generation, highlighting the diversity of high-value compounds that 

can be derived. Thereafter, specific emphasis is placed on the potential of dairy wastewater 
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(DWW) in LA production, in addition to its composition and inherent characteristics for 

microbial fermentation. Expanding on this, the chapter explores strategies for the minimal 

supplementation of DWW with essential components (nitrogen source, carbon source and 

surfactant) and the exploration of different physicochemical parameters (buffer agents, pH 

effects, and micronutrients) necessary for optimizing LA production. The narrative then shifts 

towards the crucial aspects of process optimization and the integration of Artificial 

Intelligence (AI) modelling that offers a cutting-edge approach to optimize and predict 

outcomes in the complex bioprocessing landscape. Furthermore, it taps into kinetic 

modelling, with evaluation into the dynamics governing microbial cell growth and LA 

production. The review culminates in addressing the strategies associated with scaling up the 

bioprocess from laboratory to bioreactor levels, outlining different mixing efficiencies and 

the potential of utilizing dairy waste in large-scale applications. Lastly, the challenges and 

future perspectives toward enhancing lignocellulosic LA production are presented. 

3.2. Generation of dairy waste in the dairy processing industry 

In the last few decades, the rapid growth of global populations has led to a rapid pace of 

industrialization in sectors such as agriculture, food production, animal farming, and 

processing (Usmani et al., 2022). In particular, the dairy industry has seen significant 

development of innovative technologies aimed at increasing the productivity of milk and 

milk-based products to serve the tremendous upsurge of the global populace. As reported by 

the food and agriculture organization (FAO) of the United Nations, the global milk 

production stood at ~930 million tons in 2022 (FAO, 2023). This was comparable with a total 

global milk production of 906 million tons accounting for a 2.58% increase and 928 million 

tons (0.22% increase) in 2020 and 2021, respectively (FAO, 2021; FAO, 2022). While 

catering to the needs of the population, the dairy industry processing plants release large 



54 
 

quantities of polluting agents into the environment due to substantial use of water and 

emission of effluents. In fact, at every stage of the dairy production and processing, 

significant amounts of waste are generated from the dairy farming, processing, transportation, 

and packaging of products (Usmani et al., 2022). This waste mainly comprises of processing 

waste, spoiled goods, and mishandled products and materials (Mahboubi et al., 2017). It has 

been estimated that the annual dairy waste residues of ~4–11 million tons are generated 

globally in the form of solid waste and effluents while 0.2-10 L of wastewater is produced 

per litre of processed milk (Usmani et al., 2022).  

3.2.1. Implications of dairy wastewater effluent release 

While the dairy industry generates substantial volumes of waste, the release of these wastes 

into the environment poses significant challenges. One such implication is the breakdown of 

the milk proteins in the waste raw milk containing various organic and inorganic functional 

groups of nitrogen including NO-2, NO-3, NH+4 (14–830 mg/L of total nitrogen concentration) 

which may be converted to nitrites, thus contaminating groundwater, causing 

methemoglobinemia (Kavitha et al., 2019). Furthermore, DWW is typically characterized by 

high chemical oxygen demand (COD=1-10 g/L) and biological oxygen demand (BOD=0.3-

5.9 g/L) (Kothari et al., 2017; Yonar et al., 2018). The high organic load leads to a rapid 

depletion of dissolved oxygen in aqueous systems when the effluent is directly discharged, 

thus inadvertently harming the aquatic ecosystems and consequently impacting the overall 

environment (Usmani et al., 2022). In addition, the high BOD and COD in the presence of 

lactose within the dairy effluent can encourage the growth of specific microorganisms that 

produce organic acids and alcohols, further exacerbating water quality issues (Slavov, 2017). 

More so, the oily and greasy fat residues may form a film on the surface of water bodies, thus 

preventing the oxygen transfer and adversely impacting the aquatic flora and fauna (Kavitha 
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et al., 2019). Overall, the consumption of dairy products by humans necessitates stringent 

hygiene standards in dairy processing facilities, leading to the use of surfactants and 

detergents that ultimately end up in the generation of waste effluents and solid wastes. For 

this reason, DWW requires adequate management for environmental and human safety prior 

to release, based on the wastewater characterization, treatability studies, planning of proper 

units and processes for effluent treatment. The pollution regulatory board has assigned 

discharge standards for industrial effluent treatment and hence, it must meet the effluent 

discharge standard norms before releasing the treated effluent on to land or any surface water 

body (Sivaprakasam and Balaji, 2021). This waste effluent is broadly classified as biological 

and chemical components, consisting of biodegradable organic materials and non-

biodegradable solids. Therefore, the general routes for treatment of dairy waste include 

physicochemical and biological methods. The biological strategies consist of anaerobic and 

aerobic treatments such as activated sludge processing, up-flow sludge anaerobic blanket 

(USAB), sequential batch reactors (SBR), moving bed biological reactor (MBBR), wetlands 

and co-composting amongst others (Kwapinska et al., 2020; Ahmad et al., 2019; Zhou et al., 

2015). In addition, physicochemical methods such as flocculation, flotation, adsorption, 

membrane filtration, coagulation, and nanofiltration are also initiated (Awasthi et al., 2022). 

More importantly, handling and treatment of this waste residue is a significant challenge that 

makes up almost 60% of total treatment cost in the processing unit (Kwapinska et al., 2020). 

New technologies are required to bypass the cost and energy intensive processes to enable 

more flexible, stable, clean, and energy-saving procedures for DWW treatment (Roufou et 

al., 2021a, Roufou et al., 2021b).  
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3.2.2. Potential of dairy waste in bioprocessing 

One striking feature of dairy waste is the rich organic nature, which makes it a favourable 

medium for the sustenance of microbial communities. This characteristic makes it an ideal 

medium to facilitate the production of a diverse range of value-added products through 

microbial bioprocessing (Lappa et al., 2019) (Figure 3.2). The application of dairy waste 

effluents in microbial media provides an alternate disposal means to the dairy industry by 

completely by-passing its effluent treatment process, while simultaneously supplying 

bioprocessing units with sufficient water, without the implications of consuming freshwater 

resources. 

Systematic valorization and biorefining of the extensive industrial dairy waste through 

various microbial bioprocesses brings to light a new perspective on the effective dairy waste 

management and economic benefit for the vast and continually expanding global dairy 

market. In that respect, manipulating the beneficial properties of dairy waste effluents as a 

medium for the generation of value-added products has become a potential pathway for 

utilization (Table 3.1). For instance, the production of biofuels such as bioethanol and 

biobutanol from dairy whey are prospective biorefinery approaches due to its stable and eco-

friendly nature. In particular, Nooshkam et al. (2018), reported ethanol yields ranging from 

30g/L to 35 g/L through the hydrolysis and subsequent anaerobic fermentation of lactose in 

whey powder. The study employed various yeast species, including Kluveromyces marxianus 

DSMZ-7239, immobilized Saccharomyces cerevisiae and Candida inconspicua to achieve 

these yields (Nooshkam et al., 2018). Moreover, dairy waste is rich in proteins and moisture, 

creating favourable conditions for the growth of bacterial communities which can produce 

biosurfactants by using the waste as the carbon source. Vera et al. (2018) applied 

Lactococcus lactis CECT-4434 on 15% whey, resulting in 8.9 mg/L production of 
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biosurfactant with a surface tension reduction of ~18.1 mN/m. Another important area of 

innovation lies within the production of antioxidant and anticancer bioactive peptides from 

dairy whey, utilizing the proteolytic activity of microorganisms, starter cultures and 

enzymatic hydrolysis facilitated by digestive enzymes (Mohan et al., 2015). In an attempt to 

produce antihypertensive peptides that boost angiotensin-converting enzyme activity during 

gastrointestinal digestion, Alvarado et al. (2019) used whey protein hydrolysate as the carbon 

source, resulting in a 10% increase in enzyme activity. Dairy effluent containing sugar 

lactose and dissolved lipids have also been harnessed as feed substrates for the production of 

biopolymers such as polyhydroxyalkonates (PHA) and polyhydroxybutyrates (PHB). 

Recently, Liu et al. (2021) employed a recombinant E. coli strain in untreated acid whey, 

achieving a process yield of 4 g/L of PHB during growth phase.  

Over the years, there has been a consistent demand for organic compounds as additives in 

industrial processes involving food, beverages, cosmetics, and pharmaceuticals. These 

platform chemicals are employed for the preservation, stabilization, emulsification, 

acidification, and enhancement of flavours in consumable products (Usmani et al., 2022). 

Dairy waste in various forms is a potential medium for organic acids production such as 

acetic, citric, succinic, propionic and LA (De Jesus et al., 2015). A recent study by Longanesi 

et al. (2018) indicated that using Actinobacillus succinogenes ATCC 55,618 in deproteinated 

cheese whey was able to produce 0.72 g/L of succinic acid per hour. Another study by Jiang 

et al. (2015) illustrated the potential of immobilized Propionibacterium acidipropionici on 

whey lactose to generate propionic acid (135 ± 6.5 g/L), an important chemical for the 

preservation of vitamin B12 in the production process. Pandey et al. (2019) also states that 

treating cheese whey with Lactobacillus acidophilus to produce biohydrogen may also result 

in byproducts like acetic, lactic, pyruvic, formic, propionic, and butyric acid. More 
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specifically, LA production has been reported using whey permeates by the application of 

Lactobacillus casei to produce a maximum concentration of 33.7 g/L (Ricciardi et al., 2019). 

 

Figure 3.2. Overview of bioproducts generation using dairy waste. 
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Table 3.1. Microbial fermentation for biofuels and commodity chemical production using 

dairy waste 

Dairy waste Bioproduct Reference 

Dairy whey powder Bioethanol Nooshkam et al. (2018) 

Dairy whey Biosurfactants Vera et al. (2018)  

Dairy whey Antioxidant and anticancer bioactives Mohan et al. (2015) 

Whey protein hydrolysate Antihypertensive peptides Alvarado et al. (2019)  

Raw acid whey polyhydroxybutyrates Liu et al. (2021) 

Deproteinated cheese whey Succinic acid Longanesi et al. (2018) 

Cheese whey Biohydrogen  Pandey et al. (2019)  

Whey permeates Lactic acid  Ricciardi et al. (2019) 

Whey lactose Propionic acid Jiang et al. (2015)  

Crude cheese whey and 

wastewater 

Biohydrogen Mete et al. (2024) 

Dairy wastewater  Bioethanol Dhandayuthapani, et al. 

(2022) 

Dairy waste paneer whey Lactic acid  Verma et al. (2023) 

Dairy sludge L-glutamate Ghazanfari et al. (2023) 

 

3.3. Lactic acid production 

3.3.1. Potential of dairy waste for lactic acid production 
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Although solid waste generation such as cheese whey, curd and whey permeate amongst 

others are well established as favourable substrate for bioconversion to value-added products, 

the wastewater effluent derived after filtration is seen as an excellent freshwater substitute 

and nutrient enhancement platform. This review proposes the use of DWW (DWW) effluent 

as a promising baseline medium for the production of valuable bioproducts, in particular, LA. 

Interestingly, DWW consists of residual nutritional components such as carbohydrates, 

soluble organic compounds, nitrogen and protein that assist in stimulating the growth of 

several LABs (Kaur, 2021). DWW contains elements such calcium, essential for intracellular 

signalling and regulation of multiple cellular processes of LAB species such as cell division 

and development, stress response and motility, amongst others (Domínguez et al., 2015; King 

et al., 2020). It acts as a cofactor for certain enzymatic pathways involved in LA production. 

Potassium is another important nutrient as it is involved in maintaining cell osmotic balance 

and pH regulation, which are critical for the survival and growth of these bacteria during 

fermentation. The DWW consists of manganese (Mn2+) and magnesium ions (Mg2+) that 

serve as cofactors of enzymatic reactions involved in the overall metabolic function of LABs. 

These ions also synergistically improve the binding affinity of the enzyme-substrate complex 

during carbohydrate metabolism (Yu et al., 2008, Lew et al., 2013). Moreover, both Mg2+ and 

Mn2+ are integral in the biosynthesis of lipoteichoic acid and peptidoglycan within microbial 

cell walls (Lew et al, 2013). In addition, phosphorus is a key component of nucleic acids, 

adenosine triphosphate (ATP), and other cellular molecules that necessitates bacterial cell 

growth and LA production. Nitrogen is critical for the growth of LABs since it provides the 

building blocks in the synthesis of key biomolecules such as amino acids, proteins, 

nucleotides, and coenzymes involved in metabolism (Ye et al., 2018). Moreover, organic 

carbon, such as sugars or other carbohydrates, are the primary substrates for LA fermentation 

in which LABs use it as a source of energy.  
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3.3.2. Approaches in the supplementation of dairy wastewater for lactic acid production 

The successful production of LA is reliant on various essential nutrients, trace elements, and 

suitable carbon sources to maintain a balanced medium. This is due to LABs being 

auxotrophic, meaning it requires an external source of complex nutrients such as carbon, 

phosphorus, nitrogen, vitamins, and minerals for growth, since they lack many biosynthetic 

capabilities (Chen et al., 2020a). In the case of LA production, the widely used De Man, 

Rogosa and Sharpe (MRS) media is a nutrient-rich source that is routinely used for the 

cultivation of various LABs. Nevertheless, due to the specific nutritional requirements of 

Lactobacilli, the cost associated with the intricate supplementation of MRS media has limited 

its utilization to laboratory-scale cultivation and fermentative operations. Therefore, 

strategically selecting raw ingredients and formulating optimum fermentation media that are 

both effective and economically feasible is considered one of the most crucial stages in the 

advancement of LA processes towards large-scale production. This has led to the innovation 

of supplementing the existing DWW effluent from the dairy industry with inexpensive 

alternatives. This novel media formulation will enable a sustainable biorefinery production 

facility that will not only deal with the burden of waste disposal in the dairy industry and 

freshwater consumption in LA generation but will also extract the benefits of various nutrient 

supplements to enhance its commercial value to the fullest potential (Awasthi et al., 2019). 

As mentioned above, biological processes such as LA fermentation thrive with an adequate 

nitrogen source, due to its fundamental role in the biosynthesis of key constituents such as 

amino acids, proteins, and nicotinamide adenine dinucleotide (NAD) that are essential for cell 

functioning (Martinez-Burgos et al., 2021). The standard MRS media contains three different 

nitrogen sources in the form of peptone, meat extract and yeast extract with the latter being 

the main nitrogen contributor but also the most expensive, accounting for approximately 30% 
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of the production costs (Tang et al., 2013). Consequently, researchers are in search of 

nitrogen sources that meet the requirements for LA fermentation with cheaper costs attached. 

Previously, studies have shown use of cheaper alternatives to yeast extract such as protein 

hydrolysate, soybean meal and corn steep liquor (CSL), amongst others (Mis Solval et al., 

2019; Jiang et al., 2019; Li et al., 2021). More specifically, CSL is an emerging nitrogen 

source in LA production due to its rich composition of amino acids, polypeptides, inorganic 

salts, and considerable amounts of vitamin B-complexes, as indicated by Hofer et al. (2018). 

These essential nutrients are functional aspects in satisfying the growth of LABs, including 

Lactobacillus species. As a byproduct of the corn wet milling industry, CSL offers several 

advantages, including cost-effectiveness approximating one fifth of the cost of conventionally 

used yeast extract, secured availability, and its ability to support robust bacterial growth and 

high LA yields (Tan et al., 2016). Therefore, CSL can be used for the partial or total 

substitution of yeast extract within the fermentation medium to assist in the overall cost 

reduction, sustainability and efficiency while maintaining all essential nutrients required for 

microbial cell growth and product formation. 

As focus shifts to the source of energy for microbial fermentation, carbon sources such as 

pure glucose, which has conventionally been used in fermentation media, is no longer a 

sustainable or viable option in the progression of green bioeconomy. LCBs are regarded as 

renewable residues that hold promise as an attractive carbon source for the fermentative 

synthesis of valuable industrial commodities such as LA. In this context, corn cob waste 

(CCW) stands out a potential raw material for extracting fermentable sugars, owing to its 

widespread global availability, rich carbohydrate content and low lignin content (Potumarthi 

et al., 2012). Nonetheless, the commercialization of LA production from lignocellulosic 

sources has faced challenges in light of expensive and resource-intensive processes. These 

difficulties often result in low product yields and costly downstream procedures (Kumar and 
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Sharma, 2017). To address these shortcomings, there is a growing need for approaches that 

reduce costs, energy consumption, and resource utilization while concurrently achieving high 

sugar yields. In line with this, alkaline Kraft pulping and paper waste, green liquor dregs 

(GLD) and paper wastewater (PWW), offers a promising solution as an innovative waste-

based pretreatment method for use in the lignocellulosic biorefinery. 

Another component of interest within commercial MRS media is the presence of Tween 80, a 

non-ionic surfactant that contains a mono-unsaturated fatty acid (oleate). The presence of 

Tween 80 was shown to have a multi-fold effect within lignocellulosic microbial 

fermentation processes (Taoka et al., 2011; Zhang et al., 2018). For instance, within a 

microbial suspension, it allows for enhanced permeability and reduced surface tension of the 

cell membranes resulting in improved nutritional uptake of nutrients surrounding the cell 

body (Taoka et al., 2011). Additionally, Tween 80 has been employed as an emulsifying 

agent where immiscible compounds or the distribution of nutrients is critical (Taoka et al., 

2011). It can improve the solubility and bioavailability of complex hydrophobic nutrients 

such as fats and oils in the fermentation medium. Moreover, it aids in dispersion and 

stabilization of the insoluble compounds in the aqueous medium, ensuring better contact with 

the microbial cells. Furthermore, it enhances enzymatic hydrolysis of LCB by promoting 

strong interactions between the substrate-enzyme complex, increasing stability, and reducing 

unproductive enzyme binding (Zhang et al., 2018). In some cases, Tween 80 has also been 

proposed to enhance the stress tolerance of LABs by protecting the cells from environmental 

stresses such as osmotic stress as well as stabilizing cell membranes and improving its 

integrity. 

Extending on the essential requirements of a LA fermentation medium, the effects of 

additional supplementations such as buffers and micronutrients necessitates further research 
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for enhancing LA production. Buffer agents are of paramount importance in the LA synthesis 

processes. Its primary role is to ensure pH stability, thus providing a conducive environment 

for LABs to thrive. LABs are highly sensitive to fluctuations in pH and its microbial growth 

and metabolic activity is reliant on an optimal pH range, typically below pH 4.5 to 6.5 

(Anagnostopoulou et al., 2022). Accordingly, careful selection of an appropriate buffer 

system is essential to facilitate optimal LA production. Buffering agents encompass a variety 

of compounds, including K2HPO4, NaHCO3, Na2HPO4·12H2O, Na3C6H5O7, Na3PO4 and 

CaCO3 amongst others. Therefore, it is essential to validate the compatibility and 

effectiveness of the selected buffers through laboratory-scale experiments prior to scaling up 

to industrial applications. Specifically, CaCO3 is a widely utilized neutralizing agent in LA 

mediums. It essentially aids in preventing excessive acidification, a condition that could 

prove detrimental to the viability of the LAB (Yanga et al., 2015). CaCO3 reacts with LA to 

form calcium lactate salt and carbon dioxide gas, thereby initiating a shift towards a neutral 

pH environment (Wang et al., 2014). In its initial form, CaCO3 exhibits alkaline properties, 

creating an environment less conducive for the growth of contaminating microorganisms that 

may contend with LABs during fermentation.  

In addition to buffer agents, the supplementation of micronutrients is a significant factor in 

achieving optimal bacterial growth, increasing biomass production, enhancing overall 

fermentation performance, and maximizing yield generation. In this case, MgSO4 (Mg2+) and 

MnSO4 (Mn2+) act as cofactors to enhance the catalytic activity of enzymes in biosynthetic 

pathways. It also works to synergistically improve the enzyme-substrate binding affinity in 

carbohydrate metabolism (Yu et al., 2008, Lew et al., 2013). More so, Mg2+ ions bolster the 

stress tolerance of LABs in challenging circumstances characterized by high osmolarity, low 

pH and elevated fermentation temperatures (Archibald and Fridovich, 1981; Watanabe et al., 

2012). Conversely, Mn2+ ions maintain the redox balance of reducing equivalents such as 
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NADH (nicotinamide adenine dinucleotide) and NADPH (nicotinamide adenine dinucleotide 

phosphate) by ensuring availability of the necessary reducing power for LA synthesis. The 

Mn2+ ions also act as an antioxidant defence system against reactive oxygen species (ROS) 

that are sometimes produced during LA fermentation (Archibald and Fridovich, 1981; 

Watanabe et al., 2012). Manganese-containing enzymes, such as superoxide dismutase 

effectively scavenge and neutralize ROS, safeguarding LABs from oxidative stress and 

preserving its cellular components. The remarkable capabilities of these micronutrient 

capabilities have prompted the development of nanoparticles, offering several potential 

advantages over its chemical counterpart. Notably, Manganese oxide (MnO) nanoparticles 

exhibit unique physicochemical properties at a nanoscale with its high surface-to-volume 

ratio and distinctive surface properties that enable efficient adsorption and activation of 

reactant molecules, thereby enhancing LA production (Sanusi et al., 2020). It has garnered 

much traction for its recovery and reusability potential, thus contributing to cost-effectiveness 

and sustainability of the production process. It is worth highlighting that the utilization of 

MnO nanoparticles in LA production remains an active area of research since the application 

of micronutrient nanoparticles opens up new possibilities for precise and efficient delivery of 

essential elements to LABs. This promotes specific target delivery, improved nutrient 

absorption, and overall effectiveness in LA bioprocessing (Powell et al., 2010; Abdelsalam et 

al., 2016). 

3.3.3. Bioprocess types for lactic acid production 

Another important consideration for lignocellulosic LA production is the choice of 

bioprocess system, namely, (1) separate hydrolysis and fermentation (SHF), (2) simultaneous 

saccharification and fermentation (SSF) and (3) prehydrolysis with SSF (PSSF) (Carrillo-

Nieves et al., 2017). The SHF process involves separate enzymatic hydrolysis and 
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fermentation steps at different optimal temperatures, leading to extended processing times, 

operational costs, and risks of contamination. In contrast, SSF combines hydrolysis and 

fermentation in a single vessel with a median temperature, eliminating lengthy process time 

and the exposure to cellulase inhibition. Interestingly, PSSF bridges the gap by incorporating 

a short prehydrolysis step (6-24 hr) before fermentation, optimizing both the enzymatic 

saccharification and fermentation (Sewsynker-Sukai and Gueguim Kana, 2018). Nonetheless, 

the process exhibits slightly longer processing time and higher costs than the SSF process. 

While SSF demonstrates advantages for large-scale applications, both the SSF and PPSF 

processes require comparative assessment in terms of economics, productivity, and yield 

output. All three bioprocesses (SHF, SSF and PSSF) have been explored extensively in our 

book chapter (Sewsynker-Sukai et al., 2023a; Sewsynker-Sukai et al., 2023b) attached as 

appendix B (Section 10.3) and appendix C (Section 13.6).  

3.4. Bioprocess optimization and modelling 

3.4.1. Process optimization 

In the past, researchers often took part in the arbitrary selection of process variables or raw 

material combinations for achieving certain product characteristics as its lignocellulosic 

bioprocess optimization strategies. However, this practice is often without consideration for 

relevant experimental designs and in such situations, it is difficult to compare the data since it 

precludes ideas concerning interactions between process variables, sensitivity of specific 

variable combinations and effects of the process variables on the product quality features in 

question. In addition, the relationships between process variables and product responses 

necessitate the evaluation of a large number of process variable combinations. To achieve 

reliable bioprocess optimization with a single-dimensional search, the one variable at a time 

(OVAT) approach, whereby changing one variable while fixing the other variables at a 
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certain level is necessary. Nevertheless, this methodology can be laborious and time 

consuming especially when it includes a large number of variables (Ratnam et al., 2005). The 

primary goal of optimization is to provide a precise map of the path that has the highest 

probability towards successful product formation (Ruguo, 1999; Crapiste, 2000).  

To develop and optimize lignocellulosic bioprocesses, studies have found interest in the use 

statistical analysis tools such as Response Surface Methodology (RSM) that use experimental 

designs and exploratory data to predict process outputs in relation to the input parameters 

presented in multivariable systems (Kucharska et al., 2018). In the context of lignocellulosic 

bioprocessing, RSM plays a critical role in optimizing various parameters to enhance the 

production of biofuels, enzymes, platform chemicals, or other valuable products from LCB. 

RSM models have important applications in the design, analysis and optimization of existing 

products and unit operations, its use decreasing thus the volume of experiments, reagents, 

time, financial input, energy, among others (Montgomery, 2009). In accordance with its 

demand, several experimental designs have been applied in lignocellulosic bioprocesses in 

order to achieve the most appropriate combination of factors that will render the best 

characteristic of a product and/or process response. Some of these designs include full 

factorial, central composite, mixture and box-Behnken designs amongst others. Moreover, 

based on the purpose of design and availability of data generated, it is important to note that 

in order to achieve a final objective, it is sometimes necessary to use a sequence of two or 

more designs (Granato and de Araujo Calado, 2014). The full factorial design is a systematic 

approach where all possible combinations of the levels of each factor are evaluated. It 

provides a complete illustration of how each factor independently and interactively affects the 

output response (Granato and de Araujo Calado, 2014). However, the full factorial design can 

be resource-intensive if the number of factors and levels are high, resulting in a large number 

of experiments and may not be feasible for complex or high-dimensional issues. Furthermore, 
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the Central Composite Design (CCD) extends the full factorial design by adding centre points 

that are augmented with a group of corner and star points for the estimation of curvature, 

allowing for fitting a second-order polynomial model, covering both linear and non-linear 

responses (Annor et al., 2009). This model permits for the identification of critical process 

parameters and their optimal levels. This particular design efficiently models quadratic 

responses and interaction effects, reduces the number of experimental runs compared to a full 

factorial design and provides insights into curvature of the response surface. Regardless of 

these advances, the CCD requires a significant number of experimental runs, especially as the 

number of factors increases. In addition, mixture designs are used when the factors are 

proportions or percentages that sum to a constant (Granato and de Araujo Calado, 2014). It 

addresses cases where the total composition remains constant (sum of proportions=100%) 

and efficiently studies how changing proportions of components affect the response. More, 

specifically, the Box-Behnken Design is a response surface design that focuses on fitting a 

second-order polynomial model without including estimation of pure quadratic effects at 

extreme factor levels. Important for efficiency and cost effectiveness, this design requires 

fewer experimental runs compared to the abovementioned designs. Furthermore, it is suitable 

for moderate to high-dimensional problems and effectively models quadratic responses. As it 

stands, each design has its own strengths and is suitable for specific situations based on the 

nature of the factors, the desired response surface exploration, and the available resources. 

The choice of the design is crucial for an effective and efficient application of RSM in 

process optimization. 

3.4.2. Artificial Intelligence modelling 

The advent of the fourth industrial revolution (4IR) aligned with global sustainability 

objectives has guided research toward the utilization of artificial intelligence (AI) systems. 

This technology has piqued the interest of researchers, particularly within the realm of 
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bioenergy, biofuel and bioproduct research. The profound impact of AI in this specific 

domain has spurred discussions on numerous AI strategies aimed at enhancing existing 

systems and addressing challenges in lignocellulosic bioprocessing units. Machine learning 

algorithms can analyse vast datasets to identify patterns, facilitating optimization of process 

parameters. This adaptive approach enables continuous improvement and enhanced 

scalability. With this in mind, AI presents a plethora of sophisticated mechanisms in 

lignocellulosic bioprocessing technologies, promoting effective resource utilization, reduce 

laboratory experimentation, environmental consciousness, and efficient bioproduct 

generation from natural resources (Cheng et al., 2023). Integration of AI tools allow for real-

time monitoring and control, enabling dynamic adjustments to optimize performance during 

process development and scale-up with minimal experimental iterations. Moreover, the 

incorporation of AI enables swift assessment of risks or potential disruptive events 

throughout the supply chain, contributing to more effective risk mitigation (Soori et al., 

2023). Much like other sectors, the field of bioprocessing is also harnessing AI to support its 

long-term objectives.  AI offers a diverse range of optimization tools, such as the 

Evolutionary Algorithms (Amenaghawon et al., 2024), Genetic Algorithm (GA) (Izquierdo et 

al., 2024), and artificial neural network (ANN) modelling (Mansour et al., 2024). These 

optimization tools can also leverage support for economic forecasting and the large-scale 

commercialization of bioproduct conversion technologies.  

More so, ANN’s facilitate virtual experiments that alleviate exorbitant costs and intensive 

labour. It simulates the cognitive responses of the human brain, enabling the mathematical 

modelling of intricate non-linear systems without prior knowledge of kinetics, metabolic 

fluxes or the bioprocessing medium ((Zhu and Liu, 2022). These data-driven tools leverage 

correlations between the process inputs and corresponding outputs, training machine learning 

algorithms for precise yield prediction (Soori et al., 2023). In turn, this leads to maximized 
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product generation and minimized inhibitory factors (Sebayang et al., 2017). In addition, 

ANNs incorporate feature selection techniques to identify and prioritize the most relevant 

input features from the dataset, enhancing the network's efficiency, accuracy, and 

interpretability. In choosing the most influential features, it optimizes the model's complexity 

by excluding redundant inputs and mitigates the risk of overfitting, leading to faster training 

and evaluation (Chen et al., 2020b). To achieve these goals, one of the methods employed for 

this purpose is sensitivity analysis. Sensitivity analysis stands out as a feature selection 

method that point identifies essential input parameters for predicting the output variable and 

quantifies how the modifications in these input values affects the model’s responses (Chen et 

al., 2020b). It improves model predictive performance and generalization of the model. As a 

result, these intelligent models expedite screening evaluations of the fermentable sugar 

release from pretreated LCB, offering foresight into potential industrial scale applications.  

While ANN is a robust tool for predicting responses, making complex decisions and 

recognizing patterns, there has been a growing interest in exploring the potential of advanced 

Generative Artificial Intelligence (GAI) models like ChatGPT to unravel complex 

perceptions in the domain of bioprocess development. By harnessing the capabilities of deep 

learning algorithms, the GAI models possess the ability to process, analyse and synthesize 

intricate patterns from vast and multifaceted scientific datasets, generating articulations 

similar to human-like language (Ray, 2023). Unlike human interpretation that relies on 

contextual knowledge, GAI models offer unbiased analysis based on statistical associations 

within the presented dataset (Ray, 2023).  

Nevertheless, these models lack expertise and comprehension specific to the domain, 

potentially restricting its capacity to offer nuanced interpretations intrinsic to the specialized 

field. To overcome this challenge, an integrated strategy that synergistically combines the 

extensive computational and data processing capabilities of GAIs with human interaction can 
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be exercised to ensure precise and contextually informed decisions. This collaborative 

approach assists in identifying possible discrepancies and cognitive biases that could arise in 

both human and model interpretations, ultimately propelling research advancements and 

fostering the generation of factual, scientific knowledge. 

3.4.3. Kinetic modelling 

As it stands, lignocellulosic biorefineries are complex systems with multi-scale phenomena, 

from molecular-level reactions to macro-scale transport processes. Kinetic models offer 

valuable insight into the rational design of microbial metabolic processes and exploring the 

phenomena in intricate biological systems pertaining to reaction rates, mechanisms and 

intermediate steps. This knowledge expediates cell factory engineering and defines the 

parameters for bioprocess control, particularly when considering industrial-scale applications 

(Oliveira et al., 2016). Bioprocess modelling encompasses the mathematical representation 

and simulation of biological, physical, and chemical aspects inherent to the bioconversion of 

LCB into valuable products. This aims to meticulously select and optimize the process 

parameters that influence microbial growth and product formation (Fedailaine et al., 2015).  

The kinetics models provide insights using rate equations to describe how the concentrations 

of reactants change over time and are based on empirical observations derived from 

experimental outcomes. Thus, predicting the optimal conditions and behavioural conditions 

over time within a fermentation process assists in (1) enhancing product yield and 

productivity, (2) efficiently managing resource utilization, (3) reducing undesired byproduct 

formation, (4) optimizing cost and time efficiency, and (5) transitioning from lab-scale 

reactions to industrial-scale reactions, whilst maintaining high product purity (Kucharska et 

al., 2018). Modelling the kinetics of microbial growth necessitates accounting for the 

regulatory effects and dynamics of the biological system at a metabolite level (Costa et al., 
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2016). These approaches typically rely on a set of mathematical expressions that 

quantitatively describe the systematic occurrences in light of reaction rate constants, 

activation energies, and adsorption coefficients. Well-designed experiments and data analysis 

techniques such as regression, optimization strategies are employed to forecast the response 

to various input conditions, accurately. Various kinetic models, including but not limited to 

the Monod model, logistic model and Haldane model, modified Gompertz model, and 

modified logistic model, are commonly used to characterize the specific growth rates of 

microorganisms and product synthesis. These models conceptualize microorganisms as 

independent entities that interact with their environment, and their growth rates are 

influenced by the biomass and substrate concentrations (Dong et al., 2015; Panikov, 1999). 

Overall, kinetic modelling for bioprocess development has been explored extensively in 

appendix B (Section 10.4) (Sewsynker-Sukai et al., 2023a). 

3.5. Bioprocess scale-up 

When transitioning a bioprocess from flask to reactor scale, considerations regarding kinetics 

and mixing efficiency in the bioreactor are required. Mixing efficiency is a fundamental 

feature in ensuring homogeneous distribution of nutrients, gases, and microorganisms 

throughout the fermentation medium. It directly influences the mass transfer rates, heat 

transfer and reaction kinetics within the system. Therefore, optimal mixing is essential for 

maintaining consistent physicochemical conditions and preventing localized concentration 

gradients that may hinder microbial growth, product formation or lead to undesirable by-

products (Xia et al., 2015). By assessing the impact of mixing regime parameters such as 

constant power input per unit volume (P/V) and constant impeller tip speed (Vtip) on the 

bioprocess, it becomes possible to achieve successful scale-up with improved productivity, 

yield and product quality. Constant P/V refers to the amount of power required to operate the 

bioreactor relative to the volume of the input liquid media. It serves as a quantitative measure 
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of the energy efficiency and understanding the reactors energy requirements should be 

considered as a comprehensive analysis method to enable improved industrial-scale 

bioreactor design, overall bioprocess performance and productivity. In the same vein, 

constant Vtip is another critical parameter that refers to the velocity of the impeller blade tip 

during agitation in the bioreactor. The impeller tip speed affects various aspects of the 

fermentation process, including mixing efficiency, mass and heat transfer, substrate 

utilization and shear stress on the cells. A reduced power-input and in agitation speed leads to 

a notable decline in the rate of mass, heat and gas transfer that can impact negatively on the 

process performance (Deniz et al., 2015). Conversely, high impeller tip speeds (>3.0 m.s-1) 

generate significant energy input, increased power consumption and shear stress to microbes 

(Marques et al., 2010). Deviation from the preferred tip speed range can negatively impact 

cell growth, product formation, or overall process performance. As the scale of the bioprocess 

increases, the constant P/V and constant Vtip parameters are modified accordingly without 

compromising the mixing efficiency, temperature regulation and microbial cell integrity 

throughout the bioreactor. 

3.6. Challenges and future prospectives 

The increasing demands of LA coupled with economic and environmental development have 

stimulated the need for its renewable and sustainable production. The routinely used 

commercial MRS media provides an optimal environment for the growth and metabolic 

activity of LABs with several factors such as its complex nutrient composition, pH 

regulation, microbial selection and versatility, contributing to its suitability for LA 

production. While MRS media is commonly used for laboratory-scale studies and optimizing 

LA production conditions, its nutrient rich formulation accounts for approximately 30% of 

the production costs, impairing the economics of the system (Tang et al., 2013). In order to 

negate these excessive costs, the meticulous selection of cheap yet effective raw materials are 
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desired for technoeconomic viability. Moreover, media formulations tailored for specific 

LAB strains and LA production processes are often preferred. As it stands, biological systems 

require carbon and nitrogen sources to control biosynthetic pathways for LA production. 

Additionally, surfactant-assisted systems may enhance nutrient uptake, improve enzymatic 

saccharification processes and promote homogeneity during fermentation (Taoka et al., 2011; 

Zhang et al., 2018). In this context, buffer agents such as K2HPO4, NaHCO3, 

Na2HPO4.12H2O and CaCO3 amongst others, primarily ensure pH stability, thus providing a 

conducive environment for LABs to thrive and produce the product of interest. Furthermore, 

nanoparticle-assisted fermentation exhibits high surface-to-volume ratio and distinctive 

surface properties that enable efficient adsorption and activation of reactant molecules, 

thereby enhancing LA production (Sanusi et al., 2020). More importantly, the freshwater 

footprint of bioprocessing units represents an ongoing issue that affects sustainability, 

environmental development and feasibility. Therefore, the use of industrial wastewater 

streams such as DWW instead of fresh water into the media formulation processes may 

reduce expenses and resources, while converting waste to wealth. To this end, prospects lie in 

harnessing a blend of low-cost raw materials within a DWW medium based on the 

abovementioned nutritional and enhancements requirements. Beyond LA production, the 

resultant effluent and biomass discharge from the process may display residual nutrient 

compositions that hold potential for repurposing as valuable resources. As a result, the 

nutrient rich effluent could potentially serve as animal feed and biofertilizer for local 

subsistence farmers, contributing to sustainable waste utilization and integrated biorefineries 

whereby continuous streams of commodity chemicals are produced while recycling all other 

waste outputs with little to no discharge, achieving a circular bioeconomy. 

With the synergistic interactions of a minimally supplemented DWW medium in mind, 

bioprocess optimization provides a comprehensive understanding of process efficiency, 
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productivity and yield comparison, process economics and potential scale-up considerations 

that are vital for tailoring strategies to meet specific production goals. However, there is a 

paucity of studies on the optimization of key input parameters that form part of a feasible 

media formulation using various fermentation process types (SSF and PSSF). Another aspect 

to consider with a fourth industrial revolution upon us is the integration of Generative 

Artificial Intelligence tools such as Artificial Neural Networks (ANN) and ChatGPT for 

advanced process optimization that allows for real-time monitoring and control as well as 

enabling dynamic adjustments for scale up performance. In particular, ANNs can model 

intricate relationships between multiple variables, facilitating the identification of optimal 

conditions for enzymatic hydrolysis, fermentation, and downstream processing. On the other 

hand, ChatGPT integrates its natural language processing capabilities with textual data, 

research findings and contextual information. This integration enables a more comprehensive 

approach to process optimization, considering both numerical data and qualitative insights. 

These tools poise lignocellulosic biorefineries with transformative advancements that 

contribute to enhanced process understanding, adaptive control, collaborative decision-

making and optimization, positioning bioprocessing units at the forefront of sustainable and 

efficient biobased production. 

Overall, there is a dearth of knowledge on the mathematical kinetic modelling of 

Lactobacillus species cell growth and LA formation. Lactobacillus species engages in a high 

energy metabolism in the presence of oxygen, which is directed towards biomass growth and 

replication (Smetanková et al., 2012).  On the other hand, under anaerobic conditions, the 

microbial metabolism favours LA formation since the energy produced through glycolysis 

may not be sufficient for abundant cell growth (Smetanková et al., 2012). This information is 

imperative for industrial scale-up of commodity chemicals such as LA since maintaining 

anaerobiosis incurs excessive cost. For this reason, it is essential to have an in-depth 
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understanding of the bioprocess kinetics with the aim of enhancing the feasibility and 

productivity of LA production. Therefore, insight on the kinetics of microbial cell growth and 

LA formation of the optimized process parameters under varying oxygen environments 

(microaerophilic and anaerobic) are needed. These aspects bring to the forefront valuable 

advancements on the bioprocess design for potentially improved yields and economic return 

on a commercial scale.   

Subsequent to optimization and kinetic studies, scaling up involves transitioning from 

laboratory-scale processes to larger production units. Ensuring seamless integration of unit 

operations such as pretreatment, enzymatic hydrolysis and fermentation, while maintaining 

efficiency, increasing productivity and minimizing energy consumption, is a complex 

challenge. This is due to the intricate nature of lignocellulosic biorefinery processes that 

exhibit diverse and dynamic interactions involved in biomass conversion to fermentation end 

products. Thus, achieving comparable conditions while maintaining product quality at larger 

scales requires the consideration of hydrodynamic complexity, shear sensitivity, mass and 

heat transfer efficiency and bioreactor geometry. For this reason, optimization of scale-up 

criteria such as constant Vtip and constant P/V are imperative for preserving biological 

activity, uniform reactor environment and scale up reproducibility. These considerations are 

fundamental to the success of large-scale biorefineries and the economic viability of biobased 

production processes. Advancements in these methodologies offer the potential to enhance 

process efficiency, reduce costs and optimize resource utilization. Overall, it will pave the 

way for sustainable and economically viable lignocellulosic biorefineries in future 

endeavours while establishing interconnections to the food-energy-water (FEW) nexus.  
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3.7. Conclusion 

This review explores the dynamic landscape of lactic acid (LA) production with a specific 

focus on the innovative use of dairy waste, specifically dairy wastewater as a promising 

fermentation medium. It also presents the potential of incorporating cost-effective 

enhancement agents (nitrogen source, carbon source and surfactant) and varying 

physicochemical parameters (buffer agents, pH effects, and micronutrient) to enhance the LA 

production. It covers aspects including bioprocess types, optimization strategies, modelling 

kinetics as well as the application of artificial intelligence to improve lignocellulosic 

bioprocessing. Moreover, mixing criteria such as constant Vtip and constant P/V for scale-up 

optimization was briefly discussed in terms of the yield output and productivity. Furthermore, 

key challenges and future perspectives in the LA bioprocess development trajectory was 

outlined. 
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CHAPTER 4 

Development of Kraft waste-based pretreatment strategies for enhanced sugar recovery 

from lignocellulosic waste 

This chapter has been published in Industrial Crops & Products (174, 114222) with the title: 

Development of Kraft waste-based pretreatment strategies for enhanced sugar recovery from 

lignocellulosic waste. 

The published paper and supplementary material are presented in the following pages.  

 

`Highlights 

• First report on combined green liquor dregs and paper wastewater pretreatments. 

• Optimization revealed high reducing sugar (1.53 g/g) and glucose yield (0.85 g/g). 

• The developed pretreatment methods eliminate the use of chemicals and fresh water. 

• This study demonstrates the beneficiation of Kraft wastes for pretreatment. 

Graphical Abstract 
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Chapter 4: Supplementary Material 

Table S1. Preliminary screening of the microwave-and steam-assisted combined GLD and paper wastewater pretreatment of CCW 

Footnote: g/g = g reducing sugar or glucose/ g pretreated dry weight corn cobs, MGLD-PWWpreliminary= preliminary microwave-assisted 

combined green liquor dregs and paper wastewater, MGLD-W= GLD in deionized water heated by microwave, MPWW= paper wastewater 

alone heated by microwave, MW= deionized water alone heated by microwave, SGLD-PWWpreliminary= preliminary steam-assisted combined 

green liquor dregs and paper wastewater, SGLD-W= GLD in deionized water heated by steam, SPWW= paper wastewater alone heated by 

steam, SW= deionized water alone heated by steam.

 Input Output 

Run GLD 

concentration (%) 

Power intensity 

(Watts) 

Temperature  

(°C) 

Pretreatment time 

(min) 

Reducing sugar 

(g/g) 

Glucose (g/g) 

MGLD-PWWpreliminary 30 500 - 6 1.27 0.45 

MGLD-W 30 500 - 6 1.42 0.40 

MPWW - 500 - 6 0.49 0.19 

MW - 500 - 6 0.35 0.13 

SGLD-PWWpreliminary 30 - 100 10 1.33 0.47 

SGLD-W 30 - 100 10 1.44 0.40 

SPWW - - 100 10 0.49 0.21 

SW - - 100 10 0.35 0.17 
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Table S2. Polynomial model equations representing the relationship between the input 

parameters and the sugar yields for the MGLD-PWW and SGLD-PWW pretreatments 

Model Equation Equation number 

MGLD-PWWrs 0.63 + 0.14A + 0.12B + 0.14C + 0.14BC  1 

MGLD-PWWg 0.25 + 0.046A + 0.050B + 0.042C + 0.046AB + 0.045AC  2 

SGLD-PWWrs 0.94 + 0.19A + 0.17B* + 0.11C - 0.15B*2 3 

SGLD-PWWg 0.40 + 0.071A + 0.17B*  4 

Footnote: MGLD-PWWrs=microwave-assisted combined GLD and PWW-reducing sugar, 

MGLD-PWWg=microwave-assisted combined GLD and PWW-glucose, SGLD-

PWWrs=Steam-assisted combined GLD and PWW-reducing sugar, SGLD-PWWg=Steam-

assisted combined GLD and PWW-glucose, A=GLD concentration, B=Power intensity, 

C=Pretreatment time, B*=Temperature. 
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Table S3. Analysis of variance (ANOVA) of the optimized microwave-assisted combined 

GLD and paper wastewater pretreatment model for reducing sugar yields 

Source 
Sum of 

Squares 

Degrees of 

freedom(df) 
Mean Square F-value 

p-value 

(probability > 

F) 

 

Model 0.62 9 6.9 x10-2 5.12 2.13 x10-2 Significant 

A-GLD conc. 0.15 1 0.15 10.85 1.32 x10-2  

B-Power intensity 0.11 1 0.11 8.36 2.33 x10-2  

C-Pretreatment time 0.15 1 0.15 11.24 1.22 x10-2  

AB 3.80 x10-2 1 3.80 x10-2 2.78 0.14  

AC 1.90 x10-3 1 1.90 x10-3 1.41 0.27  

BC 0.08 1 0.08 5.92 4.52 x10-2  

A2 9.28 x10-4 1 9.28 x10-4 6.90 x10-2 0.80  

B2 1.50 x10-2 1 1.50 x10-2 1.08 0.33  

C² 5.40 x10-2 1 5.40 x10-2 4.02 8.51 x10-2  

Residual error 9.5 x10-2 7 1.40 x10-2    

    Lack of fit 5.3 x10-2 3 1.80 x10-2 1.68 0.31 Not significant 

    Pure Error 0.04 4 0.01    

Cor Total 0.72 16     

 

Footnote: A= GLD (%), B= Power intensity (Watts), C= pretreatment time (min). 
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Table S4. Analysis of variance (ANOVA) of the optimized microwave-assisted combined 

GLD and paper wastewater pretreatment model for glucose yields 

Source 
Sum of 

Squares 

Degrees of 

freedom(df) 
Mean Square F-value 

p-value 

(probability > 

F) 

 

Model 7.70 x10-2 9 8.61 x10-3 6.11 1.31 x10-2 Significant 

A-GLD conc. 1.70 x10-2 1 1.70 x10-2 12.26 0.01  

B-Power intensity 0.02 1 0.02 14.44 6.70 x10-3  

C-Pretreatment time 1.40 x10-2 1 1.40 x10-2 9.88 1.63 x10-2  

AB 8.41 x10-3 1 8.41 x10-3 5.96 4.46 x10-2  

AC 8.06 x10-3 1 8.06 x10-3 5.72 4.81 x10-2  

BC 5.01 x10-3 1 5.01 x10-3 3.55 0.10  

A2 3.52 x10-4 1 3.52 x10-4 0.25 0.63  

B2 3.86 x10-3 1 3.86 x10-3 2.74 0.14  

C² 1.88 x10-4 1 1.88 x10-4 0.13 0.73  

Residual error 9.87 x10-3 7 1.41 x10-3    

    Lack of fit 4.75 x10-3 3 1.58 x10-3 1.24 0.41 Not significant 

    Pure Error 5.12 x10-3 4 1.28 x10-3    

Cor Total 8.70 x10-2 16     

 

Footnote: A= GLD (%), B= Power intensity (Watts), C= pretreatment time (min). 
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Table S5. Analysis of variance (ANOVA) of the optimized steam-assisted combined GLD 

and paper wastewater pretreatment model for reducing sugar yields 

Source 
Sum of 

Squares 

Degrees of 

freedom(df) 
Mean Square F-value 

p-value 

(probability > 

F) 

 

Model 0.74 9 0.08 12.17 1.70 x10-3 Significant 

A-GLD conc. 0.28 1 0.28 41.26 4.00 x10-4  

B*-Temperature 0.23 1 0.23 34.56 6.00 x10-4  

C-Pretreatment time 0.09 1 0.09 13.96 7.30 x10-3  

AB* 8.20 x10-3 1 8.20 x10-3 1.22 0.31  

AC 1.28 x10-5 1 1.28 x10-5 1.90 x10-3 0.97  

B*C 0.01 1 0.01 1.61 0.25  

A2 0.01 1 0.11 1.68 0.24  

B*2 0.10 1 0.10 14.66 6.50 x10-3  

C² 8.60 x10-4 1 8.60 x10-4 0.13 0.73  

Residual error 4.70 x10-2 7 6.74 x10-3    

    Lack of fit 0.01 3 3.40 x10-3 0.37 0.78 Not significant 

    Pure Error 3.70 x10-2 4 9.25 x10-3    

Cor Total 0.79 16     

 

Footnote: A= GLD (%), B*= Temperature (°C), C= pretreatment time (min). 
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Table S6. Analysis of variance (ANOVA) of the optimized steam-assisted combined GLD 

and paper wastewater pretreatment model for glucose yields 

Source 
Sum of 

Squares 

Degrees of 

freedom(df) 
Mean Square F-value 

p-value 

(probability > 

F) 

 

Model 0.29 9 0.03 5.59 1.67 x10-2 Significant 

A-GLD conc. 0.04 1 0.04 6.90 3.41 x10-2  

B*-Temperature 0.23 1 0.23 39.68 4.00 x10-4  

C-Pretreatment time 5.90 x10-3 1 5.90 x10-3 1.01 0.35  

AB* 8.94 x10-4 1 8.94 x10-4 0.15 0.71  

AC 0.01 1 0.01 2.04 0.20  

B*C 9.16 x10-4 1 9.16 x10-4 0.16 0.70  

A2 1.76 x10-3 1 1.76 x10-3 0.30 0.60  

B*2 9.88 x10-5 1 9.88 x10-5 0.02 0.90  

C² 5.34 x10-4 1 5.34 x10-4 0.09 0.77  

Residual error 0.04 7 5.84 x10-3    

    Lack of fit 0.02 3 5.99 x10-3 1.04 0.46 Not significant 

    Pure Error 0.02 4 5.74 x10-3    

Cor Total 0.34 16     

 

Footnote: A=GLD (%), B*=Temperature (°C), C=pretreatment time (min). 
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Table S7. Validation of the optimized conditions for the MGLD-PWW and SGLD-PWW pretreatment of corn cobs 

Model Input parameters Output 

  Reducing sugar yield (g/g) Glucose yield (g/g) 

 GLD concentration 

(%) 

Power intensity 

(W) 

Temperature 

(°C) 

Pretreatment time 

(min) 

Observed Predicted Observed Predicted 

MGLD-PWW 48.70 800 - 9 1.04±0.01 1.05 0.51±0.06 0.43 

SGLD-PWW 49.89 - 118 5 1.53±0.36 1.02 0.85±0.16 0.63 

Footnote: MGLD-PWW=microwave-assisted combined Green liquor dregs and paper wastewater, SGLD-PWW=Steam-assisted combined 

Green liquor dregs and paper wastewater. 
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Table S8. Compositional analysis of the native, MGLD-PWW and SGLD-PWW pretreated 

CCW samples 

Sample Cellulose (%) Hemicellulose (%) Lignin (%) 

Native 42.35 39.18 12.13 

MGLD-PWW 53.30 26.59 16.13 

SGLD-PWW 53.14 25.12 19.49 

Footnote: MGLD-PWW=microwave-assisted combined Green liquor dregs-Paper 

wastewater, SGLD-PWW=Steam-assisted combined Green liquor dregs and paper 

wastewater. 
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Table S9. Comparison of the alkaline pretreatment methods on various lignocellulosic residues 

Footnote: a = Reducing sugar, b = Glucose, CCW= Corn cob waste, GLD= Green liquor dregs, SL= Solid loading.

Substrate Microwave or 

steam heating 

Pretreatment conditions Sugar yield  Reference 

Corn cobs Microwave 48.70% GLD, 10% SL, 800 W, 9 min 1.04 g/ga This study 

Corn cobs Microwave 48.70% GLD, 10% SL, 800 W, 9 min 0.51 g/gb This study 

Corn cobs Steam 49.89% GLD, 10% SL, 118°C, 5 min 1.53 g/ga This study 

Corn cobs Steam 49.89% GLD, 10% SL, 118°C, 5 min 0.85 g/gb This study 

Corn cobs Steam 15.86% GLD, 3.97% SL, 121°C, 50.33 min 0.42g/gb David et al. (2020) 

Sorghum leaves Microwave 1.67 M ZnCl2, 400 W, 5 min, 1.52 M NaOH, 400 W, 5 min 1.29 g/gb Moodley and Gueguim Kana (2017) 

Napier grass Steam 0.5 M NaOH, 6% SL, 121°C, 60 min 0.36 g/gb Phitsuwan et al. (2016) 

Sugarcane bagasse Microwave 1% NaOH, 10% SL, 600 W, 4 min  

 

0.67 g/ga Binod et al. (2012) 

Sugarcane leaf  Steam 1.36M NaOH, 1.73M ZnCl2, 9.69% SL, 121°C, 30 min 1.17 g/ga Moodley and Gueguim Kana (2017) 

Oil palm trunk Microwave 2.5M NaOH, 5% SL, 700 W, 80°C, 60 min 18 g/Lb Lai and Idris (2016) 

Corn stover Steam 6% NaOH, 12% urea, 4% SL, 80°C, 20 min 0.54 g/gb Shao et al. (2020) 
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Table S10. Chemical composition of the green liquor dregs (GLD)  

Elements and compounds GLD sample concentration (%) 

Moisture, H2O 45-55 

Calcium as CaCO3 and Ca(OH)2 16-20 

Sodium as Na2CO3 and NaOH 14-20 

Elemental sulfur 1.4-1.7 

Dissolve sulfur 0.8-1 

Sulfur 0.4-0.6 

Sodium sulfide/sulfate 1.3-1.7 

Chromium oxide 0.2-0.35 

Manganese as MnO 0.8-0.95 
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Table S11. Chemical composition of the paper wastewater (PWW)  

Elements and compounds PWW sample concentration (mg/L) 

Arsenic <0.0025 

Boron 0.215 

Barium 0.175 

Cadmium <0.0005 

Cobalt <0.002 

Chromium 0.5351 

Hexavalent chromium  <0.006 

Copper <0.007 

Mercury <0.001 

Manganese 1 

Molybdenum <0.002 

Nickel 0.009 

Lead <0.005 

Antimony 0.007 

Selenium <0.003 

Vanadium 0.0144 

Zinc 0.031 

Total dissolved solids 7 522 

Chloride 1 114.1 

Sulphate 448.5 

Nitrate (NO3) as Nitrogen <0.05 

Fluoride <0.3 

Cyanide total 0.06 

Footnote:  All trace elements and chemical substances that may present environmental and 

health concerns were shown to be below the individual total concentration threshold limit, 

thus meeting the minimum requirements for classification as a low toxicity waste according 

to the National norms and standards for assessment of waste for landfill disposal. 
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Chapter 4: Appendix 

Data not shown as per journal specifications are included as supporting information. 

 

 

Fig. 1. 3D Response surface plots representing the effects of the various input parameters on 

the fermentable sugar recovery from corn cobs: (A) time (min) and power intensity (W) 

(MGLD-PWWrs), (B) time (min) and power intensity (W) (MGLD-PWWg), (C) GLD 

concentration (%) and time (min) (SGLD-PWWrs), (D) GLD concentration (%) and time 

(min) (SGLD-PWWg). 
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CHAPTER 5 

Harnessing Artificial Neural Networks and large language models for bioprocess 

optimization: Predicting sugar output from Kraft waste-based lignocellulosic 

pretreatments 

This chapter has been published in Industrial Crops & Products (206, 117686) with the title: 

Harnessing Artificial Neural Networks and large language models for bioprocess 

optimization: Predicting sugar output from Kraft waste-based lignocellulosic pretreatments. 

The published paper is presented in the following pages.  

Highlights 

• First report on artificial intelligence and ChatGPT for pretreatment optimization. 

• Artificial Neural Network (ANN) models were developed with R2 >0.95. 

• Green liquor dregs concentration and power intensity are key parameters. 

• Process insights deduced by ChatGPT concurred with the authors’ interpretation. 

• Potential elimination of labour and resource intensive lignocellulosic pretreatments. 

Graphical abstract 
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CHAPTER 6 

Co-valorization of corn cobs and dairy wastewater for simultaneous saccharification 

and lactic acid production: Process optimization and kinetic assessment 

This chapter has been published in Bioresource Technology (348, 126815) with the title: Co-

valorization of corn cobs and dairy wastewater for simultaneous saccharification and lactic 

acid production: Process optimization and kinetic assessment.  

The manuscript and supplementary material are presented in the following pages. 
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Chapter 6: Supplementary material 

Table S1. Analysis of variance (ANOVA) of the optimized supplemented dairy wastewater 

under the SSF process for lactic acid concentrations 

Footnote: A= CCW solid loading (%), B=CSL concentration (g/L), C= Tween 80 

concentration (mL/L). 

 

Source Sum of Squares Degrees of 

freedom (df) 

Mean 

Square 

F-value p-value 

(probability > F) 

 

Model 4.28 9 0.48 4.15 3.70 x10-2 significant 

A-CCW solid 

loading 

0.06 1 0.06 0.50 0.50 
 

B-CSL 

concentration 

2.57 1 2.57 22.42 2.10 x10-3 

C-Tween 80 

concentration 

1.06 1 1.06 9.23 1.90 x10-2 

AB 0.03 1 0.03 0.23 0.65 

AC 0.01 1 0.01 0.11 0.75 

BC 6.66 x10-4 1 6.66x10-4 5.81 x10-3 0.94 

A² 0.10 1 0.10 0.86 0.38 

B² 0.10 1 0.10 0.88 0.38 

C² 0.37 1 0.37 3.19 0.12 

Residual 0.80 7 0.11 
  

Lack of fit 0.49 3 0.16 2.12 0.24 not significant 

Pure error 0.31 4 0.08 
   

Cor total 5.08 16 
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Table S2. Analysis of variance (ANOVA) of the optimized supplemented dairy wastewater 

under the SSF process for lactic acid conversion 

Source Sum of Squares Degrees of 

freedom (df) 

Mean 

Square 

F-value p-value 

(probability > F) 

 

Model 155.43 9 17.27 95.36 < 1 x10-4 significant 

A-CCW solid 

loading 

137.90 1 137.90 761.47 < 1 x10-4 
 

B-CSL 

concentration 

3.93 1 3.93 21.71 2.30 x10-3 
 

C-Tween 80 

concentration 

1.73 1 1.73 9.53 1.80 x10-2 
 

AB 0.53 1 0.53 2.91 0.13 
 

AC 0.41 1 0.41 2.28 0.17 
 

BC 8.50 x10-4 1 8.50 x10-4 4.7 x10-3 0.95 
 

A² 10.21 1 10.21 56.36 1 x10-4 
 

B² 0.12 1 0.12 0.66 0.44 
 

C² 0.45 1 0.45 2.47 0.16 
 

Residual 1.27 7 0.18 
   

Lack of fit 0.87 3 0.29 2.94 0.16 not significant 

Pure error 0.40 4 0.099 
   

Cor total 156.70 16 
    

Footnote: A= CCW solid loading (%), B=CSL concentration (g/L), C= Tween 80 

concentration (mL/L). 
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Table S3. Elemental analysis of dairy wastewater 

Element Concentration 

Dissolved calcium  3.06 mg/L 

Potassium  16.90 mg/L 

Dissolved magnesium  <0.63 mg/L 

Sodium  684 mg/L 

Dissolved copper  54 μg/L 

Dissolved iron  91 μg/L 

Dissolved manganese  2.56 μg/L 

Dissolved sulfur 3.80 mg/L 

Dissolved zinc  21 μg/L 

Total phosphorus  6.96 mg/L 

Total nitrogen 36 mg/L 

Total organic carbon 421 mg/L 
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Table S4. Comparisons of the lactic acid production from lignocellulosic and dairy wastes using Lactobacillus species 

Footnote: a=microorganism concentration, b=solid loading, c=enzyme type, d=enzyme concentration, e=temperature, f=agitation speed, MRS= de 

Man, Rogosa and Sharpe. 

 

Microorganism Substrate/carbon 

source 

Medium type Process conditions Lactic acid 

concentration (g/L) 

Lactic acid 

conversion (%) 

Reference 

Lactobacillus plantarum 

ATCC 14917 

Corn cob waste Supplemented 

dairy wastewater 

10% (w/v)a, 10% (w/v)b, Cellic 

CTec2c, 10 FPU/gd, 37°Ce, 120 

rpmf 

11.15 18.90 This study 

Lactobacillus plantarum 

ATCC 14917 

Corn cob waste Supplemented 

dairy wastewater 

10% (w/v)a, 10% (w/v)b, Cellic 

CTec2c, 10 FPU/gd, 37°Ce, 120 

rpmf 

10.85 18.40 This study 

Lactobacillus plantarum 

ATCC 14917 

Corn cob waste Modified MRS 10% (w/v)a, 10% (w/v)b, Cellic 

CTec2c, 10 FPU/gd, 37°Ce, 120 

rpmf 

13.68 23.19 This study 

Lactobacillus delbrueckii 

subsp. bulgaricus DSM 

20081 

Wheat straw 

hydrolysate 

- 0.01% (v/w)a,  CeluStar XLc, 42°Ce 4.81 ND Cizeikiene et 

al. (2018) 

Lactobacillus delbrueckii 

subsp. bulgaricus MI 

Wheat straw 

hydrolysate 

- 0.01% (v/w)a,  CeluStar XLc, 42°Ce 4.74  ND Cizeikiene et 

al. (2018) 
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Table S4. Continued… 

Footnote: a=microorganism concentration, b=solid loading, c=enzyme type, d=enzyme concentration, e=temperature, f=agitation speed, MRS= de 

Man, Rogosa and Sharpe.

Microorganism Substrate/carbon 

source 

Medium type Process conditions Lactic acid 

concentration (g/L) 

Lactic acid 

conversion (%) 

Reference 

Lactobacillus brevis 

ATCC 367 

Corn stover Modified MRS  10% (v/v)a, 4% (w/v)b, Cellic 

CTec2c, 8 FPU/gd, 37°Ce, 150 

rpmf. 

16.3  ND Zhang and 

Vadlani (2015) 

Lactobacillus plantarum 

ATCC 21028 

Corn stover Modified MRS  10% (v/v)a, 4% (w/v)b, Cellic 

CTec2c, 8 FPU/gd, 37°Ce, 150 

rpmf. 

21  ND Zhang and 

Vadlani (2015) 

Lactobacillus rhamnosus Corn stover Modified MRS 2% (v/v)a, 3% (w/v)b, cellulasec, 

25 FPU/gd, 37°Ce, 100 rpmf   

 

17.70  ND Cui et al. 

(2011) 

Lactobacillus casei 

TISTR 390 

Sugarcane bagasse 

hydrolysate 

Modified MRS 10% (v/v)a, 10% (w.v)b, 

accellerase 1500c, 200 FPU/gd, 

37°Ce, 30–35 rpmf 

21.30 ND Oonkhanond et 

al. (2017) 

Lactobacillus bulgaricus 

CGMCC 1.6970 

Cheese whey 

powder 

Modified MRS 10% (v/v)a, 59.25 g/Lb, 42°Ce, 200 

rpmf 

 

27.34  ND Liu et al. 

(2018) 
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Table S5. Microbial growth and lactic acid formation kinetic parameters for the sDWW-

SSFmicroaerophilic, sDWW-SSFanaerobic and mMRS-SSFmicroaerophilic processes 

Kinetic parameter Bioprocess 

 sDWW-SSFmicroaerophilic sDWW-SSFanaerobic mMRS-SSFmicroaerophilic 

μmax (h
-1) 0.35 0.34 0.64 

Xo (g/L) 0.29 0.26 0.27 

Xmax (g/L) 2.14 2.26 2.15 

Pm (g/L) 13.01 12.01 14.01 

rp.m (g/L/h) 0.37 0.44 0.65 

tL (h) 0 0 0 

Footnote: μmax=maximum specific growth rate, X0=initial cell concentration, Xmax=maximum 

cell concentration, Pm=maximum potential lactic acid concentration, rp,m =maximum lactic 

acid production rate, tL=lag time. 
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CHAPTER 7 

Novel Strategies for High-Efficiency Lactic Acid Production: Process Optimization and 

Scale-Up on Corn Cob Waste and Supplemented Dairy Wastewater medium 

This chapter has been submitted to the journal Industrial Crops and Products with the title: 

Novel Strategies for High-Efficiency Lactic Acid Production: Process Optimization and 

Scale-Up on Corn Cob Waste and Supplemented Dairy Wastewater medium 

The manuscript and supplementary material are presented in the following pages. 
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Novel Strategies for High-Efficiency Lactic Acid Production: Process Optimization and 

Scale-Up on Corn Cob Waste and Supplemented Dairy Wastewater medium  

Anthea Naomi Davida, Y. Sewsynker-Sukaiband E.B. Gueguim Kana a* 

aUniversity of KwaZulu-Natal, School of Life Sciences, Pietermaritzburg, South Africa 

bUniversity of Fort Hare, Fort Hare Institute of Technology, Private Bag X1314, Alice 5700, 
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*Correspondence to: E.B. Gueguim Kana 
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Abstract  

This study investigated strategies for enhancing lactic acid (LA) yield and sugar conversion 

in a supplemented dairy wastewater medium, focusing on buffer agents, micronutrient 

enrichment, pH adjustments, and bioprocess types. The optimized process conditions were 

scaled up to 0.5 L in a continuous stirred tank reactor, based on constant impeller tip speed 

(Vtip) and constant power input per unit volume (P/V), as mixing criteria. The optimized 

mixing regime was scaled-up to 5 L with corresponding kinetic assessment. The resultant 

waste effluent was analysed as a component for animal feed and biofertilizer potential. The 

simultaneous saccharification and fermentation process in the presence of CaCO3 and MnO 

nanoparticle-supplemented medium demonstrated high LA concentration (31.12 g/L) and 

sugar utilization (up to 46.27%) at flask scale. LA production in a 0.5 L bioreactor revealed 

an 18.25% higher LA concentration and 40% reduced production time for constant P/V 

compared to the constant Vtip. Process scale- up at 5 L scale with constant P/V showed that 

the LA concentration peaked at 31.43 g/L while achieving up to 43.55% sugar utilization, 

corresponding to 0.26 h-1 maximum specific growth rate (μmax) and 35.11 g/L maximum LA 

potential (Pm). Furthermore, the waste effluent rich in essential elements demonstrated a 
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suitable nutritive profile for animal feed and biofertilizer application. These findings 

underscore the critical role of media formulation that eliminates chemical and feedstock 

costs, reduces water consumption, energy and time, with significant emphasis on improved 

pH control, increased production rates and enhanced mixing efficiency. The study also 

provides key insights on industrial bioprocesses for the transformation of lignocellulosic, 

Kraft and dairy wastes into valuable commodities, and highlights the sustainability and 

efficacy of developing waste-based bioprocesses for LA production. 

Keywords 

Bioprocess scale-up, Calcium carbonate supplementation, Kinetic modelling, Lactic acid 

production, Nanoparticles 

 

7.1. Introduction 

To meet the rising global lactic acid (LA) demand, microbial fermentative production is 

considered the mainstream technology, accounting for approximately 90% of its production 

(Macedo et al., 2020). Lactic acid microbial producers (LABs), more specifically, 

Lactobacillus strains are commonly used for LA production due to its desired characteristics 

in industrial processes such as high acid tolerance, enhanced yield and amenability to genetic 

engineering (Sano et al., 2020). Nevertheless, LABs are auxotrophic microorganisms that rely 

on exogenous sources of complex nutrients including carbon, nitrogen, trace elements, amino 

acids and growth factors that are crucial for growth, given its limited biosynthetic capabilities 

(Chen et al., 2020). The De Man, Rogosa and Sharpe (MRS) is a standard defined media that 

has been used commercially for the cultivation of LABs and LA production, due to its 

specific nutrient-rich composition, several micro and macro-nutrients as well as pH regulators 

(Chen et al., 2020). However, its complex composition challenges the economic feasibility 
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and practicality of large-scale LA production due to the expenses attached to nutrient sources 

such as yeast extract, protein and refined sugars, contributing to approximately 30% of the 

bioprocess costs (Tang et al., 2013; Canon et al., 2021). Research efforts are directed towards 

developing minimally supplemented media that enables precise control over metabolic 

pathways, product specificity, and overall process optimization, thereby reducing costs. The 

three key factors influencing LA production include nitrogen source, carbon source, and 

surfactants, each being critical for optimizing microbial growth and product formation 

(Martinez et al., 2013; Reitermayer et al., 2018).  

Nitrogen plays a fundamental role in the synthesis of key biomolecules such as amino acids 

and proteins involved in LABs metabolism (Ye et al., 2018). Over the years, researchers have 

promoted the adoption of corn steep liquor (CSL), a rich emulsion of nutrients that 

approximates only one fifth of the cost of conventionally employed yeast extract (Tan et al., 

2016). Carbon is another integral building block in the derivation of energy and 

macromolecule biosynthesis. Lignocellulosic biomass (LCB), like corn cob waste (CCW) has 

emerged as a sustainable carbon source that necessitates efficient pretreatment technologies 

to release fermentable sugar (Chakraborty et al., 2024). Cost-effective alternatives like 

industrial waste-derived chemicals, green liquor dregs (GLD) and paper wastewater (PWW) 

have come to the forefront as pretreatment catalysts, thus circumventing expensive lab-grade 

chemicals (David et al., 2021). These waste-derived solutions offer a promising avenue for 

modifying the rigid CCW cell wall structure to extract valuable cellulose moieties for 

bioconversion to glucose, that can be utilized by the microorganism. In addition, surfactant-

assisted fermentation, exemplified by the inclusion of Tween 80 in MRS media, has gained 

prominence due to the potential enhancement of nutrient uptake, medium emulsification, and 

enzyme stability during substrate saccharification (Taoka et al., 2011; Zhang et al., 2018). To 

enhance the absorption capacity, substrate solubility and reaction rates of the interactive 
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nitrogen, carbon and surfactant sources; selecting an appropriate solvent for optimizing the 

fermentation medium design is imperative. 

The repurposing of untreated dairy wastewater streams offers a sustainable alternative to 

traditional dairy industry treatments, reducing environmental impact, capital expenses, and 

conserving freshwater resources in bioprocessing. This approach marks a significant shift 

towards environmentally friendly and cost-effective bioprocesses. Building on this innovative 

strategy, our previous research focused on the optimization of a supplemented DWW 

medium for simultaneous saccharification and LA fermentation (sDWW-SSF) (David et al., 

2022). By supplementing the DWW with CSL, pretreated CCW using Kraft waste, and 

Tween 80 as sources of nitrogen, carbon, and surfactant, respectively, the study aimed to 

develop a cost-effective and sustainable waste-based LA fermentation technology. 

Nevertheless, findings from the study observed a residual glucose content (~37.84 g/L) at the 

end of the sDWW-SSF process, indicating the potential for further improvement in the LA 

production (David et al., 2022). Several bioprocess development strategies may therefore be 

explored to enhance the LA production and sugar utilization, aiming to comprehensively 

valorize the pretreated CCW and minimally supplemented DWW medium. These approaches 

include the use of buffering agents, micronutrients, pH variations, and bioprocess types. 

Buffer agents play a crucial role in the LA synthesis processes by maintaining pH stability 

within its optimal range (pH 4.5 to 6.5) and providing a conducive environment for LABs to 

thrive (Anagnostopoulou et al., 2022). For this reason, meticulous selection of buffers such as 

K2HPO4, NaHCO3, Na2HPO4.12H2O and CaCO3 through lab-scale experiments are essential 

to establish their compatibility and efficiency prior to industrial application. The defining 

characteristics of buffer agents in LA processes are its ability to (1) readily accept hydrogen 

ions (H+), (2) remain stable without undergoing chemical reactions or decomposition, (3) be 

non-toxic to LABs, (4) be compatible with the microorganism in terms of viability, 
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productivity or LA yield, and (5) maintain the pH within a specific range in the presence of 

external fluctuations. In particular, commonly used CaCO3 acts as a buffer agent in LA media 

by reacting with LA to form calcium lactate salt (neutralized form of LA) and CO2 gas, thus 

preventing excessive acidification that can be detrimental to the viability of the LAB (Wang 

et al., 2014; Yanga et al., 2015). These lactate salts are soluble in aqueous solution and do not 

contribute to acidity or alkalinity of the solution. Moreover, in its initial form, CaCO3 is 

alkaline in nature, creating an environment less favourable for the growth of contaminating 

organisms that may compete with LABs during fermentation.  

Apart from buffer systems, micronutrient supplementation is a significant factor to optimize 

bacterial growth, biomass growth rates, overall fermentation performance and yield 

generation. More specifically, MgSO4 (Mg2+) and MnSO4 (Mn2+) are micronutrients that act 

as cofactors to enhance the catalytic activity of enzymatic reactions in biosynthetic pathways, 

synergistically improving the enzyme-substrate binding affinity in carbohydrate metabolism 

and increasing stress tolerance of LABs (Yu et al., 2008, Lew et al., 2013). Such 

micronutrient capabilities have led to the development of nanoparticles that offer several 

potential advantages over its chemical counterpart. More so, Manganese oxide (MnO) 

nanoparticles exhibit unique physicochemical properties at a nanoscale, with its high surface-

to-volume ratio and unique surface properties that enable efficient adsorption and activation 

of reactant molecules for enhanced LA production (Sanusi et al., 2020). MnO has gained 

traction for its recovery potential and reusability, thus contributing to cost-effectiveness and 

sustainability of the production process. Notably, the application of MnO nanoparticles in LA 

production is still an active area of research since the utilization of micronutrient 

nanoparticles opens new possibilities for precise and efficient delivery of essential elements 

to LABs. This promotes specific target delivery, better nutrient absorption, and overall 

effectiveness in LA bioprocessing (Powell et al., 2010; Abdelsalam et al., 2016). 
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Bioprocess types are integral in the production of various bioproducts, including LA and 

these different types of bioprocesses impact the process time, saccharification, biomass 

production, product formation and overall efficiency of the fermentation system. Among the 

bioprocess types commonly employed, simultaneous saccharification and fermentation (SSF) 

as well as prehydrolysis combined with SSF (PSSF) are noteworthy methods in terms of 

process efficiency, substrate utilization and product yields (Carrillo-Nieves et al., 2017). The 

SSF process integrates the simultaneous lignocellulosic conversion to fermentable sugar and 

subsequent LA production in a single bioreactor, thus eliminating the separate hydrolysis and 

fermentation steps, reducing contamination risk and potentially increasing yield generation 

due to continuous fermentable sugar availability (Sewsynker-Sukai et al., 2023). This 

concurrent system asserts several benefits of reduced process time, energy and costs (~20% 

reduction) (Wingren et al., 2003). For the PSSF process, a short prehydrolysis phase exhibits 

significant sugar release within a shorter time frame (6–24 hr) at optimal temperature (50-60 

°C), followed by inoculation of the microbial culture into the vessel where the remaining 

complex carbohydrates are saccharified and fermented to LA (Sewsynker-Sukai and 

Gueguim Kana, 2018). This system strikes a balance between inhibitory and rate-controlling 

factors. However, inclusion of the initial prehydrolysis stage increases process complexity, 

utilizes additional equipment and extends the overall process duration, contributing to higher 

energy consumption and operational costs in the grand scheme of commercial scale-up 

(Wingren et al., 2003). 

In addition to the factors previously discussed, a comprehensive understanding of the kinetics 

of microbial cell growth and LA production, along with the mastery of scale-up processes, 

are crucial for the successful development of bioprocesses aimed at achieving commercial-

scale industrialization. Kinetic models like the logistic and modified Gompertz have been 

instrumental in describing microbial growth and product formation in batch systems 
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(Phukoetphim et al., 2017). The logistic model predicts microbial growth patterns based on 

rate as well as initial and maximum concentrations (Muloiwa et al., 2020), while the modified 

Gompertz model focuses on product formation by estimating lag time, maximum production 

rate, and concentration (Dodić et al., 2012). These models are crucial for enhancing LA yield 

and productivity, while reducing undesired by-products (Kucharska et al., 2018). Still, gaps 

remain in the understanding of LA bioprocess kinetics, particularly with minimally 

supplemented waste-derived media. Scaling up a bioprocess from flask to reactor necessitates 

careful consideration of kinetics and mixing efficiency. Efficient mixing is essential for 

ensuring uniform physicochemical conditions, homogenous nutrient distribution, and 

microorganism dispersion while avoiding concentration gradients that could impair microbial 

growth and product formation or lead to unwanted by-products (Xia et al., 2015). Key 

parameters for optimizing bioreactor design include constant power input per unit volume 

(P/V) and constant impeller tip speed (Vtip), which are crucial for ensuring effective agitation 

and overall bioprocess efficiency. Constant P/V represents the power needed relative to the 

medium's volume, and Vtip denotes the impeller blade tip's velocity during agitation. As 

bioprocess scale increases, adjusting these parameters is vital for preserving mixing 

efficiency, temperature regulation and microbial cell integrity. 

Considering the challenges above and the critical importance of sustainability alongside cost-

efficiency in industrial processes, this research focuses on the development of innovative and 

eco-friendly media formulations for LA production. Leveraging on a previously optimized 

sDWW-SSF process utilizing pretreated CCW and supplemented DWW (David et al., 2022), 

this study aims to enhance LA yield and sugar utilization for complete valorization of the 

feedstock. It investigates the impact of various buffer systems in conjunction with MnO 

nanoparticles on the efficiency, sugar utilization and stability of the LA bioprocess. 

Additionally, the interactive impact of the buffer agent type, micronutrient supplementation, 
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and pH adjustments on the LA concentration and sugar utilization were investigated. A 

comparative assessment of different bioprocess modes, such as SSF and PSSF were 

conducted to evaluate their efficacy in enhancing sugar release and quantification, product 

yield and pH control. The optimized conditions were then scaled up to 5 L in a bench-top 

bioreactor, where the kinetic studies of Lactobacillus plantarum ATCC 14917 cell growth 

and LA production were investigated. Finally, the potential of the fermentation effluent as 

animal feed and biofertilizer were explored through compositional and nutritional analysis, 

aiming for complete valorization. 

 

7.2. Materials and methods 

7.2.1. Materials 

All chemicals required during this study were purchased from Merck, South Africa. The 

milled corn cob waste (CCW) in this study was pretreated according to our previously 

optimized steam-assisted combined green liquor dregs and paper wastewater (SGLD-PWW) 

pretreatment strategy using optimum parameters (10% CCW, 49.89% GLD, 118°C, 5 min) 

(David et al., 2021). The chemical composition of the optimized pretreated CCW biomass 

(46.91% cellulose, 29.90% hemicellulose, 20.50% lignin) was analysed according to the Van 

Soest method (Van Soest and McQueen, 1973). The commercial cellulase-based enzyme 

blend, Cellic CTec 2, was generously provided by Novozyme (Novozymes A/S, Denmark) 

and its enzyme activity (160 FPU/mL) was determined according to the Laboratory 

Analytical Procedure (LAP) of the National Renewable Energy Laboratory (NREL, 2008). 

The dairy wastewater (DWW) obtained after the product processing and washing step was 

collected from a local dairy (Howick, South Africa) and its elemental analysis is presented in 
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Table S7.7. The MnO nanoparticles were prepared using the co-precipitation method 

according to Sanusi et al. (2019) as described below. 

7.2.2. Preparation of MnO nanoparticles  

The MnO nanoparticles were synthesized using the co-precipitation method. Initially, 6.76 g 

MnSO4.H2O was dissolved in 40 mL deionized water and thereafter, NH3 was added 

gradually to the solution to obtain pH 11. The solution was continuously stirred at 60°C for 2 

h to precipitate the MnO nanoparticles. The resultant brown precipitate was then washed 

three times with deionized water and oven dried at 70°C for 12 h.  

7.2.3. Lactobacillus plantarum inoculum preparation  

The 20% glycerol (v/v) stock culture of L. plantarum (stored at -80°C) was streaked onto 

standard MRS agar growth media. The MRS agar was incubated at 37°C for 48 h. 

Subsequently, a single colony was aseptically transferred into 100 mL sterile MRS broth and 

incubated at 37°C and 120 rpm for 14 h till the cell suspension was exponentially grown, as 

previously determined in our previous study (David et al., 2022).  

7.2.4. Dairy wastewater citrate buffer preparation 

The standard citrate buffer (0.05 M) was modified using DWW in place of deionized water. 

The buffer pH was adjusted accordingly based on the test variables where applicable. 

Thereafter, the DWW citrate buffer was sterilized at 121°C for 15 min for use in each 

bioprocess experimental run. 

7.2.5. Screening of different buffer agents and MnO nanoparticle-assisted technology for 

enhanced lactic acid production and sugar utilization 

To enhance the existing optimized CCW and supplemented DWW-based SSF process 

designated as the sDWW-SSF bioprocess reported in our previous study (David et al., 2022), 
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the potential of various buffer systems (K2HPO4, NaHCO3, Na2HPO4.12H2O, and CaCO3) 

were evaluated to support complete sugar utilization and increase LA production. The SSF 

fermentation process was conducted in 100 mL Erlenmeyer flasks, with a total of 8 different 

experimental runs. The base reactions were maintained using the optimized sDWW-SSF 

bioprocess conditions (David et al., 2022) for all experiments. Each flask consisted of a 

constant working volume of 25 mL with 25 g/L CSL, 2 mL/L Tween 80, 10% SL and 10 

FPU/g standard enzyme loading in the DWW citrate buffer (0.05 M, pH 4.8). The medium 

was inoculated with 10% (v/v) exponentially grown L. plantarum inoculum concentration 

(Petrides, 2000; Derabli et al., 2022; Sudhakar and Dharani, 2022) by measuring the optical 

density at 580 nm (OD580) using a spectrophotometer. Four experiments were subjected to 

different buffering agents, including 2 g/L K2HPO4, 15 g/L NaHCO3, 15 g/L 

Na2HPO4.12H2O or 15 g/L CaCO3, designated as sDWW-SSFKH2PO4, sDWW-SSFNaHCO3, 

sDWW-SSFNa2HPO4.12H2O and sDWW-SSFCaCO3(15), respectively. The concentration of KH2PO4 

(2 g/L) selected for the process was based on the standard concentration used in commercial 

MRS media (HG000C87) (@Merck, Darmstadt, Germany). The NaHCO3, Na2HPO4.12H2O 

and CaCO3 buffer agents were added in a 4:1 ratio (glucose: buffer) as a baseline 

concentration, determined by Karnaouri et al. (2020), that studied the effect of different 

concentrations of buffer agent on the LA concentration. The glucose concentration (~60 g/L) 

for the glucose: buffer ratio was attained from our previous study using the sDWW-SSF 

process (David et al., 2022). In parallel with each buffer system, four corresponding 

experiments containing 0.025 g/L MnO nanoparticle supplementation (Table S7.1) were 

carried out. These experiments were designated as sDWW-SSFKH2PO4+MnO, sDWW-

SSFNaHCO3+MnO, sDWW-SSFNa2HPO4.12H2O+MnO and sDWW-SSFCaCO3(15)+MnO, respectively. The 

experimental conditions for the eight supplemented flasks including the type of buffer, buffer 

concentration and nanoparticle selection were informed by the literature (Sanusi et al., 2019; 



152 
 

Mis Solval et al., 2019; Karnaouri et al., 2020). To determine the sugar consumption, each 

experimental run had a corresponding control that remained uninoculated and was used to 

determine the initial sugar concentration that was produced. Both the uninoculated control 

and inoculated test experiments for each buffer agent were carried out in duplicate. All 

fermentation runs were incubated at 37°C and 120 rpm for a duration of 48 h, with samples 

aliquoted every 12 h to determine LA and reducing sugar concentrations using the methods 

described below (Section 7.2.9.).  

7.2.6. Lactic acid production 

7.2.6.1. Evaluating the effect of using various physicochemical enhancement parameters 

under SSF bioprocess: buffer agent, pH changes and micronutrient supplementation 

The initial screening using different buffering agents (K2HPO4, NaHCO3, Na2HPO4.12H2O, 

and CaCO3) in section 7.2.5 demonstrated that the CaCO3 addition yielded higher LA 

concentration and sugar utilization. CaCO3 was therefore used in further experiments carried 

out on various physicochemical methods to the sDWW-SSF bioprocess. These involved 

assessing the singular impact of CaCO3 agent, addition of micronutrients (MgSO4 and 

MnSO4 or MnO nanoparticle), effect of pH changes (pH 4.8, pH 5.5), or a combination of 

these parameters. The LA fermentation was carried out in 100 mL Erlenmeyer flasks with a 

total of 8 experiments. The base reactions maintained a constant working volume of 25 mL 

with 25 g/L CSL, 2 mL/L Tween 80, 10% SL, 10 FPU/g standard enzyme loading, and 10% 

(v/v) exponentially grown L. plantarum inoculum concentration, in the DWW citrate buffer 

(0.05 M). The DWW citrate buffer was adjusted to pH 4.8 or pH 5.5 according to Table S7.2. 

Each flask was subjected to a different variable, namely, 0.05 g/L Mn2+ (MnSO4) and 0.5 g/L 

Mg2+ (MgSO4) ions supplementation, 0.025 g/L nanoparticle supplementation (MnO), pH 

change (pH 4.8 or 5.5), 30 g/L CaCO3 buffering or an interactive combination of the above 
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variables (Table S7.2). All fermentation runs were incubated at 37°C and 120 rpm for 84 h. 

The change in CaCO3 concentration from a 4:1 ratio (Section 2.5) to 2:1 ratio was based on a 

study by Karnaouri et al. (2020). The aforementioned authors evaluated the addition of 

different concentrations of glucose to CaCO3 ratios, 4:1 (low concentration), 2:1 (medium 

concentration) and 4:3 (high concentration) on the LA production and found that the 2:1 ratio 

was able to ensure proper pH regulation and buffering capacity without comprising the 

fluidity of the medium (Karnaouri et al., 2020). The experimental conditions for the eight 

supplemented flasks including the micronutrient selection and concentration, nanoparticle 

selection, and pH selection were informed by the literature (Abdulsattar et al., 2020; Sanusi et 

al., 2019; Mis Solval et al., 2019).  

7.2.6.2. Comparative assessment of the optimized buffer and nanoparticle assisted lactic acid 

production using the PSSF bioprocess 

In light of the results obtained from the evaluation of various physicochemical parameters to 

the sDWW-SSF bioprocess, the supplementation of CaCO3 only (sDWW-SSFCaCO3(30)) and 

CaCO3 with MnO nanoparticles at pH 5.5 (sDWW-SSFCaCO3(30)+MnO, pH 5.5) yielded high LA 

concentrations and sugar utilization. Nevertheless, during fermentation, CaCO3 reacts with 

LA to produce calcium lactate, resultantly increasing the pH of the fermentation medium and 

affecting enzymatic saccharification. For this reason, the current research phase explored a 

prehydrolysis with SSF (PSSF) approach, focusing on optimizing pH during enzymatic 

saccharification and fermentation to enhance LA concentration and sugar utilization. It also 

assessed Tween 80 and/or MnO nanoparticle effects on prehydrolysis and fermentation 

systems. 

To determine which bioprocess type was most effective under the varying experimental 

conditions based on the sDWW-SSFCaCO3(30) and sDWW-SSFCaCO3(30)+MnO, pH 5.5 process using 
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the SSF mode, the PSSF bioprocess was also implemented and comparatively assessed. The 

PSSF fermentation process was carried in 100 mL Erlenmeyer flasks with a total of 5 

experiments. Prior to the SSF process, a 24-h prehydrolysis stage was carried out in a 20 mL 

volume of DWW citrate buffer (pH 4.8, 0.05 M) containing SGLD-PWW pretreated CCW 

(10%, w/v) and 10 FPU/g enzyme loading. The prehydrolysis reactions were also 

supplemented with either Tween 80 (2 mL/L), MnO nanoparticle (0.025g/L) or a 

combination of the two where applicable (Table S7.3), to determine its effect on the 

enzymatic saccharification and fermentation processes, respectively. The flasks were 

incubated at 50°C and 120 rpm for 24 h. Following prehydrolysis, 25 g/L CSL and 30 g/L 

CaCO3 in DWW citrate buffer as well as 10% (v/v) exponentially grown L. plantarum 

inoculum concentration was added to make up the constant 25 mL working volume. All 

fermentation runs introduced CaCO3 in the fermentation stage of the process only, to ensure 

optimum pH regulation (pH 4.8) in the enzymatic hydrolysis stage. For the fermentation 

process, 2 mL/L Tween 80 and/or 0.025 g/L MnO nanoparticles were added (where 

applicable), according to Table S7.3. All fermentation reactions were incubated at 37°C and 

120 rpm for 84 h.  

For both the SSF and PSSF processes, the control experiments (uninoculated) were subject to 

the same conditions as their corresponding test experiments. Both the uninoculated control 

and inoculated test experiments for each variable were carried out in duplicate. A 1 mL 

sample was aseptically removed from each experimental set and its corresponding controls 

(uninoculated) every 12-h interval throughout the 84-h fermentation period. The aliquoted 

samples were thereafter used to determine LA and reducing sugar concentrations using the 

methods described below (Section 7.2.9). 
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7.2.7. Optimization of the scale-up assessment of lactic acid production at 0.5 L 

Following the three-step screening process under the different experimental conditions, the 

optimized CaCO3 buffer and nanoparticle supplemented LA production under the SSF 

process gave the maximum LA concentration and was selected for the scale-up assessment, 

with designation as MDWW-SSF. Two experimental scale-up processes were carried out in a 

2 L bioreactor (Kori instruments, DF 1L, China) with a 0.5 L working volume (Table S7.4). 

Each reaction experiment was used to determine the optimum mixing speed for enhanced LA 

production based on the constant power input per unit volume (P/V) and constant impeller tip 

speed (Vtip) mixing regimes. The glass vessel was fed with 25 g/L CSL, 2 mL/L Tween 80, 

10% SL (SGLD-PWW pretreated CCW), 10 FPU/g standard enzyme loading and 30 g/L 

CaCO3 in the DWW citrate buffer (0.05 M, pH 4.8).  The medium was inoculated with 10% 

(v/v) L. plantarum inoculum grown to exponential phase (14 h). The constant optimum 

operational temperature of 37°C was maintained for both bioprocesses over a duration of 48 

h. The constant Vtip (58 rpm) and constant P/V (74 rpm) were determined using eq. 1 and 2, 

respectively, for each reaction. The control experiments (uninoculated) were subject to the 

same conditions as per the corresponding test experiments. Samples of 3 mL were aseptically 

removed from the reaction vessel of the experimental and corresponding control 

(uninoculated) sets every 6 h over a period of 48 h. The aliquoted samples were thereafter 

used to determine LA and reducing sugar concentrations as described below. 

𝑛2  =  𝑛1 (𝑑𝑖1 𝑑𝑖2⁄ )          (1) 

𝑛2 = 𝑛1(𝑑𝑖1/𝑑𝑖2)
2

3⁄                        (2) 

where n is the rpm and di the vessel diameter.   
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7.2.8. 5 L Scale-up assessment for lactic acid production 

 The MDWW-SSF process using the constant P/V mixing criteria at 74 rpm gave maximum 

LA production as previously determined for the 0.5 L scale-up assessment in the 2 L 

bioreactor. Therefore, the constant P/V mixing regime was applied to the 13 L bioreactor 

(Labfors INFORS HT, Switzerland) with a 5 L working volume. The vessel contained 25 g/L 

CSL, 2 mL/L Tween 80, 10% SL (SGLD-PWW pretreated CCW), 10 FPU/g standard 

enzyme loading and 30 g/L CaCO3 in the DWW citrate buffer (0.05 M, pH 4.8) at a constant 

working volume of 5 L.  The medium was inoculated with a 14-h exponentially grown L. 

plantarum culture of 10% (v/v) as determined by a growth curve of optical density at 580 nm 

(OD580) using a spectrophotometer over a duration of time. The constant optimum 

operational temperature of 37°C was maintained over a duration of 24 h. The constant P/V 

(54 rpm) was calculated using eq. 2. Identical conditions corresponding to the test experiment 

were maintained for the control experiment (uninoculated). Aliquots (3 mL) from 

experimental and corresponding control (uninoculated) sets were sampled aseptically from 

the reaction vessel every 2 h over a period of 24 h to determine LA, biomass and reducing 

sugar concentrations as described below (Section 2.9). 

7.2.9. Analytical methods 

7.2.9.1. Determination of LA concentration 

The total LA concentration (g/L) was quantified using the Megazyme LA assay kit, 

designated by product code (K-DLATE) (©Megazyme, Wicklow, Ireland) according to 

specified protocols as stated by the manufacturer. The VERSAmax tuneable microplate 

reader (Molecular Devices, California, USA) was employed to spectrophotometrically 

analyse the LA concentration.  

 



157 
 

7.2.9.2. Determination of reducing sugar concentration 

The reducing sugar concentration of the experimental and control (uninoculated) samples 

were quantified using the 3.5-dintrosalicylic acid method (Miller, 1959). The control 

experiments (uninoculated) were conducted to estimate the initial sugar concentration that 

was produced. The test experimental reducing sugar concentration was subtracted from the 

control experiment sugar concentration to determine the sugar utilization (%) as per Eq. (3). 

Sugar utilization (%) =
Initial sugar concentration (g/L)− Final sugar concentration (g/L)

Initial sugar concentration (g/L) 
 x 100         (3) 

7.2.9.3. Determination of microbial biomass concentration  

The L. plantarum cell concentration (g/L) was quantitatively evaluated by relating the 

microbial cell count as a function of the dry cell weight. The L. plantarum culture was grown 

exponentially in MRS broth and diluted accordingly (1, 
1

2
, 

1

4
, 

1

8
, 

1

16
). The respective diluted 

sample was decanted with a total volume of 10 mL and centrifuged at 7607 g for 5 min. The 

resultant biomass pellet was oven dried at 90°C, until a constant mass was observed. The dry 

weights (g/L) of each sample were plotted against its corresponding cell counts (cells/mL) to 

produce a standard curve. To determine the experimental biomass concentration (g/L) for the 

MDWW-SSF bioprocess using the constant P/V mixing criteria at the 5 L working volume in 

the 13 L bioreactor scale-up experiment, the cell counts (cells/mL) were substituted into the 

equation generated from the standard curve. 

7.2.10. Kinetic modelling  

7.2.10.1. Logistic model for cell growth  

The biomass concentration data obtained for the 5 L experimental scale-up was used for the 

logistic model. The logistic model in the differential form of Eq. (4) represents the 

exponential and stationary phases of growth. Eq. (4) was integrated to form Eq. (5). This 
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logistic model illustrates the relationship of cell biomass (X) to initial cell concentration (X0), 

maximum cell concentration (Xmax) and maximum specific growth rate (μmax) at specific 

times (t) during the exponential and stationary phases of L. plantarum growth.  

𝑑𝑋

𝑑𝑡
 = 𝜇𝑚𝑎𝑥  (1 −

𝑋

𝑋𝑚𝑎𝑥
) 𝑋                      (4)  

𝑋 𝑋 =
𝑋0 exp (𝜇𝑚𝑎𝑥𝑡)

1−[(
𝑋0

𝑋𝑚𝑎𝑥
)(1−𝑒𝑥𝑝(𝜇𝑚𝑎𝑥𝑡))]

              (5)  

7.2.10.2. Modified Gompertz model for lactic acid formation  

The LA production data generated from the 5 L scale-up process experiment was used to fit 

the modified Gompertz model by using the least squares method (CurveExpert V1.5.5, 

MyBiosource, Inc., USA). The model revealed the lag time (tL), maximum LA production 

rate (rp,m), and the maximum potential LA concentration (Pm) as shown in Eq. (6).  

𝑃 = 𝑃𝑚 . 𝑒𝑥𝑝 {−𝑒𝑥𝑝 [
𝑟𝑝,𝑚.𝑒𝑥𝑝(1)

𝑃𝑚
] . (𝑡𝐿 − 𝑡) + 1}      (6)  

where P is LA concentration (g/L), Pm is potential maximum LA concentration (g/L), rp,m is 

maximum LA production rate (g/L/h) and tL is the time from the beginning of fermentation to 

exponential LA production (hr). 

7.2.11. Elemental analysis of dairy wastewater and MDWW-SSF process effluent 

For the elemental analysis, the DWW sample and LA fermentation effluent (before and after 

fermentation) were prepared by filtering through a 0.45 μm nylon filter syringe prior to 

analysis. The concentrations of Ca, K, Na, Mg, P and S were tested using Inductively 

Coupled Plasma Atomic Emission Spectroscopy (ICP-OES), following the standard methods 

for the examination of water and wastewater (APHA, 1998a). The Cu, Fe, Mn and Zn 

concentrations were analysed using the Inductively Coupled Plasma Mass Spectroscopy 

(ICP-MS) according to standard water and wastewater examination protocols (APHA, 
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1998b). The total organic carbon (TOC) was measured by oxidizing the wastewater samples 

using high temperature oxidation with a platinum catalyst, generating carbon dioxide that was 

then detected by a Non-Dispersive Infrared (NDIR) detector. The total nitrogen was assessed 

according to the Kjeldahl method, based on the accumulative concentration of Kjeldahl 

nitrogen, nitrates and nitrites (Goyal et al., 2022). 

7.2.12. Feed analysis of the MDWW-SSF process solid biomass 

The moisture content was quantified by heating the sample overnight in an oven set at 75°C. 

The ash content was determined gravimetrically using residues that remain after incineration 

at 450°C. The compositional analysis of the fermentation effluent was determined according 

to the Van Soest method (Van Soest and McQueen, 1973). The neutral detergent fiber (NDF) 

analysis was achieved by boiling the sample in a neutral detergent fiber solution (pH 7.0). 

The NDF portion consisted of cellulose, hemicellulose and lignin. The acid detergent fiber 

(ADF) component was carried out by boiling the sample in an acid detergent fiber solution 

containing concentrated H2SO4 and cetyl trimethylammonium bromide to remove the soluble 

portion with the resultant components being cellulose and lignin. According to the Official 

Methods of Analysis for Fat (Crude) or Ether Extract in Animal Feed (1990), the dried, 

ground sample was extracted with diethyl ether to dissolve fats, oils, pigments and other fat-

soluble substances. The ether was then evaporated from the fat solution at low temperatures 

and the resulting residue known as the ether extract or crude fat was weighed. For the 

elemental analysis, the solid MDWW-SSF residue was assessed for the Ca, K, Na, Mg, P, Cu, 

Fe, Mn and Zn concentration using Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-OES) according to the Hunters methods for plant nutrients determination 

(Hunter, 1975). The total nitrogen was evaluated using sample combustion coupled with 

thermal conductivity (Leco TruMac analysers).  
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7.3. Results and discussion 

7.3.1. Effects of different buffer agents and MnO nanoparticle-assisted strategies for 

enhanced lactic acid production and sugar utilization 

From the buffer screening assessment in the sDWW-SSF medium, the sDWW-SSFCaCO3(15) 

process produced the highest LA concentration of 18.61 g/L, followed by sDWW-

SSFNa2HPO4.12H2O (15.01 g/L), sDWW-SSFKH2PO4 (11.90 g/L) and sDWW-SSFNaHCO3 (10.19 

g/L) (Table S7.1). Alongside the highest LA concentration, the sDWW-SSFCaCO3(15) 

experiment produced the highest reducing sugar utilization of 27.88% g/L, followed by 

sDWW-SSFNa2HPO4.12H2O (19.34%), sDWW-SSFKH2PO4 (16.49%) and sDWW-SSFNaHCO3 

(14.48%). The efficacy of these buffering agents can be attributed to potential pH-dependent 

effects and kinetic reactions. At a fermentation medium pH of 4.8, such conditions can 

enhance the dissolution of CaCO3, leading to the formation of calcium lactate (Seifan et al., 

2017). Moreover, the rate of ion release may influence the duration required for pH 

adjustment and stabilization throughout the fermentation process. This, in turn, could 

improve LA production and overall process efficiency. Regarding the reduced LA 

concentration observed with sDWW-SSFNa2HPO4.12H2O and sDWW-SSFNaHCO3 processes, the 

presence of Na+ ions may induce osmotic stress on the microbial cells, leading to intracellular 

pH disruptions and ion imbalances. These conditions can negatively affect enzymatic 

activities and cellular functions, consequently lowering LA production (Zhu et al., 2007). In a 

similar context, the study by Zhu et al. (2007), showed that the use of Ca2+ as a base counter 

ion for pH adjustment yielded higher LA formation (90 g/L) compared to Na+ (75.1 g/L) 

when added to the medium during LA production using engineered Escherichia coli strains. 

In addition, the effect of the MnO nanoparticle-assisted fermentation alongside each buffer 

agent was also investigated.  It was found that the sDWW-SSFCaCO3(15)+MnO produced the 
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highest LA concentration of 19.25 g/L, followed by sDWW-SSFNa2HPO4.12H2O+MnO (14.22 g/L), 

sDWW-SSFNaHCO3+MnO (13.23 g/L) and sDWW-SSFKH2PO4+MnO (11.05 g/L) (Table S7.1). 

Interestingly, the addition of CaCO3 or NaHCO3, respectively, together with the MnO 

nanoparticle slightly increased LA concentration when compared to the presence of CaCO3 or 

NaHCO3 only. On the other hand, despite the high LA concentrations obtained with the sole 

inclusion of Na2HPO4.12H2O (15.01 g/L LA), its combination with MnO nanoparticles 

resulted in a reduced LA concentration of 14.22 g/L. The same was observed for the 

combination of KH2PO4 and MnO nanoparticle (11.05 g/L) when compared to KH2PO4 only 

(11.90 g/L). The sDWW-SSFCaCO3(15)+MnO experiment produced the highest reducing sugar 

utilization of 28.92% g/L, followed by sDWW-SSFNa2HPO4.12H2O+MnO (17.91%), sDWW-

SSFNaHCO3+MnO (16.70%) and sDWW-SSFKH2PO4+MnO (15.36%) during LA production. Given 

the increased LA concentration and efficient utilization of reducing sugars, CaCO3 was 

selected as the buffering agent for subsequent optimization, scale-up and kinetic analyses. At 

this stage, comprehensive laboratory evaluations revealed that incorporating CaCO3 as a 

buffer agent during the SSF bioprocess posed challenges for enzymatic glucose measurement 

using the Megazyme glucose assay kit (K-GLUC) (©Megazyme, Wicklow, Ireland). 

Specifically, these challenges arise when the concentrations of calcium and lactate ions 

exceeds their solubility limit, leading to the precipitation of solid calcium lactate complexes 

(Alhamad and Miskimins, 2022). The solubility limit is influenced by several factors 

including temperature, pressure, pH, and specific concentrations of calcium and lactate ions 

present in the solution (Alhamad and Miskimins, 2022). This precipitation reaction can 

interfere with enzyme specific glucose assays that rely on the activity of glucose oxidase or 

hexokinase enzymes, since calcium ions inhibit the activity of these enzymes, leading to 

irregularities in the glucose measurements. Moreover, production of calcium lactate increases 

the pH of the fermentation medium above the threshold for glucose oxidase function (optimal 
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activity pH 5.5) leading to enzyme inhibition or malfunction (Tsuge et al, 1975). 

Furthermore, calcium lactate precipitates in the reaction mixture may interfere with the 

enzymatic reaction by physically blocking enzyme-substrate interactions and reducing the 

availability of reactants, including glucose, to the enzymes. Apart from the above reaction 

effects, the calcium lactate precipitates may scatter light, which in turn interferes with 

spectrophotometric measurements commonly used in enzymatic glucose assays. These 

interferences can lead to reduced enzymatic activity and inaccurate glucose readings. As a 

result, the 3.5-dintrosalicylic acid (DNS) method, an assay commonly used in lignocellulosic 

bioprocessing research to quantify the total reducing sugars (glucose, fructose, xylose, 

sucrose amongst others) was adopted for subsequent quantification of the fermentable sugars 

in the media. Compared to the enzymatic glucose kit, the DNS colorimetric method was not 

influenced by the pH of the medium and did not cause calcium lactate precipitation since the 

DNS method relies on chemical reactions with the reducing sugars, specifically the reduction 

of 3,5-dinitrosalicylic acid (DNS), whereas the Megazyme glucose kit involves enzymatic 

reactions that are dependent on specific glucose oxidase and peroxidase enzymes. To 

standardize the sugar analysis, the DNS method was maintained throughout the research for 

experimentation containing CaCO3.  

7.3.2. Evaluating the effect of various physicochemical enhancement parameters under the 

SSF bioprocess: buffer agent, pH changes and micronutrient supplementation.  

Fig. 7.1A and 1B illustrates the progression of LA production and the utilization of reducing 

sugars, respectively, under the SSF bioprocess across various physicochemical conditions 

tested. These conditions include the singular effect of the CaCO3 buffering agent, the addition 

of micronutrients (MgSO4 and MnSO4 or MnO nanoparticles), alterations in pH levels (pH 

4.8 and pH 5.5), or a combination thereof (Table S7.2). The findings indicate that the 
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sDWW-SSFCaCO3(30)+MnO, pH 5.5 process yielded the highest LA concentration of 31.12 g/L. 

This was closely followed by sDWW-SSFCaCO3(30) (30.76 g/L), sDWW-SSFCaCO3, pH 5.5 (28.69 

g/L) and sDWW-SSFCaCO3+Mn2+, Mg2+, pH 5.5 (26.94 g/L). Lower LA concentrations were 

observed for sDWW-SSFpH 5.5 at 17.50 g/L, sDWW-SSFMnO at 15.43 g/L, sDWW-SSFMn2+ and 

Mg2+ at 14.76 g/L and sDWW-SSFcontrol at 13.85 g/L. 

The sDWW-SSFcontrol experiment was carried out as a control with optimum conditions 

determined in our previous study (David et al., 2022) and was maintained as the baseline for 

further experimentation. The sDWW-SSFcontrol gave a LA concentration of 13.85 g/L and 

corresponding reducing sugar utilization up to 25.13%. In comparison, sDWW-SSFMn2+ and 

Mg2+, sDWW-SSFMnO, and sDWW-SSFpH 5.5 evaluated the singular effect of Mg2+ and Mn2+ 

supplementation, MnO nanoparticle inclusion and pH change (pH 5.5), respectively in the 

sDWW-SSF bioprocess. The LA concentration obtained for the sDWW-SSFMn2+ and Mg2+, 

sDWW-SSFMnO, and sDWW- SSFpH 5.5 processes were 14.76 g/L, 15.43 g/L and 17.50 g/L, 

respectively. The increase in LA concentrations for the sDWW-SSFMn2+ and Mg2+ (6.17% 

increase) and sDWW-SSFMnO (10.24% increase) process in comparison to sDWW-SSFcontrol 

may be attributed to the positive influence of micronutrient supplementation that acts as 

cofactors to enhance the catalytic activity of enzymes involved in biosynthetic pathways (Yu 

et al., 2008, Lew et al., 2013). In addition, the 20.86% increase in LA concentration for 

sDWW-SSFpH 5.5 in comparison to sDWW-SSFcontrol may be due to the pH change from 4.8 to 

5.5. This change may result in a more favorable environment for L. plantarum metabolism 

since it was closer to the upper limit of the reported optimum range (pH 4.5 to 6.5) for LA 

production (Anagnostopoulou et al., 2022). It is also noted that the reducing sugar available 

for microbial metabolism in sDWW-SSFcontrol, sDWW-SSFMn2+ and Mg2+, sDWW-SSFMnO, and 

sDWW- SSFpH 5.5 were 88.89 g/L, 104.99 g/L, 91.58 g/L and 90.91 g/L, respectively. Even 

with the high reducing sugar concentration within the fermentation medium, the sugar 
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utilized by the microorganism translated up to 25.13% only, for the duration of the process. 

This may be due to the high saccharification efficiency of the Cellic Ctec 2 enzyme that led 

to the conversion of cellulose to fermentable sugar at a rate that is faster than microbial 

consumption, thus causing sugar accumulation in the medium (Aguilar-Reynosa et al., 2017). 

In addition, the high reducing sugar available post-fermentation may not necessarily indicate 

high glucose concentration since the reducing sugar yield incorporates various 

monosaccharides alongside some disaccharides, oligosaccharides and polysaccharides. For 

instance, the xylose concentration was quantified as ~22.27 g/L of the total reducing sugar 

after fermentation.  

Despite the marginally higher LA concentrations observed for sDWW-SSFMn2+ and Mg2+, 

sDWW-SSFMnO, and sDWW- SSFpH 5.5 processes, the production of LA in the medium leads 

to a decrease in pH, which induces end-product inhibition (Othman et al., 2017). This 

phenomenon occurs as the product itself acidifies the culture medium, adversely affecting the 

viability of L. plantarum cells and the regulation of the microbial culture (Karnaouri et al., 

2020). Typically, the yield and productivity of LA production are influenced by a pH range 

of 4.5 to 6.5, with many LABs unable to maintain optimal metabolic activity when the pH 

falls below 4 (Abedi and Hashemi, 2020; Anagnostopoulou et al., 2022). This was illustrated 

by the pH range of 3.48-3.57 recorded for the sDWW-SSFcontrol, sDWW-SSFMn2+ and Mg2+, 

sDWW-SSFMnO, and sDWW- SSFpH 5.5 bioprocesses after fermentation. Consequently, this 

led to reduced consumption of fermentable sugars and a decrease in LA production.  

Interestingly, the sDWW-SSFCaCO3(30) process involving the sole addition of CaCO3 to the 

optimized medium at a pH of 4.8, achieved a peak LA concentration of 30.76 g/L at 48 hours, 

with reducing sugar utilization ranging from 26.90% to 45.48%. Notably, the sDWW-

SSFCaCO3(30) process exhibited a 2.22-fold increase in LA concentration with the exclusive 
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addition of CaCO3 compared to the sDWW-SSFcontrol. Introducing CaCO3 into the 

fermentation medium neutralizes its pH by forming a basic salt (calcium lactate) in solution 

(Karnaouri et al., 2020). This aligns the pH value closer to the optimal range for LA bacterial 

cell metabolism (pH 4.5-pH 6.5), thus maintaining cell survival and maximizing LA yield 

(Wang et al., 2014; Anagnostopoulou et al., 2022). The pH range for sDWW-SSFCaCO3(30) 

was maintained between pH 5.5 and pH 5.83. Similarly, sDWW-SSFCaCO3+Mn2+, Mg2+, pH 5.5 

observed a 26.94 g/L LA concentration with a 28.52% to 43.27% reducing sugar utilization 

after 48 h with Mg2+, Mn2+ and CaCO3 supplementation at pH 5.5. The sDWW-

SSFCaCO3+Mn2+, Mg2+, pH 5.5 bioprocess resulted in a 45.21% increase in LA concentration 

compared to the sDWW-SSFMn2+ and Mg2+ process, which involved the supplementation of 

only Mg2+ and Mn2+ at a pH of 4.8. This revealed that the addition of CaCO3 was directly 

related to the improvement in LA concentration. Nevertheless, when sDWW-SSFCaCO3+Mn2+, 

Mg2+, pH 5.5 process was compared to sDWW-SSFCaCO3(30) (supplemented with CaCO3), it 

resulted to a 12.42% lower LA concentration. The inclusion of these ions may not necessarily 

impact the yield since the CSL and dairy wastewater contains residual amounts of Mg2+ and 

Mn2+ that may be sufficient for catalysis in enzymatic reactions within the carbohydrate 

metabolism. In the same vein, the data for sDWW-SSFCaCO3(30)+MnO, pH 5.5 showing the 

interactive effect of MnO nanoparticles and CaCO3 at pH 5.5 gave a LA concentration of 

31.12 g/L at 36 h, with a reducing sugar utilization ranging from 28.97 to 46.27%. The 

sDWW-SSFCaCO3(30)+MnO, pH 5.5 process observed a 50.24% incline in LA in comparison to 

sDWW-SSFMnO containing the MnO nanoparticle only, underscoring the significance of 

CaCO3 in the bioprocess. On the other hand, sDWW-SSFCaCO3(30)+MnO, pH 5.5 process gave 

comparable results to sDWW-SSFCaCO3(30) which contained CaCO3 only at a pH of 4.8 with a 

0.81% increase. However, it is important to note that sDWW-SSFCaCO3(30) obtained its 

maximum LA concentration at 48 h while sDWW-SSFCaCO3(30)+MnO, pH 5.5 observed its 
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maximum concentration at 36 h. This indicates that the nanoparticle inclusion enhanced the 

production rate of the LA by potentially reducing the process time. According to Sanusi et al. 

(2020), nanoparticles have the ability to alter the rate of reaction due to its chemical stability, 

catalytic properties, surface-to-volume ratio and specificity. In addition, sDWW-SSFCaCO3, pH 

5.5 produced a LA concentration of 28.69 g/L after 48 h with a 24.50 to 43.05% reducing 

sugar utilization within the fermentation medium containing CaCO3 at pH 5.5. The higher pH 

of 5.5 at the beginning of fermentation increased the initial cellular metabolism of L. 

plantarum, thus increasing yield and productivity of the microorganism. However, the 

sDWW-SSFCaCO3, pH 5.5 process observed a marginally lower LA concentration of 28.69 g/L 

compared to sDWW-SSFCaCO3(30) (30.76 g/L) and sDWW-SSFCaCO3(30)+MnO nanoparticle, pH 5.5 

(31.12 g/L), translating to a 6.73% and 7.81% decrease in LA, respectively. Even though the 

pH of 5.5 was within the optimal range for LA production, it is also the threshold pH for the 

cellulase-based Cellic CTec 2 enzyme during cellulose conversion to glucose (Abdulsattar et 

al., 2020), thus reducing the stability of the enzyme since LA production causes pH variation 

during the bioprocess. The optimal pH range for the Cellic CTec2 enzyme is 5-5.5, with pH 

4.8 or 5.0 being the most commonly reported in the literature for effective use (Abdulsattar et 

al., 2020). Given these findings, a pH of 4.8 creates a controlled environment favourable for 

LA production and enzymatic saccharification. Henceforth, to ensure the stability of the 

Cellic CTec2 enzyme and optimal LA production, a pH of 4.8 was consistently maintained 

throughout the study. 

According to the findings, the sDWW-SSFCaCO3(30)+MnO, pH 5.5 process yielded the highest LA 

concentration of 31.12 g/L, followed by sDWW-SSFCaCO3(30), which resulted in a LA 

concentration of 30.76 g/L. This represents a more than 2-fold increase in LA concentration. 

These results provided valuable insights into nutrient supplementation of waste-based LA 

fermentation medium, and the potential for reduced process times and costs. In light of the 
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high concentration of LA achieved for the sDWW-SSFCaCO3(30) and sDWW-SSFCaCO3(30)+MnO, 

pH 5.5 bioprocesses, efforts were prompted towards an investigation into the PSSF approach. 

This evaluation aimed to compare the effectiveness of both different bioprocess types (SSF 

and PSSF), in terms of pH control, LA yield and sugar utilization.  

 

Fig. 7.1. Lactic acid production and sugar utilization of the modified sDWW-SSF (A, B) and 

sDWW-PSSF (C, D) bioprocesses, respectively.  
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7.3.3. Comparative assessment of CaCO3 and/or nanoparticle-assisted lactic acid production 

using the PSSF bioprocess 

Fig. 7.1C and 1D depicts the progression of LA concentration and reducing sugar utilization, 

respectively for the minimally supplemented DWW medium under the PSSF bioprocess 

(sDWW-PSSF). The prehydrolysis of the sDWW-PSSFCaCO3 (containing CaCO3) and 

sDWW-PSSFCaCO3+MnO (containing CaCO3 and MnO nanoparticle) bioprocesses were carried 

out under standard conditions (10% SL, 10% enzyme, DWW citrate buffer, pH 4.8 for 24 h) 

and gave a reducing sugar concentration of 100. 88 g/L and 101.25 g/L, respectively. 

Thereafter, the sDWW-PSSFCaCO3 process produced a LA concentration of 24.38 g/L with a 

corresponding sugar utilization up to 43% when 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum and 30 g/L CaCO3 were added. The sDWW-PSSFCaCO3+MnO process containing 

0.025 g/L MnO nanoparticle in addition to 25 g/L CSL, 2 mL/L Tween 80, 10% L. plantarum 

and 30 g/L CaCO3 gave LA concentration of 25.99 g/L and a corresponding sugar utilization 

up to 44.43%. The 6.19% increase in LA concentration for the sDWW-PSSFCaCO3+MnO when 

compared to the sDWW-PSSFCaCO3 may be attributed to the improved bioactivity of 

microorganisms as a result of the presence of the MnO nanoparticle in the fermentation 

system (Kim et al., 2014). The sDWW-PSSFPH with Tween 80, CaCO3 process evaluated the impact 

of Tween 80 to the standard prehydrolysis stage (Tween 80 omitted from fermentation stage) 

and resulted in a reducing sugar concentration of 102.18 g/L. The data for sDWW-PSSFPH with 

Tween 80, CaCO3 illustrates negligible increase in reducing sugar recovery in comparison to the 

standard prehydrolysis stage that omits Tween 80 in the sDWW-PSSFCaCO3 and sDWW-

PSSFCaCO3+MnO bioprocesses. The fermentation process containing 25 g/L CSL, 10% L. 

plantarum and 30 g/L CaCO3 for sDWW-PSSFPH with Tween 80, CaCO3 process gave a LA 

concentration of 25.55 g/L with a corresponding sugar utilization of up to 45.79%. On the 

other hand, sDWW-PSSFPH with MnO, CaCO3 evaluated the impact of MnO nanoparticle addition 
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on the standard prehydrolysis sugar release. The reducing sugar recovery was 103.26 g/L. 

The initiated fermentation process (25 g/L CSL, 2 mL/L Tween 80, 10% L. plantarum and 30 

g/L CaCO3) resulted in a LA concentration and sugar utilization of 23.86 g/L and up to 

41.31%, respectively. Interestingly, even with the slightly higher reducing sugar 

concentration available after the prehydrolysis stage, the concentration of LA observed under 

the PSSF bioprocess was more than 15% lower than the LA concentrations observed for the 

SSF system. It is noted that the higher reducing sugar accumulation in PSSF processes may 

cause inhibition of the Lactobacillus culture, attributed to the sugar osmotic effects on the 

microbial cells, thus halting metabolic activities towards LA fermentation (Liu et al., 2014; 

Sewsynker-Sukai and Gueguim Kana, 2018). Furthermore, the cellulase-based enzyme, 

Cellic CTec2 is recognized for its high performance and robustness, demonstrating efficient 

saccharification capabilities. This may lead to a cellulose conversion rate that is faster than 

microbial consumption, causing sugar accumulation in the medium (Aguilar-Reynosa et al., 

2017) 

To investigate the combinatory effect of Tween 80 and MnO nanoparticle supplementation 

on the sugar recovery in the prehydrolysis stage, sDWW-PSSFPH with MnO+Tween 80, CaCO3 process 

observed a reducing sugar release of 117.31 g/L, translating to a more than 11.98% increase 

in comparison to the sDWW-PSSFCaCO3, sDWW-PSSFCaCO3+MnO nanoparticle, sDWW-PSSFPH with 

Tween 80, CaCO3 and sDWW-PSSFPH with MnO +Tween 80, CaCO3 bioprocesses. Tween 80 is a non-ionic 

surfactant that can improve the solubility and dispersion of hydrophobic lignin and cellulose 

(Taoka et al., 2011). It forms micelles around hydrophobic areas of the substrate, preventing 

enzyme inhibition caused by lignin adsorption and facilitating enzyme-substrate interactions. 

Moreover, the presence of Tween 80 can stabilize enzymes by forming a protective layer 

around them, shielding them from denaturation and proteolytic degradation (Zhang et al., 

2018). This stabilizing effect ensures prolonged enzymatic activity, leading to enhanced LCB 
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conversion, thus higher sugar recovery. Furthermore, MnO nanoparticles can serve as 

enzyme mimetics and provide catalytic sites for enzymatic reactions (Sanusi et al., 2020). 

They act as a support structure for the enzymes, allowing for increased surface area and better 

access to the substrate, thus promoting higher enzyme loading and activity. The combination 

of both the Tween 80 and MnO nanoparticle inclusion was shown to improve the hydrolytic 

stage of the PSSF reaction. This may be attributed to the synergistic effect of the singular 

characteristics of these components. Overall, the action of MnO nanoparticles and Tween 80 

in the standard enzymatic hydrolysis of the CCW offers a promising approach to enhance the 

efficiency and sustainability of bioconversion processes. The fermentation process (25 g/L 

CSL, 10% L. plantarum and 30 g/L CaCO3) produced a LA concentration of 29.35 g/L and 

sugar utilization up to 46.77%.  

Based on the outcomes of the present study, the SSF bioprocess (sDWW-SSFCaCO3(30)+MnO, pH 

5.5) achieved the highest LA concentration of 31.12 g/L, while the PSSF system (sDWW-

PSSFPH with MnO+Tween 80, CaCO3) produced 29.35 g/L of LA. The sDWW-SSFCaCO3(30)+MnO, pH 5.5 

bioprocess translates a 5.69 % higher LA concentration using the SSF process when 

compared to the PSSF method. Furthermore, the PSSF hydrolysis stage displayed no 

significant variations when compared with the SSF process. More importantly, the SSF 

system has demonstrated its attractiveness by eradicating costs associated with separate 

reactors, reducing time consumption by 33% and minimizing energy intensive enzymatic 

hydrolysis steps. This finding was consistent with our previous study that comparatively 

evaluated three different bioprocess types (SSF, SHF and PSSF) for bioethanol production 

from corn cobs (David et al., 2020). In response to these findings, the sDWW-SSFCaCO3+MnO, 

pH 5.5 process was further subjected to scale-up criteria and kinetic studies. Although a pH of 

5.5 was initially utilized within this system (sDWW-SSFCaCO3(30)+MnO, pH 5.5), pH 4.8 will be 

carried forward throughout scale-up studies to maintain Cellic CTec 2 enzyme stability. 
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Henceforth, the optimized process will be denoted as the MDWW-SSF process during scale 

up and kinetic studies.  

7.3.4. Bioprocess scale-up  

7.3.4.1. Effects of varying scale up parameters on the lactic acid process performance at 0.5 

L 

The MDWW-SSF process was subjected to scale-up evaluation in a 2 L bioreactor with a 

working volume of 0.5 L over a period of 48 h. The experimental profiles for LA 

concentration and reducing sugar consumption in the scale-up fermentation reaction are 

illustrated in Fig. 7.2A and 2B, respectively, with constant impeller tip speed (Vtip) and power 

input per unit volume (P/V) as scale-up criteria. As shown in Fig. 7.2A, the LA concentration 

increased from 1.82 g/L to 27.49 g/L after 30 h when exposed to 58 rpm based on the 

constant Vtip parameter. Thus showing a decrease in LA concentration of 11.66% in 

comparison to the flask scale reaction (sDWW-SSFCaCO3(30)+MnO, pH 5.5=31.12 g/L). The 

impeller tip speed of 58 rpm suggests a low agitation rate that potentially compromises the 

mixing efficiency, resulting in inadequate distribution of nutrients, fermentable sugars and 

gases to the L. plantarum microorganisms throughout the fermentation medium (Pérez et al., 

2018). This can lead to localized concentration gradients with limited mass and heat transfer 

rates, negatively impacting microbial growth and LA production. The reduced mixing 

efficiency may also result in incomplete substrate utilization as shown by the reducing sugar 

utilization ranging between 19.39% to 42.15%, leading to suboptimal yields compared to the 

flask scale process. Conversely, the LA concentration increased from 1.10 g/L to 33.64 g/L 

after 18 h when exposed to an agitation speed of 74 rpm, determined according to the 

constant P/V criterion. This indicates a 7.49% increase in LA concentration compared to the 

corresponding flask scale reaction (sDWW-SSFCaCO3(30)+MnO, pH 5.5=31.12 g/L). The enhanced 
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agitation system of the bioreactor can promote higher mixing efficiency, enhanced mass 

transfer, and improved nutrient availability, thereby positively influencing microbial growth 

and LA production. The higher power consumption may also lead to better substrate 

utilization and increased productivity, resulting in higher LA yields. More so, the optimum 

LA yield was reached in a 40% faster time for the constant P/V criterion process 

(corresponding to 18 hr) in comparison to the constant Vtip system (30 hr). According to 

Table S7.5, the hydrodynamic parameter, scale of turbulence (λ) was computed as 1.96 x 10-4 

m and 1.64 x 10-4 m for the constant Vtip and constant P/V, respectively. The λ values show 

the size of Kolmogorov eddy that represents the smallest scale of turbulent motion in a fluid 

flow and plays a crucial role in the energy cascade of turbulence (Trush et al., 2020). The λ of 

1.64 x 10-4 m for the constant P/V is lower in comparison to the constant Vtip (1.96 x 10-4 m) 

and is an indirectly proportional indicator of the fluid dynamics and turbulence of the reaction 

process. More specifically, the smaller the eddy size, the higher the turbulence intensity and 

the faster the energy dissipation (Cimarelli and De Angelis, 2011). The presence of 

Kolmogorov eddies is essential for efficient mixing and mass transfer. The small eddy sizes 

lead to intense turbulence, which ensures uniform distribution of nutrients, gases and 

microorganisms in the bioreactor, promoting higher LA production rates (Bujalski et al., 

2002). However, it is crucial to note that while turbulence and Kolmogorov eddies are 

beneficial for mixing and mass transfer, excessive turbulence leads to shear stress which can 

be detrimental to the viability of the microbial cells. This entails physical damage to the cell 

membrane, compromised cell integrity and intracellular leakage, resulting in reduced 

metabolic activity and impaired growth rates (Esperanca et al., 2020). It also elicits stress 

responses that shift cellular resources away from metabolic pathways essential for LA 

production. In fact, when the Kolmogorov eddy size is equal to or smaller than the cell 

diameter, the flow lines pattern could shear microbial cells (Deniz et al., 2015). Although, 
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excess shear stress can greatly impact cell viability, a certain degree of shear rate is necessary 

to achieve sufficient transfer of materials and energy within the bioreactor. Therefore, it is 

essential to strike a balance between achieving efficient mixing through turbulence and 

avoiding high shear stresses that may impact cell viability and LA productivity. Furthermore, 

the pumping capacity (Vp) was established as 1.11 x 10-4 m3/s and 1.40 x 10-4 m3/s for the 

constant Vtip and constant P/V, respectively. The Vp refers to the ability of the pump system 

to circulate and mix the fermentation medium effectively within the bioreactor, directly 

influencing its homogeneity. The higher Vp (1.40 x 10-4 m3/s) for the constant P/V exhibits 

increased circulation and mixing efficiency within the fermentation medium. This ensures 

adequate nutrient, oxygen, and temperature distribution to the L. plantarum cells to promote 

uniform growth and metabolism, ultimately contributing to higher yields and product quality 

in LA bioreactor processes. Another indication of enhanced mixing efficiency is the 

circulation time, which refers to the time it takes for the fermentation medium to complete 

one full cycle of circulation within the bioreactor. Based on the results, tc was lower for the 

constant P/V (3.57 s) when compared to the constant Vtip (4.51 s) criteria. The shorter tc led to 

more frequent and intense mixing, minimizing concentration gradients and maintaining 

uniform conditions throughout the fermentation medium for optimal LAB function. It is also 

worth noting that the MnO nanoparticle has the potential to positively bond with the carbon 

source to form a nano-sugar composite that enhances cell to sugar interactions for efficient 

sugar utilization, cellular growth, and metabolic activities (Sanusi et al., 2020). The constant 

P/V mixing regime promotes uniform dispersion of the nano-sugar composite within the 

bioreactor that ensures higher conversion rates and more efficient use of substrates for 

improved productivity and yield. Both these outcomes can be validated by the higher LA 

yield (33.64 g/L) and shorter production time (18 hr) when subjected to the constant P/V 

parameter (27.49 g/L LA, 30 hr). As a result of these aforementioned parameters, significant 
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insight pertaining to the mixing efficiency and process performance has informed the 

decisions to further evaluate constant P/V regime at a larger scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2. Lactic acid production (A) and sugar utilization (B) of the 0.5 L MDWW-SSF 

bioprocess scale-up. 
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7.3.4.2. The effects of constant P/V on the lactic acid process performance at 5 L 

The optimized bioprocess was carried out in a 13L bioreaction with a working volume of 5L 

at 54 rpm over a period of 24 h. The experimental LA concentration and sugar utilization of 

31.43 g/L and 40.98%, respectively, were observed after 18 h under the constant P/V scale-up 

criteria (Fig. 7.3A and 3C). The LA concentration and sugar utilization obtained for the 

MDWW-SSF process at the 5 L scale slightly decreased by 6.57% and 12.23%, respectively, 

in comparison to it corresponding 0.5 L reaction process in the same time period (18 h). The 

λ values were recorded as 1.53 x 10-4 m for the constant P/V at 5 L and 1.64 x 10-4 m for the 

constant P/V at 0.5 L. The lower λ value for the constant P/V at 5 L (1.53 x 10-4 m) indicates 

a smaller eddy size with a higher turbulence intensity and faster energy dissipation (Cimarelli 

and De Angelis, 2011). In addition, the Vp for the constant P/V at 5 L was depicted as 2.23 x 

10-4 m3/s in comparison to the constant P/V at 0.5 L (1.40 x 10-4 m3/s). The higher Vp 

demonstrates high circulation and mixing within the fermentation medium. Despite the low λ 

and high Vp for enhanced mixing efficiency, the slight decrease of 6.57% in the LA 

concentration may potentially be attributed to the partial cell shearing that reduced metabolic 

activity in the bioprocess due to the turbulence. In another instance, there was an 84.06% 

higher tc when subjecting constant P/V (22.4 s) criterion at 5 L compared to the constant P/V 

(3.57 s) at 0.5 L. This implies that the MDWW-SSF process at 5 L completed one full cycle 

of circulation within the bioreactor after 22.4 s. The higher tc may lead to reduced frequency 

and mixing, thus decreasing conversion rates and LA yield. This parameter value corresponds 

directly to the revolutions per second (n), where the n value is 0.90 rps for the constant P/V at 

5 L while the constant P/V at 0.5 L shows an n value of 1.23 rps. The lower n value denotes a 

slower rotational speed of the impeller resulting in reduced mixing. 
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7.3.5. Kinetic modelling 

7.3.5.1. Kinetic modelling of L. plantarum cell growth for the MDWW-SSF process at 5 L 

The kinetics of L. plantarum cell growth was evaluated using the logistic model (Table 7.1). 

The evolution of the microbial cell growth was assessed over a period of 24 h using the 

optimized process conditions for the MDWW-SSF system at 5 L scale under the constant P/V 

mixing criterion (Fig. 7.3B). A maximum biomass concentration of 7.29 g/L was observed. 

The exponential phase of the microorganism was represented between 2 h-24 h. This 

increment in the L. plantarum cell growth corresponds to reducing sugar utilization up to 

43.55% (Fig. 7.3C).  

The L. plantarum cell biomass concentration over a 24-h period (Fig. 7.3B) was used to fit 

the logistic model with a high correlation coefficient (R2) of 0.98. The maximum specific 

growth rate (μmax) of 0.26 h-1 was obtained for the MDWW-SSF process at 5 L scale. Our 

previous study gave a μmax of 0.35 h-1 for the sDWW-SSF process under microaerophilic 

conditions (David et al., 2022). The MDWW-SSF process exhibited a 28.57% decrease in the 

microbial growth rate when compared to the sDWW-SSF bioprocess. During the LA 

bioreaction in at 5 L scale, the process was subjected to batch fermentation, where no 

constituents were added or removed once the reaction was initiated. The closed batch 

fermentation process may have induced limited oxygen availability (anaerobic conditions) 

with a high concentration of the substrate and accumulation of glycolytic intermediates such 

as glucose-6-phosphate, glyceraldehyde-3-phosphate, and pyruvate amongst others. The 

absence of oxygen causes the L. plantarum to follow the glycolytic pathway that shifts 

metabolism towards the production of specific end products, such as LA instead of microbial 

cell growth. The microbial cells cannot rely on oxidative phosphorylation for ATP synthesis 

due to the absence of oxygen, thus, the glycolytic pathway becomes a primary route for ATP 
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production. This metabolic adaptation helps regenerate nicotinamide adenine dinucleotide 

(NAD+) from NADH, allowing glycolysis to continue, and maintaining the redox balance 

under anaerobic conditions (Sano et al., 2020). Interestingly, the lower μmax of 0.26 h-1 may 

be attributed to the rheology and hydrodynamic parameters of the bioreactor, demonstrating 

increased turbulence, high circulation and mixing that could result in partial cell shearing that 

reduces metabolic activity in the bioprocess.  

In another instance, the maximum cell concentration (Xmax) of 7.11 g/L was obtained for the 

MDWW-SSF fermentation process. The high Xmax value may be attributed to the synergistic 

effect of additives, CaCO3 and MnO nanoparticles in the established MDWW-SSF medium. 

CaCO3 plays a key role in neutralizing the fermentation medium and maintaining its pH 

stability. During LA production, the pH of the medium decreases as a result of excessive 

acidification, thus, initiating an inhibitory impact on L. plantarum cellular metabolism 

(Othman et al., 2017). Usually, the optimal pH range for most LABs is between 4.5 to 6.5 

and the addition of CaCO3 acts as a buffer to maintain the pH within this favourable range 

(Wang et al., 2014; Anagnostopoulou et al., 2022). As LA accumulates in the medium, 

CaCO3 reacts to form a basic calcium lactate salt and carbon dioxide gas (Wang et al., 2014). 

The alkaline nature of the medium supported robust L. plantarum microbial growth, 

promoting higher cell concentrations. Moreover, introducing the alkaline CaCO3 created an 

environment less favourable for the growth of contaminating microorganisms. This is 

particularly important during the early stages of LA fermentation when the LABs are 

establishing purity and dominance in the culture. In addition, MnO nanoparticles provide 

unique physicochemical properties that enhance nutrient adsorption and activation by the 

LAB. Due to their nanoscale size, MnO nanoparticles have a significantly high surface area-

to-volume ratio which provides more active sites for enhanced nutrient adsorption (Sanusi et 

al., 2020). The nano-nutrient composite improves microbial cell affinity for the fermentable 
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sugars and stimulates activation of nutrients. More so, MnO nanoparticles contain redox-

active properties for electron transfer during metabolic processes in order to regulate 

intracellular redox balance (Archibald and Fridovich, 1981; Watanabe et al., 2012). 

Furthermore, it has the potential to mitigate increased stress tolerance due to its antioxidant 

properties and biocompatibility to LABs (Archibald and Fridovich, 1981; Watanabe et al., 

2012). This reduces significant toxicity and oxidation risks on account of reactive oxygen 

species (ROS). Noting the abovementioned properties, MnO nanoparticles facilitate increased 

cell viability, efficient cellular growth, and metabolic activities (Ban and Paul, 2014, Sanusi 

et al., 2020). Liu et al. (2010) studied the effects of five alternative nitrogen sources when 

replacing yeast extract, peptone, and beef extract in the MRS medium for LA production by 

thermophile L. plantarum As.1.3. The results indicated that the malt sprout (MS) and corn 

steep liquor (CSL) optimized MRS medium showed significant effects on the μmax (1.09 h−1) 

when compared to standard MRS medium (0.64 h−1) (Liu et al., 2010). Interestingly, the Xmax 

for the malt sprout (MS) and corn steep liquor (CSL) optimized MRS (10.14 g/L) was 

slightly lower in comparison to the standard MRS media (14.19 g/L) (Liu et al., 2010). The 

optimized medium offered a high μmax, ascribed to easily assimilation of the CSL and MS, 

whereas the MRS medium generated a high Xmax, due to a significant concentration of 

nitrogen present in the MRS derived constituents.  

7.3.5.2. Kinetic modelling of lactic acid production for the MDWW-SSF process at 5 L 

The LA production represented over a duration of 24 h for the MDWW-SSF process at 5 L 

using the constant P/V regime is illustrated in Fig. 7.3A. A rapid progression in LA 

concentration from 1.90 g/L to 31.43 g/L occurred within 0 h to 18 h for the MDWW-SSF 

bioprocess. This was in line with the short lag phase and subsequent rapid exponential phase 

of the L. plantarum cell growth, suggesting that LA was being produced almost 
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instantaneously. The increase in LA concentration took place during the exponential growth 

phase of microbial cells and thereafter plateaued after 18 h.   

The resultant experimental data from the production of LA (Fig. 7.3A) was used to fit the 

modified Gompertz model with a high R2 value of 0.99 for the MDWW-SSF fermentation 

process. A short lag time (tL) of 0.62 h was obtained for the MDWW-SSF process. The short 

lag times may be accounted for by the addition of CSL in the medium formulation since it 

contains nitrogen, amino acids, vitamins, minerals, and water-soluble carbohydrates, 

sufficient for L. plantarum metabolism. The rich source of nutrients available at the outset of 

the process is able to sustain the metabolic activity of the L. plantarum, while the enzyme 

hydrolyses the cellulose to fermentable sugars for microbial utilization. The cellulase-based 

enzyme, Cellic CTec2 used in the present study, is a high performing and robust enzyme that 

displays high saccharification efficiencies in comparison to traditional cellulase enzymes 

(Sewsynker-Sukai and Gueguim Kana, 2018). The rapid saccharification efficiency leads to 

high cellulose conversion within a short period of time, resulting in high sugar accumulation 

in the medium. This was evident by the reducing sugar utilization of 18.77% at the 2 h 

sampling point. Apart from nutrient availability, the introduction of CaCO3 into the buffered 

system increased the pH within its optimal microbial function (pH 5.5-6.6), thereby 

establishing a conducive environment for the L. plantarum growth and product formation. 

The short lag time implied that microbial metabolism and product formation were highly 

dependent on the availability of fermentable sugars, nutrients, and pH in the initial 

fermentation medium.  

The modified Gompertz model showed a high maximum potential LA concentration (Pm) of 

35.11 g/L. During the SSF bioprocess, the high performing Cellic CTec2 enzyme rapidly 

converted cellulose to fermentable sugar at a rate that was faster than microbial consumption, 

thus causing sugar accumulation in the medium. This is substantiated by the increase in 
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reducing sugar of 58.82% (increase from 7.73 g/L to 18.77 g/L) after only 2 hours of 

saccharification in the control (uninoculated sample). It is noted that high reducing sugar 

levels, with glucose as its main contributing sugar in the medium promotes increased 

glycolytic rates that encourage the lactate dehydrogenase reaction, resulting in enhanced 

lactate production (Sano et al., 2020). Moreover, the rapid fermentation rates can cause the 

accumulation of NADH in the cells. In such conditions, the Embden-Meyerhof Parnas (EMB) 

glycolytic pathway may be favoured as it provides an opportunity for the regeneration of 

NAD+, which is critical for maintaining redox balance and allowing glycolysis to continue 

(Sano et al., 2020). In addition, the presence of elements such as iron, zinc and magnesium in 

the fermentation medium can stimulate the EMB pathway since these are co-factors for 

glycolytic enzymes and contribute to the regulation of glycolysis. The sufficient availability 

of these components allows LABs to adapt in a changing environment and optimize their 

metabolic pathways for efficient LA production. The mechanism of the EMB reactions aims 

to produce ATP for the phosphorylation steps in the glycolytic pathway to drive microbial 

metabolism forward. During this process oxidized NAD+ is consumed in the glyceraldehyde 

triphosphate dehydrogenase (GAPDH) reaction to produce pyruvate (Sano et al., 2020). 

Subsequently, the microorganism converts pyruvate to lactate by the lactate dehydrogenase 

(LDH) reaction, while simultaneously regenerating NAD+ (Sano et al., 2020). The 

regeneration of the NAD+ is imperative in maintaining the glycolytic flux.  

The observed maximum LA production rates (rp.m) reached 1.79 g/L/h in the MDWW-SSF 

process. This enhanced rp.m is likely attributable to the incorporation of MnO nanoparticles in 

the reaction medium, which could enhance enzymatic activity, regulate redox balance, 

improve substrate adsorption, and exhibit antioxidant properties alongside targeted nutrient 

delivery (Powell et al., 2010; Abdelsalam et al., 2016). Such improvements may lead to 

heightened substrate conversion, fostering improved microbial cell growth and metabolism, 
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and thereby yielding higher production rates. Furthermore, the interaction between 

nanoparticles and microbes may alter microbial behaviour and gene expression, potentially 

inducing metabolic shifts that favour LA production. Additionally, the presence of growth-

promoting Mn2+ and Mg2+ ions, derived from CSL and DWW contributes to the increased 

production rate within the MDWW-SSF process. These ions serve as essential cofactors in 

enzymatic reactions crucial for cell division, nucleic acid stabilization (DNA and RNA), 

peptide hydrolysis, synthesis of the Gram-complex, and enhancing the enzyme-substrate 

complex's binding affinity, thereby facilitating metabolic processes vital for LA production 

(Yu et al., 2008; Lew et al., 2013). Beyond growth factors, the presence of high reducing 

sugar and CSL in the medium provides abundant nutrients, including carbon and nitrogen 

sources, as well as other essential nutrients required for the growth and metabolism of the 

LABs for LA production. This nutrient-rich environment supports the glycolytic pathway 

towards LA production, indicating that the combined effect of enhanced enzymatic activity, 

beneficial micronutrient availability, and optimal nutrient conditions significantly contributes 

to the observed increase in LA production rates. 

Moreover, surfactant-assisted fermentation using Tween 80 enhances nutrient uptake, 

medium emulsification, and enzyme stability while CaCO3 ensures pH regulation in the 

preferred pH range, integral for the optimal functioning of the enzymes. An increase in the 

rp.m may be ascribed to several factors working synergistically, where the singular benefits of 

each component are amplified to create an environment that promotes efficient microbial 

growth and metabolic activity, leading to higher LA production rates. The high rp.m of 1.79 

g/L/h coincides with the high maximum potential LA concentration (Pm=35.11 g/L). 

Recently, Germec et al. (2018) assessed the kinetics of LA production in a modified MRS 

media with carob extract as the carbon source for L. casei ATCC 11443. Findings depicted a 

Pm (33.62 g/L) and rp,m (2.21 g/L/h).  Notably, while Germec et al. (2018) achieved slightly 
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higher kinetic values in comparison to the present study, the study’s experimental setup 

involved the use of costly commercial MRS media, highlighting a reduced economic and 

sustainability approach. 

 

Table 7.1. Kinetic parameters from the logistic and Modified Gompertz models for the 

MDWW process at 5 L scale-up 

Kinetic model type Kinetic parameter Kinetic value 

Logistic model μmax (h
-1) 0.26 

 Xo (g/L) 0.50 

 Xmax (g/L) 7.11 

Modified Gompertz model Pm (g/L) 35.11 

 Rp.m (g/L/h) 1.79 

 tL (h) 0.62 

Footnote: μmax=maximum specific growth rate, X0=initial cell concentration, Xmax=maximum 

cell concentration, Pm=maximum potential lactic acid concentration, rp,m =maximum lactic 

acid production rate, tL=lag time. 
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Fig. 7.3. Lactic acid production (A), Lactobacillus plantarum ATCC 14917 cell growth (B) 

and sugar utilization (C) for the 5 L scale-up of the MDWW-SSF process. 
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7.3.6. Comparison of the MDWW-SFF process with previous studies for lactic acid 

producing using lignocellulosic and dairy wastes 

Results from the present study at bioreactor scale level (5 L) were compared with previous 

reports on lignocellulosic and dairy waste-derived LA production using various microbial 

species (Table S7.6). Based on the optimized results, the MDWW-SSF at 5 L scale exhibited 

a 64.52% and 65.48% substantially higher LA concentration in comparison to our previous 

study with the sDWW-SSFmicroaerophilic and sDWW-SSFanaerobic bioprocesses, respectively, that 

were devoid of CaCO3 and MnO nanoparticle supplementation (David et al., 2022). This 

increase in LA can be attributed to the synergistic effects of the buffering agent (CaCO3) and 

MnO nanoparticle addition, which eliminates excessive acidification as well as enhances 

substrate availability, microbial metabolism, and fermentation efficiency, accordingly (Yanga 

et al., 2015). Moreover, the MDWW-SSF process obtained a 56.47% increment in LA in 

comparison to our previous study that included a modified MRS medium by replacing the 

pure glucose with SGLD-PWW pretreated CCW substrate (David et al., 2022). In the same 

vein, Oonkhanond et al. (2017) used an adapted MRS media containing sugarcane bagasse 

hydrolysate for L. casei TISTR 390 microbial growth and LA production, resulting in a 

32.23% reduction in the product yield when compared to the MDWW-SSF process. On the 

other hand, Karnouri et al. (2020) investigated two different lignocellulosic wastes, namely 

beechwood (49.31% higher) and pine (13.65% higher) in a modified MRS medium, 

respectively, and reported higher LA concentrations during the SSF process using L. 

delbrueckii subsp. bulgaricus ATCC® 11842 when compared to the MDWW-SSF process. 

Conversely, a study by Liu et al. (2018) using MRS medium modified with cheese whey 

powder as a carbon source for L. bulgaricus metabolism observed a 13.01% reduction in LA 

concentration in comparison to the MDWW-SSF system. Interestingly, Alexandri et al. 

(2018) conducted a SSF process consisting of sugar beet pulp in a minimally supplemented 
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yeast extract and mineral salt solution for the metabolism of a co-culture of L. coryniformis 

subsp. torquens DSM 20005 and Leuconostoc pseudomesenteroide A250. The study recorded 

a 30.96% decline in the LA concentration when compared to the present MDWW-SSF 

method (Alexandri et al., 2018). In line with the valorization of dairy waste, Verma et al. 

(2023) established a modified paneer whey medium that generated a LA concentration that 

was 53.87% lower than the yield using the MDWW-SSF process medium formulated in the 

present study. These reports underscore the significance of process optimization and 

innovative media formulations for enhancing LA production from waste and low-cost 

resources. 

The variation in nutrients and fermentable sugars, microbial strain, physiological parameters 

(temperature, pH, agitation etc.), enzyme type as well as oxygen availability amongst others, 

can significantly impact the metabolic pathways of LABs, leading to shifts in their overall 

metabolism (David et al., 2022). LABs are known to adapt according to varying nutrient 

conditions and changes in nutrient availability which influence their growth rate, redox 

balance, product formation and metabolic preferences (Sano et al., 2020). For the most part, 

LA concentrations produced by previous studies implemented a modified MRS media with 

different lignocellulosic wastes as its carbon source, in the fermentation system. This 

primarily consists of raw materials of an expensive and intricate nature, accounting for over 

30% of the bioprocess costs, as highlighted by Tang et al. (2013). Moreover, the significant 

water footprint associated with these lignocellulosic bioprocessing systems poses additional 

challenges that impact both capital costs, the conservation of finite resources, along with 

environmental concerns. In contrast, the present study offers a sustainable alternative by 

substituting fresh water with DWW and supplementing this medium with low-cost and waste 

materials. This innovative approach not only addresses the environmental impact and cost 

contributions but maintains comparable LA yields to earlier studies. By embracing such 
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strategies, it can pave the way for more efficient and economically beneficial LA production, 

while aligning with sustainable practices on both an industrial and environmental level. 

7.3.7. Evaluation of lactic acid effluent for potential animal feed and biofertilizer use 

The MDWW-SSF process effluent and solid biomass obtained at 5 L under the constant P/V 

criterion were exposed to a compositional and nutritional analysis to assess its potential as 

animal feed and biofertilizer (Table S7.7 and Table S7.8, respectively). The solid biomass 

from the LA bioprocessing effluent contains 5.81 % crude protein (CP), 0.91% fat and 

10.59% fibre. According to the National research council (NRC, 2001), protein content 

between 1.6 and 26% have been commonly reported in feedstock compositions, indicating 

that the protein content of 5.8% was within range. Further knowledge by the NRC (2001) 

depicts the average corn cob CP to be 3%. The higher protein content from the MDWW-SSF 

process can be accounted for from both the CCW residues and L. plantarum microbial 

biomass that remains in the effluent after fermentation. Other common LCB for animal feed 

are cotton seed hulls (6.2% CP) and wheat straw (4.8% CP) (NRC, 2001). The reported fat 

content of 0.93 % was within the reported range of 0.1 to 19.3% using various LCB (NRC, 

2001). Usually, corn cob fat content averages 0.6% (NRC, 2001). The increased fat content in 

the MDWW-SSF solid biomass may be ascribed to the contribution by the DWW that 

contains residual fats during dairy processing. Since fat is highly concentrated sources of 

energy, it provides higher caloric density compared to carbohydrates and proteins. Therefore, 

it is an essential component in animal feed to carry out physiological functions (Gurr, 1984). 

Cotton seed hulls and wheat straw have previously been reported to contain a similar fat 

content of 2.5 and 1.9 % respectively. Animal feeds also require high digestibility with fibre 

requirements between 1.3 to 76.9% (NRC, 2001), which is in line of the MDWW-SSF 

effluent containing CCW (10.59%), thereby enhancing the digestibility. Furthermore, it also 

comprises of Ca (7.99%), Mg (0.16%), K (0.58%), Na (1.69%), P (0.40%), Zn (39 mg/L), Cu 



187 
 

(35 mg/L), Mn (152 mg/L), Fe (133 mg/L). Apart from the composition of the dried solid 

biomass, the liquid effluent portion of the effluent underwent analysis and results showed 

concentrations of Ca (8447 mg/L), Mg (0187 mg/L), K(729 mg/L), Na (3393 mg/L), P (253 

mg/L), Zn (0.24 mg/L), Cu (<0.17 mg/L), Mn (3.39 mg/L), Fe (3.37 mg/L), Total N (36 g/L) 

and Total organic C (79110 mg/L). Ca is a key element for bone formation, muscle function, 

nerve transmission, and blood clotting in animals. It is especially important for animal feed to 

contain P, Mg, Mn and Zn for enzyme activation, protein synthesis, energy, and lipid 

metabolism while Mg, K and Na is required for nerve function, muscle contraction and fluid 

balance. More especially, according to Nguyen et al. (2021), Zn is a pivotal growth hormone 

mediator and acts as a supplement in poultry diet because it can positively affect bone 

formation and osteoblasts production. On the other hand, Mn also plays an important role in 

bone mineralization, regulation of protein and energy metabolism (EFSA, 2016a). In 

addition, Cu is involved in the formation of connective tissues and the absorption of Fe. It is 

important to note that the level of Zn requires a comparable concentration of Cu in animal 

feed to ensure the best synergic action of these metals (López-Alonso, 2012). Consequently, 

Fe is imperative for oxygen transport in the blood and participates in various enzyme systems 

in animals. Based on the European Food Safety Authority (EFSA), it has been shown that a 

suitable supply of Fe could avoid anaemia caused by iron deficiency and Zn could bypass the 

growth and immune system problems caused by zinc deficiency (EFSA, 2014; EFSA, 

2016b). 

Apart from serving as animal feed, the constituents found in the MDWW-SSF effluent offer 

valuable resources for biofertilizer production. Essential elements such as Ca, K, and P play 

critical roles in various plant developmental processes, including cell wall formation, root 

growth, and the progression through flowering, fruiting, and seed formation. According to 

Malhotra et al. (2018), these elements are foundational for overall plant growth and vitality. 
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Additionally, Ca is known for its role in preserving soil structure and neutralizing soil acidity, 

while K is key to bolstering plant resistance against diseases and environmental stresses. Mg, 

Fe, and Cu further contribute to the synthesis of chlorophyll, the facilitation of photosynthetic 

pathways, energy transfer, and nutrient uptake (Clemens, 2019). In addition, Zn and S are 

crucial in activating enzymes, synthesizing amino acids and proteins, and producing growth 

hormones, which are all vital for the healthy development of plants. Beyond these specific 

nutrients, the lignocellulosic fermentation waste effluent rich in organic matter content (total 

organic C of 79,110 mg/L), serves as an essential carbon and energy source for plant-

beneficial microorganisms. This contributes to the structure, growth, and reproductive needs 

of plants. N is an indispensable element for the synthesis of proteins, enzymes, and 

chlorophyll, as well as for micronutrient assimilation and enhancing plant health and 

productivity, as highlighted by Zhou et al. (2023).  

In biofertilizers, these elements are often present in suitable amounts to provide the necessary 

nutrients to plants and enhance soil fertility. Properly balanced biofertilizers can improve soil 

health, nutrient availability, and plant growth, leading to higher crop yields and better overall 

plant performance. It is important to note that the composition and application rate of the 

resultant waste effluents on the potential animal feed or biofertilizer can be adjusted 

accordingly, based on the specific needs of the animal or crop and soil conditions in order to 

achieve the desired results. Therefore, developing a suitable methodology for the use of this 

waste-stream for animal feeding and biofertilizer could enhance the environmental and 

economic payout of this process since no waste treatment and disposal of effluents will be 

required. 
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7.3.8. Economic considerations for lignocellulosic biorefineries using industrial waste 

residues 

The design and optimization of a comprehensive bioprocess, along with a detailed techno-

economic assessment, are pivotal for the successful commercialization of bioprocesses. These 

steps are instrumental in defining economic feasibility thresholds and identifying cost-

reduction opportunities without compromising on LA yield and purity. In this study, the 

focus is pivoted towards the innovative and complete valorization of lignocellulosic (CCW) 

and industrial wastes (GLD, PWW, and DWW) for LA production. This approach utilizes a 

minimally supplemented medium, focuses on bioprocess scale-up, and explores the potential 

of LA effluent as animal feed and biofertilizer. Consequently, it becomes imperative to 

acquire broad spectrum data on capital and operational expenses, credit from by-products, 

and the aggregate cost of LA production. This holistic approach not only emphasizes the 

economic aspects but also underscores the environmental benefits of waste valorization in LA 

production. 

The capital investment of a lignocellulosic LA production relies on the feedstock type, 

pretreatment strategy, fermentation media formulation, scale-up parameters and effluent 

disposal technologies that will be used. A major concern of the LA production processes is 

the standard media components that contribute approximately 30% to the production costs 

(Tang et al., 2013). In response to these challenges, recent research has turned towards 

developing minimally supplemented fermentation media for LA production. This strategic 

approach provides an avenue for more sustainable, economically viable, and scalable LA 

production processes with reduced environmental impacts. Minimally supplemented media 

are often made from low-cost or waste materials that makes the process economically viable 

and more attractive for commercial applications. In respect of feedstock choice, LCB such as 

CCW is a renewable and sustainable source of carbon in LA production processes. Notably, it 
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has a global output of approximately 500 million tons per annum that is usually discarded 

(David et al., 2020). Despite its abundance, LCB contains complex carbohydrates like 

cellulose and hemicellulose, which cannot be directly accessed due to recalcitrant lignin 

crosslinks. Therefore, pretreatment is essential to break down the complex structure of 

lignocellulosic waste for enzymatic saccharification and subsequent conversion to 

fermentable sugars (Kim et al., 2015). Interestingly, lignocellulosic biorefinery processes 

revealed that pretreatment steps contribute to ~40% of the process costs in LA production 

plants due to specialized equipment, expensive chemicals, and problematic disposal 

(Saravanan et al., 2023). For this reason, to mitigate these costs on the operation, a 

combinatory pretreatment of Kraft wastes, namely, green liquor dregs (GLD) and paper 

wastewater (PWW) discarded during the kraft pulping process, were used on CCW under 

steam-assisted heating (David et al., 2021). This pretreatment technology highlighted the 

proposed concept to eliminate chemical and feedstock costs, reduce water consumption, 

energy, and time for effective fermentable sugar recovery. Furthermore, the global pulp and 

paper industry disposes approximately 4-11 kg of GLD per ton of pulp (Kinnarinen et al., 

2016) and 40% of the global industrial wastewater (Toczylowska-Maminska, 2017), thus 

making it an attractive renewable resource. On that note, a nitrogen source such as yeast 

extract accounts for a majority of the media cost allocation, thus impairing the economics of 

LA production (Tang et al., 2013). CSL has piqued interest in terms of its ability to fulfill the 

nutritional requirements of LABs during LA production, at a cost that is approximately one 

fifth of conventionally used yeast extract (Tan et al., 2016). The incorporation of Tween 80, a 

non-ionic surfactant embodies a multi-fold action including nutrient uptake enhancement, 

medium emulsification, and enzyme stability during substrate saccharification in a single 

optimized dosage (Taoka et al., 2011; Zhang et al., 2018). This leads to improved process 

efficiency, higher LA production and optimal resource utilization. In addition, pH regulation 
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with buffer agent, CaCO3, prevents excessive acidification and provides a conducive 

environment for LA-producing microorganisms (Yanga et a., 2015). To further enhance LA 

production, the utilization of MnO nanoparticles offers unique physicochemical properties at 

the nanoscale, enhancing nutrient adsorption, enzyme activation and potentially increase in 

LA production rates. More especially, in terms of economics, this study introduces a 

nanoparticle concentration of 0.025 g/L as its Mn2+ ion contribution in comparison to the 0.05 

g/L MnSO4 that is present in the commercially used MRS media. This translates to a 50% 

reduction is the resource utilization when using MnO nanoparticles. Furthermore, the 

recyclability of nanoparticles is a unique advantage that is crucial for cost-effectiveness. 

Nano-sized MnO particles exhibit obvious ferromagnetic behaviour (Chang et al., 2005). 

After catalysing the conversion process, the nanoparticles can be recovered and reused in 

subsequent batch processes using separation methods like centrifugation, filtration, or 

magnetic separation (Sanusi et al., 2020).  

Apart from the meticulous design of the medium’s nutritive components, the freshwater 

footprint of a lignocellulosic LA bioprocessing system has placed major constraints on 

sustainability, capital costs and the environment. The dairy industry generates approximately 

0.2-10 L of wastewater/L of processed milk production with the volume of processed milk 

reaching 930 million tons in 2022 (FAO, 2023). This indicates that DWW is a reliable 

medium solvent to provide better nutrient performance, reduce the cost associated with water 

acquisition and effluent treatment. Hence, recycling and repurposing the DWW in the LA 

bioprocess align with sustainable practices, reducing overall water usage and waste disposal 

while initiating a process that is more economical.  

The scale-up criteria such as constant P/V and constant Vtip used in the present study can 

significantly impact the technoeconomic outcome of LA production. Scaling up a bioprocess 

requires efficient mixing, reduced energy consumption, enhanced cell growth and 
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productivity while maintaining product quality. Proper management and optimization of 

these factors are essential to achieve a cost-effective and efficient LA bioproduction process 

on a larger scale. For large scale production, vast volumes of waste effluent are produced that 

can notably influence the economic viability of LA production. Several key aspects may 

necessitate additional investments such as waste treatment methods, specialized equipment, 

disposal facilities, long-term sustainability, and environmental regulatory compliance. To 

optimize the technoeconomic response, it is imperative to implement effective waste 

management strategies and explore options for waste valorization of the LA waste effluent. 

Depending on the effluent composition, recycling the residual nutrients after the LA 

fermentation process may offer opportunities of resource utilization for other processes or 

industries, such as the biofertilizer production or animal feed formulation. At this stage, the 

resultant resource recovery can offset the waste treatment and disposal associated costs while 

enhancing the environmental and economic payout. Furthermore. industries that prioritize 

environmentally friendly waste management may gain a competitive edge and positive 

reputation, affecting long-term profitability margins. 

All the components selected for a sustainable LA plant have the ability to withstand the 

demands of production due to its high global output, reduced capital investment and 

repurposing nature. However, the infrastructure in which the process takes place must be able 

to accommodate vast raw material intake and LA production volumes. The Kraft paper and 

pulp industry generate large quantities of pulp, and its milling infrastructure capacity far 

exceeds its production volumes. To this end, the Kraft paper and pulp industry can store high 

volumes of LCB and are equipped with an array of technologies for fractionation and 

conversion of these substrates (Stoklosa and Hodge, 2014; Koutinas et al., 2014). 

Consequently, biorefinery plants have the potential to integrate seamlessly with existing pulp 

and paper mills globally, aiming to produce LA and other value-added products from GLD 
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and PWW pretreated LCB. This strategy involves redirecting the waste GLD and PWW from 

the Kraft pulping sector towards the pretreatment of LCB and subsequent LA production 

within the same facility. Cohabitating the Kraft paper and pulping process with the LA 

production process can diversify the industry’s product portfolio, create new revenue streams 

to enhance its overall profitability and reduce net energy consumption of the operating 

facility. More importantly, it further exemplifies the waste-to-wealth approach and promotes 

a circular bioeconomy model in an ecologically benign, cost-effective manner. Aghbashlo et 

al. (2018) and Soltanian et al. (2019) conducted an evaluation of the economic viability of 

LA production and proposed that a biorefinery annexed with a sugar mill, producing LA, 

steam, and electricity using sugarcane bagasse and harvesting residues; demonstrated 

economic feasibility. To establish the circular economy model, research and innovation is 

required to optimize the process, develop suitable technologies, and ensure the feasibility of 

the venture. Overall, using the kraft pulping industry's infrastructure for LA production 

represents a promising avenue for sustainable biorefinery development. It aligns with the 

principles of circular bioeconomy and can contribute to a more environmentally friendly and 

economically viable future for these industries. 

 

7.4. Conclusion 

This study investigated the impact of various bioprocess development technologies such as 

buffer agents, pH adjustments, micronutrient supplementation and bioprocess types for 

improved LA production and sugar utilization in a minimally supplemented DWW medium. 

The strategy containing CaCO3 and MnO nanoparticles contributed to a more than 2.7-fold 

increase in LA concentration and up to 46.27% reducing sugar utilization when compared to 

the base experiment. The exploration of mixing criteria such constant Vtip, and constant P/V 
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at different scales (0.5 L and 5 L) and kinetic modelling (5 L), revealed significant 

improvements in LA concentration, reduced production time and bioprocess scalability 

potential. The waste effluent exhibited a rich composition of essential elements to produce 

excellent grade animal feed and biofertilizer. These findings affirm the potential of a low-cost 

waste-based LA production system by eliminating media chemical costs, reducing freshwater 

consumption, energy, and reaction time. It also aligns with the principles of circular 

bioeconomy, achieving efficient waste valorization and providing valuable insights for the 

development of sustainable bioprocesses towards value-added product commercialization.  
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Chapter 7: Supplementary Material 

Table S7.1. Preliminary screening of various buffering agents within the sDWW-SSF process and its resultant lactic acid outputs 

Footnote: SL=Solid loading, EL= Enzyme loading 

 

Experiment Supplementation  Fermentation Input Lactic acid 

concentration (g/L)  

Reducing sugar 

utilization (%) 

sDWW-SSFNaHCO3 NaHCO3  10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L NaHCO3, 48 h, pH 4.8 

10.19 14.48 

sDWW-SSFNaHCO3+MnO 

nanoparticle 

NaHCO3+MnO nanoparticle 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L NaHCO3, 0.025 g/L MnO 

nanoparticle, 48 h, pH 4.8 

13.23 16.70 

sDWW-SSFKH2PO4 KH2PO4  10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 2 g/L KH2PO4, 48 h, pH 4.8 

11.90 16.49 

sDWW-SSFKH2PO4+MnO 

nanoparticle 

KH2PO4+MnO nanoparticle 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 2 g/L KH2PO4, 0.025 g/L MnO 

nanoparticle, 48 h, pH 4.8 

11.05 15.36 
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Table S7.1. Continued… 

 

Footnote: SL=Solid loading, EL= Enzyme loading 

 

Experiment Supplementation  Fermentation Input Lactic acid 

concentration (g/L)  

Reducing sugar 

utilization (%) 

sDWW-SSFNa2HPO4.12H2O Na2HPO4.12H2O 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L Na2HPO4.12H2, 48 h, pH 4.8 

15.01 19.34 

sDWW-

SSFNa2HPO4.12H2O+MnO 

Na2HPO4.12H2O+MnO 

nanoparticle 

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L Na2HPO4.12H2O, 0.025 g/L 

MnO nanoparticle, 48 h, pH 4.8 

14.22 17.91 

sDWW-SSFCaCO3  CaCO3  10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L CaCO3, 84 h, pH 4.8 

18.61 27.88 

sDWW-SSFCaCO3+MnO  CaCO3+MnO nanoparticle 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum inoculum, 15 g/L CaCO3, 0.025 g/L MnO 

nanoparticle, 48 h, pH 4.8 

19.25 28.92 
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Table S7.2. Supplementation of various enhancement agents to the sDWW-SSF process and its resultant lactic acid outputs 

 

Footnote: SL=Solid loading, EL= Enzyme loading 

 

Run Experiment Physicochemical 

supplementation 

 Fermentation Input Lactic acid 

concentration (g/L) 

Reducing sugar 

utilization (%) 

1 sDWW-SSFcontrol No supplementation   10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 84 h, pH 4.8 

13.85 25.13 

2 sDWW-SSF Mn2+ and Mg2+ Mn2+ and Mg2+ ions 

supplementation 

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 0.05 g/L MnSO4 and 0.1 g/L 

MgSO4 ions, 84 h, pH 4.8 

14.76 22.21 

3 sDWW-SSFMnO MnO Nanoparticle 

supplementation 

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 0.025 g/L MnO nanoparticle, 84 h, 

pH 4.8 

15.43 25.02 

4 sDWW-SSFpH 5.5 pH change 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 84 h, pH 5.5 

17.50 22.61 



206 
 

Table S7.2. Continued… 

Footnote: SL=Solid loading, EL= Enzyme loading 

 

Run Experiment Physicochemical 

supplementation 

 Fermentation Input Lactic acid 

concentration (g/L) 

Reducing sugar 

utilization (%) 

5 sDWW-SSFCaCO3 CaCO3 buffering 10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 30 g/L CaCO3, 84 h, pH 4.8 

30.76 45.48 

6 sDWW-SSFCaCO3, 

Mn2+ and Mg2+, pH 5.5 

Mn2+ and Mg2+ ions 

supplementation 

CaCO3 buffering 

pH change  

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 0.05 g/L MnSO4 and 0.1 g/L MgSO4 ions, 

30 g/L CaCO3, 84 h, pH 5.5  

 

26.94 43.27 

7 sDWW-SSFCaCO3, 

MnO, pH 5.5 

CaCO3 buffering 

MnO Nanoparticle 

pH change 

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 0.025 g/L MnO nanoparticle, 30 g/L 

CaCO3, 84 h, pH 5.5  

31.12 46.27 

8 sDWW-SSFCaCO3, pH 

5.5 

CaCO3 buffering 

pH change 

10% SL, 10% EL, 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 30 g/L CaCO3, 84 h, pH 5.5 

28.69 43.05 
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Table S7.3. Supplementation of various enhancement agents to a separate prehydrolysis and fermentation stage within sDWW-PSSF process and 

its resultant lactic acid outputs 

Footnote: SL=Solid loading, EL= Enzyme loading

Run Experiment Prehydrolysis input Fermentation input Lactic acid 

concentration (g/L) 

Reducing sugar 

utilization (%) 

1 sDWW-PSSFCaCO3 10% SL, 10% EL, DWW citrate buffer, 

pH 4.8, 24 h 

 25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 30 g/L CaCO3, 84 

h 

24.38 43.00 

2 sDWW-PSSFCaCO3+MnO 10% SL, 10% EL, DWW citrate buffer, 

pH 4.8, 24 h 

 

25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 30 g/L CaCO3, 

0.025 g/L MnO nanoparticle, 84 h 

25.99 44.43 

3 sDWW-PSSFPH with Tween 80, 

CaCO3 

10% SL, 10% EL, DWW citrate buffer, 

pH 4.8, 2mL/L Tween 80, 24 h 

25 g/L CSL, 10% L. plantarum 

suspension, 30 g/L CaCO3 

25.55 45.79 

4 sDWW-PSSFPH with MnO, 

CaCO3 

10% SL, 10% EL, DWW citrate buffer, 

pH 4.8, 0.025 g/L MnO nanoparticle, 24 

h 

25 g/L CSL, 2 mL/L Tween 80, 10% L. 

plantarum suspension, 30 g/L CaCO3 

23.86 41.31 

5 sDWW-PSSFPH with 

MnO+Tween 80, CaCO3 

10% SL, 10% EL, DWW citrate buffer, 

pH 4.8, 0.025 g/L MnO nanoparticle, 2 

mL/L Tween 80, 24 h 

25 g/L CSL, 10% L. plantarum 

suspension, 30 g/L CaCO3 

29.35 46.77 
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Table S7.4: Bioreactor geometry of the lactic acid scale-up bioprocesses 

Parameters  2 L bioreactor  13 L bioreactor 

Total bioreactor volume (m3)  0.002 0.013 

Working volume (m3) 0.0005 0.005 

Bioreactor height [h] (m)  0.237 0.427 

Bioreactor diameter [D] (m) 0.125 0.200 

Number of impellers (N) 1 2 

Impeller diameter [di] (m)  0.054 0.070 

Impeller thickness (m)  0.001 0.002 

Power number (Np)  5.20 10.40 

Broth density [ρ] (kg/m3)  1050.53 1050.53 

Broth viscosity [ƞ] (Pa s)  2.87 x 10-3 2.87 x 10-3 

Impeller type  Rushton turbine Rushton turbine 
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Table S7.5: Rheology and hydrodynamic parameters of scale up fermentation criteria 

 2 L bioreactor  13 L bioreactor 

Parameters  Constant ʋ tip Constant P/V Constant P/V 

n (rps) 0.97 1.23 0.90 

Vtip (m/s) 0.16 0.21 0.20 

P (W) 0.012 0.012 0.012 

P/VL (W/m3) 24 24 2.4 

Vp (m
3/s)  1.11 x 10-4 1.40 x 10-4 2.23 x 10-4 

tc (s)  4.51 3.57 22.4 

λ (m)  1.96 x 10-4 1.64 x 10-4 1.53 x 10-4 

γ (1/s) 580 740 540 

Footnote: rps =Revolutions per second, Vtip =impeller tip speed, Vp =pumping capacity, tc 

=circulation time, λ =scale of turbulence 
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Table S7.6. Comparisons of the lactic acid production from lignocellulosic and dairy wastes using various microorganisms 

Footnote: a=microorganism concentration, b=solid loading, c=enzyme type, d=enzyme concentration, e=temperature, f=agitation speed, MRS= De 

Man, Rogosa and Sharpe. 

 

Microorganism  Substrate/car

bon source  

Medium type  Process conditions  Lactic acid 

concentration (g/L)  

Reference  

Lactobacillus 

plantarum ATCC 

14917 

Corn cob 

waste 

Supplemented 

dairy wastewater  

10% (w/v)a, 10% (w/v)b, Cellic CTec2c, 10 FPU/gd, 25 

g/L CSL, 2mL/L Tween 80, 30% CaCO3, 0,025 g/L 

MnO nanoparticle, 37°Ce, 54 rpmf,  

31.43 This study  

Lactobacillus 

plantarum ATCC 

14917  

Corn cob 

waste  

Supplemented 

dairy wastewater  

10% (w/v)a, 10% (w/v)b, Cellic CTec2c, 10 FPU/gd, 25 

g/L CSL, 2mL/L Tween 80, 30% CaCO3, 0,025 g/L 

MnO nanoparticle, 37°Ce, 120 rpmf  

11.15  
David et al. (2022) 

Lactobacillus 

plantarum ATCC 

14917  

Corn cob 

waste  

Supplemented 

dairy wastewater  

10% (w/v)a, 10% (w/v)b, Cellic CTec2c, 10 FPU/gd, 25 

g/L CSL, 2mL/L Tween 80, 30% CaCO3, 0,025 g/L 

MnO nanoparticle, 37°Ce, 120 rpmf  

10.85  David et al. (2022) 

Lactobacillus 

plantarum ATCC 

14917  

Corn cob 

waste  

Modified MRS  10% (w/v)a, 10% (w/v)b, Cellic CTec2c, 10 FPU/gd, 25 

g/L CSL, 2mL/L Tween 80, 30% CaCO3, 0,025 g/L 

MnO nanoparticle, 37°Ce, 120 rpmf  

13.68  David et al. (2022) 

Lactobacillus casei 

TISTR 390 

Sugarcane 

bagasse 

hydrolysate  

Modified MRS 10 % v/va, 10% (w/v)b, Accellerase 1500c, 200 

FPU/gd, 37°Ce, 30-35 rpmf. 

21.3 Oonkhanond et al. 

(2017)  
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Table S7.6: Continued… 

Footnote: a=microorganism concentration, b=solid loading, c=enzyme type, d=enzyme concentration, e=temperature, f=agitation speed, MRS= De 

Man, Rogosa and Sharpe.

Microorganism  Substrate/carbon 

source  

Medium type  Process conditions  Lactic acid 

concentration (g/L)  

Reference  

Lactobacillus 

delbrueckii subsp. 

bulgaricus ATCC® 

11842.  

Beechwood Modified MRS  10% (v/v)a, 9% (w/v)b, Cellic CTec2c, 

9.6FPU/gd, 44°Ce, 160 rpmf.  

 

 

62 Karnaouri et al. 

(2020)  

Lactobacillus 

delbrueckii subsp. 

bulgaricus ATCC® 

11842. 

Pine Modified MRS  10% (v/v)a, 9% (w/v)b, Cellic CTec2c, 

9.6FPU/gd, 44°Ce, 160 rpmf.  

 

 

36.4 Karnaouri et al. 

(2020) 

Lactobacillus 

bulgaricus CGMCC 

1.6970  

Cheese whey 

powder  

Modified MRS  10% (v/v)a, 59.25 g/Lb, 42°Ce, 200 

rpmf  

27.34  Liu et al. (2018)  

 

 

Lactobacillus 

coryniformis subsp. 

torquens DSM 

20005 and  

Leuconostoc 

pseudomesenteroide 

A250 

Sugar beet pulp Yeast extract in 

mineral salt 

solution  

6 % v/va, 10% (w/v)b, Accellerase 

1500c, 0.5 mL/g cellulosed, 30°Ce, 200 

rpmf. 

 

21.7 Alexandri et al. (2022)  

Pediococcus 

pentosaceus NCDC 

273  

Paneer whey 

(lactose) 

Modified paneer 

whey medium 

2% (v/v)a, 37°Ce 14.5 Verma et al. (2023)  
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Table S7.7. Elemental analysis of dairy wastewater and MDWW-SSF medium 

Element  Dairy wastewater  MDWW-SSF medium 

(before fermentation) 

MDWW-SSF medium 

(after fermentation) 

Dissolved calcium  12.9 mg/L  7396 mg/L  8447 mg/L  

Potassium  7.74 mg/L  482 mg/L  729 mg/L  

Dissolved magnesium  3.59 mg/L  215 mg/L  187 mg/L  

Sodium  932 mg/L  2259 mg/L  3393 mg/L  

Dissolved copper  <0.17 mg/L  <17 mg/L  <0.17 mg/L  

Dissolved iron  0.28 mg/L  52 mg/L  3.37 mg/L  

Dissolved manganese  <0.17 mg/L  <17 mg/L  3.90 mg/L  

Dissolved sulfur  1.38 mg/L  150 mg/L  77 mg/L  

Dissolved zinc  <0.02 mg/L  <1.79 mg/L  0.24 mg/L  

Total phosphorus  3.74 mg/L  261 mg/L  253 mg/L  

Total nitrogen  27 mg/L  20 mg/L  36 mg/L  

Total organic carbon  202 mg/L  34696 mg/L  79110 mg/L  

COD 643 mg O₂/ℓ 115152 mg O₂/ℓ 522613 mg O₂/ℓ 

BOD  <2 mg O₂/ℓ 2138 mg O₂/ℓ 2173 mg O₂/ℓ 
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Table S7.8. Compositional feed analysis for the MDWW-SSF solid residues  

 

Component MDWW-SSF solid biomass 

Ash  28.26 % 

Fat 0,91% 

Crude protein 5.81% 

Ca 7.99% 

Mg 0.16% 

K 0.58% 

Na 1.69% 

P 0.40% 

Zn 39 mg/kg 

Cu 35 mg/kg 

Mn 152 mg/kg 

Fe 133 mg/kg 
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CHAPTER 8 

Conclusions and Recommendations 

8.1. Conclusions 

Bioconversion of lignocellulosic biomass to platform chemicals and biofuels will contribute 

significantly to driving a sustainable, carbon-neutral bioeconomy. However, these 

bioprocesses are currently plagued with high capital costs, energy and water demands 

coupled with low product yields, expensive downstream procedures and environmental 

effects. This study addressed key challenges in lignocellulosic pretreatment and microbial 

fermentation bioprocesses for lactic acid (LA) production towards viable industrial 

production approaches. Major findings and their significance are summarized as follows: 

8.1.1. Two waste-based pretreatment strategies consisting of a (1) steam-assisted combined 

green liquor dregs and paper wastewater (SGLD-PWW), and (2) microwave-assisted 

combined green liquor dregs and paper wastewater (MGLD-PWW) method were modelled 

and optimized for enhanced sugar release from corn cob waste (CCW). The optimized 

SGLD-PWW pretreatment (49.89% GLD, 118°C, 5 min) gave higher reducing sugar yield 

(rsy) (1.53±0.36 g/g) and glucose yield (gy) (0.85±0.16 g/g) when compared to the MGLD-

PWW strategy (48.70% GLD, 800 W, 9 min, rsy=1.04±0.01 g/g, gy=0.51±0.06 g/g). The 

CCW substrate composition showed slightly higher cellulose improvement (25.86%) and 

hemicellulose solubilization (38.13%) for the SGLD-PWW pretreatment in comparison to the 

MGLD-PPW method (cellulose improvement=25.48%, hemicellulose solubilization= 

35.89%). Scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) 

analysis further confirmed the structural modifications in the CCW, resulting in enhanced 

sugar release. The SGLD-PWW pretreatment conferred a 32% and 40% higher reducing 

sugar and glucose yield, respectively, with a 44.4% lower pretreatment time than the MGLD-
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PWW regime. As a result, the SGLD-PWW method was selected for simultaneous 

saccharification and fermentation (SSF) process development. 

8.1.2. Two Artificial Neural Network (ANN) models were developed as predictive tools for 

glucose responses from existing steam- and microwave-assisted Kraft waste-based 

pretreatments. The steam- and microwave-assisted Kraft waste-based models achieved high 

R2 scores of 0.95 and 0.97, respectively for the observed and predicted glucose responses, 

indicating good model fit. A sensitivity analysis revealed that the glucose responses for the 

steam model were highly susceptible to the stepwise variation in GLD concentration from 0% 

to 50% (>3.3-fold increase) in relation to its baseline concentration, owing to the alkaline 

Kraft waste interactions with the CCW. For the microwave model, an increase in power 

intensity from 100 W to 900 W resulted in a >2.6-fold increase from the baseline value, on 

account of the dielectric polarization of microwave irradiation, enhancing lignocellulosic 

breakdown and altering chemical covalent bonding in the CCW. A comparative evaluation on 

the capability of the Generative Artificial Intelligence model, ChatGPT, to provide innovative 

and factually accurate insights from the process data was conducted. The novel process 

insights deduced by ChatGPT aligned with authors contextual interpretation, enabling more 

nuanced understanding and interpretation of data trends related to parameter impacts on 

glucose yields in steam- and microwave-assisted Kraft waste-based pretreatment.  

8.1.3. The supplemented dairy wastewater-based simultaneous saccharification and 

fermentation (sDWW-SSF) process parameters of corn steep liquor (CSL), Tween 80 and 

CCW solid loading (SL) concentrations were modelled and optimized for LA production 

using Lactobacillus plantarum ATCC 14917. The sDWW-SSF process resulted in an 

experimental LA concentration and LA conversion of 11.15±0.42 g/L and 18.90±0.75%, 

respectively, under the optimized conditions (25g/L CSL, 2 mL/L Tween 80, 10% SL). These 

results showed that increased CSL and Tween 80 concentration while the substrate SL 
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remained at its base level had a significant impact on the production of LA. Kinetic studies 

on  L. plantarum cell growth and LA formation demonstrated the highest maximum specific 

growth rate (μmax) (0.64 h−1) and maximum potential LA concentration (Pm) (14.01 g/L) for 

the standard De Man, Rogosa and Sharpe (MRS) medium modified with pretreated CCW  

(mMRS-SSFmicroaerophilic) process compared to the DWW-based microaerophilic (sDWW-

SSFmicroaerophilic: μmax= 0.35 h-1, Pm= 13.01 g/L) and DWW-based anaerobic (sDWW-

SSFanaerobic: μmax= 0.34 h-1, Pm= 12.01 g/L) systems. These observations suggest that 

microaerophilic environments are preferred over anaerobic systems based on the L. 

plantarum respiro-pathway profile that shifts to a high energy metabolism sufficient for 

growth and product formation. Considering that the microaerophilic conditions facilitate 

product formation, the sDWW-SSFmicroaerophilic process highlights the application of a waste-

based media formulation to produce a high value product (lactic acid). This process 

substantially reduces resource costs and water usage by utilizing cheaper nutrient media 

components and substituting dairy wastewater in place of fresh water. Hence, a waste-based 

media approach for LA production is a vital contribution to the industrialization of this 

bioprocess. 

8.1.4. Based on the sDWW-SSF bioprocess for LA production, findings demonstrated a 

residual glucose content at the end of the fermentation process, indicating the potential for 

further improvement in the LA concentration and sugar utilization using various 

physicochemical strategies. Data indicated that the sDWW-SSF process supplemented with 

CaCO3 (30 g/L) and MnO nanoparticle (0.025 g/L) at pH 5.5 (sDWW-SSFCaCO3(30)+MnO, pH5.5) 

produced a high LA concentration (31.12 g/L) and sugar utilization (up to 46.27%) at flask 

scale. These results were attributed to the pH regulating characteristics of the CaCO3 that 

prevent product inhibition and enhanced activation reactions by the MnO nanoparticles. The 

optimized process was scaled from flask to bioreactor (0.5 L) and revealed an 18.25% higher 
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LA concentration and 40% reduced production time for constant P/V (33.64 g/L, 18 h, 78 

rpm) compared to the constant Vtip (27.49 g/L, 30 h, 58 rpm). The enhanced mixing 

efficiency and process performance of the constant P/V mixing regime prompted scale up at 5 

L. Under the constant P/V criteria, the LA concentration peaked at 31.43 g/L after 18 h at 54 

rpm while achieving up to 43.55% sugar utilization. Interestingly, the slight decrease of 

6.57% in the LA concentration at 5 L scale compared to 0.5 L scale may be ascribed to the 

partial cell shearing that reduced metabolic activity in the bioprocess due to turbulence. 

Kinetic assessment at 5 L scale showed a μmax and Pm of 0.26 h-1 and 35.11 g/L, respectively. 

Lastly, the waste effluent rich in essential elements (Ca, Mg, K, Na, P, Zn, Cu, Mn and Fe) 

demonstrated a suitable nutritive profile for animal feed and biofertilizer application.  

8.1.5. The present study developed the SGLD-PWW and MGLD-PWW pretreatment 

strategies that provide a cost-effective system with high fermentable sugar recovery from 

CCW. In that respect, the optimized pretreatments gave a glucose yield >0.50 g/g, which was 

higher than widely used chemical-based methods such as NaOH. The effective degradation of 

the CCW was further validated by the compositional modifications, SEM and FTIR analysis. 

Based on these findings, the complete waste-based pretreatment regimes have set the stage 

towards the conceptualization of the “waste to wealth” initiative and will pave the way for 

microbial conversion of lignocellulosic-derived feedstocks into commodity bioproducts such 

as LA. Moreover, utilizing an Artificial Intelligence modelling approach enhances 

comprehension of underlying mechanisms, aiding improved predictive technology in future 

research and substantially contributing to the public domain's knowledge on Kraft waste-

based pretreatment of lignocellulosic residues. With regards to LA production, the optimized 

SSF process revealed the utilization of a Kraft waste pretreated CCW and minimally 

supplemented DWW medium for microbial cell growth and LA formation. It is noticeable 

that the mMRS-SSFmicroaerophilic bioprocess displayed comparable μmax and Pm values to the 
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wastewater-based processes (sDWW-SSFmicroaerophilic and sDWW-SSFanaerobic), which offsets 

the extensive resource costs in LA production. More so, the sDWW-SSFmicroaerophilic system 

negates costly complex media, fresh water and anaerobiosis within lignocellulosic processes. 

Interestingly, the CaCO3 and MnO nanoparticle assisted strategy (sDWW-SSFCaCO3(30)+MnO, 

pH5.5) contributed significantly ( >2.7-fold increase) to the LA concentration when compared 

to the sDWW-SSF system, offering enhanced pH regulation and production rates towards 

scale up. The results elucidated a marked improvement in the efficiency of the optimized 

bioprocess under a constant P/V regime, as evidenced by a 18.25% increase in LA 

concentration and a 40% reduction in production times, when compared with the constant Vtip 

approach. This may be attributed to enhanced mixing efficiency that is pivotal for successful 

bioprocess scale-up, improving the kinetics of the process, and consequently, the overall 

productivity. Such insights play a crucial role in decision-making prior to industrial 

bioprocesses for the valorization of lignocellulosic, Kraft and dairy wastes towards valuable 

bioproducts, fostering technological, economic, and environmental advancements. This 

underscores the food-energy-water nexus, emphasizing the integration and optimization of 

resources to promote sustainable development. 

 

8.2. Recommendations for future studies 

Building upon the insights from this study, the following directions for future research in the 

area of lignocellulosic pretreatment systems and the development of LA production processes 

are proposed: 

8.2.1. Recycling and Reuse of Hydrolysate: Future investigations should focus on evaluating 

the feasibility of recycling the hydrolysate produced after the Kraft waste-based 

lignocellulosic pretreatment. This approach aims to reduce environmental remediation and 
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disposal costs while promoting the circular use of waste-derived chemicals within the 

pretreatment unit of lignocellulosic biorefineries. 

8.2.2. Valorization of Waste Residues: The potential for extracting and purifying valuable 

compounds such as hemicellulosic oligomers, lignin, and carboxylic acids from spent liquid 

post-pretreatment should be explored. Such efforts would enable the complete valorization of 

the waste residues, transforming them into high-value products in addition to diversifying 

revenue streams. 

8.2.3. Utilization of Alternative Sugars: Given the varied sugar composition in lignocellulosic 

biomass, research should extend to the use of alternative sugars, including xylose and 

arabinose, alongside glucose for microbial product generation. This strategy would optimize 

resource use and increase the yield of value-added microbial products. 

8.2.4. Enhancement of Microbial Strains: The exploration of metabolically engineered strains 

capable of producing LA more efficiently is critical. These microbial strains should exhibit 

enhanced capability in utilizing a broader spectrum of carbohydrates, thus improving the 

bioconversion efficiency of lignocellulosic waste into LA. 

8.2.5. Integrated Biorefinery Approaches: The development of integrated biorefinery 

concepts that leverage fermentation effluents for the production of additional valuable 

commodities, such as bioethanol, biohydrogen, and microalgal biomass, should be pursued. 

This strategy offers new revenue opportunities, enhances substrate conversion efficiency and 

the overall economic viability of the processes. 

8.2.6. Technoeconomic Analysis: A comprehensive technoeconomic analysis (TEA) is 

essential to assess the economic viability of producing LA from lignocellulosic materials 

through waste-based methodologies. This analysis offers significant insights for strategic 

research and development, investment outlooks and knowledge generation.  



220 
 

By addressing these recommendations, future research can significantly contribute to the 

advancement of lignocellulosic bioprocessing technologies, leading to more sustainable and 

economically viable production of LA and other bio-based products. 
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Appendix A: Supplementary material 

Table S1. Box-Behnken primary screening experimental runs for the GLD pretreatment. 

 

 

 

 

Run GLD concentration (%) Substrate solid loading (%) Heating temperature (°C) Glucose (g/g) 

1 5 15 115 0.17 

2 5 10 110 0.18 

3 10 10 105 0.26 

4 15 10 110 0.34 

5 15 15 115 0.30 

6 15 15 105 0.25 

7 5 15 105 0.13 

8 15 20 110 0.29 

9 5 20 110 0.13 

10 10 15 110 0.28 

11 10 15 110 0.24 

12 10 15 110 0.23 

13 10 20 115 0.27 

14 10 15 110 0.23 

15 10 15 110 0.24 

16 10 20 105 0.22 

17 10 10 115 0.31 
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Table S2. Analysis of Variance (ANOVA) of the developed RSM model obtained during the 

primary screening. 

Source 
Sum of 

Squares 
df Mean Square F-value 

p-value 

(Prob > F) 

Model 0.06 9 6.10 ×10-3 17.83 5 ×10-4 significant  

A-GLD concn 0.04 1 0.04 118.70 < 1 ×10-4 

B-SL 4.05 ×10-3 1 4.05 ×10-3 11.84 0.011 

C-Heating temperature 4.51 ×10-3 1 4.51 ×10-3 13.19 8.40 ×10-3 

AB 0.00 1 0.00 0.00 1.00 

AC 2.50 ×10-5 1 2.50 ×10-5 7.30 x10-2 0.79 

BC 0.00 1 0.000 0.00 1.00 

A2 3.98 ×10-3 1 3.98 ×10-3 11.64 1.13 ×10-2 

B2 1.99 ×10-3 1 1.99 ×10-3 5.82 4.66 ×10-2 

C2 2.37 ×10-6 1 2.37 ×10-6 6.92 ×10-3 0.94 

Residual 2.40 ×10-3 7 3.42 ×10-4  

 

Cor Total 0.06 16 
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Table S3. Composition analysis of the control and optimized CCW samples. 

Sample Cellulose (%) Hemicellulose (%) Lignin (%) 

Native 40.49 42.95 7.18 

Optimized 57.71 22.62 12.12 
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Table S4. Comparison of the different pretreatment methods used on corn cob waste. 

Pretreatment conditions Reducing sugar or glucose yield (g/g) Reference 

20% CCW, 80% GLD, 20% SL, 50 min, 121°C 0.42a This study 

14.86% CH3COONa, 10% SL, 800W for 8 min 0.24a Sewsynker-Sukai and Gueguim Kana [39] 

1.72% H2SO4 (w/w), 169.26°C, 60 min 0.23b Amenaghawon et al. [48] 

1M NaOH, 20% SL, 121°C, 20 min 0.11b Potumarthi et al. [13] 

0.5M NaOH, 12.5% SL, 121°C, 30 min 0.92b Gao and Rehmann [49] 

2% NaOH, 6.7% SL, 100°C for 30 min 0.68b Boonsombuti et al. [50] 

Note: a = Glucose, b = reducing sugar, CCW= Corn cob waste, GLD= Green liquor dregs, SL= Solid loading. 
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Table S5. Comparisons of the different process types for bioethanol production from corn cob waste. 

Microorganism Substrate Process type Process conditions Ethanol concentration (g/L) Reference 

Saccharomyces 

cerevisiae BY4743 

Corn cobs SHF 0.051 g/La, 10%b. 10 FPU/gc 23.69 This study 

Saccharomyces 

cerevisiae BY4743 

Corn cobs SSF 0.051 g/La, 10%b, 10 FPU/gc. 17.49 This study 

Saccharomyces 

cerevisiae BY4743 

Corn cobs PSSF 0.051 g/La, 10%b, 10 FPU/gc. 20.12 This study 

Saccharomyces 

cerevisiae KE6-12 

Corn cobs SSF 5 g/La, 7.5%b, 5 FPU/gc 22 Koppram et al. [61] 

Saccharomyces 

cerevisiae 

Corn cobs PSSF 5 g/La, 10%b, 15 FPU/gc 19.30 He et al. [62] 

Escherichia coli FBR5 Wheat straw SHF 5% (v/v)a, 8.6%b, 150 μl/gc 21.90 Saha et al. [9] 

Escherichia coli FBR5 Wheat straw SSF 5% (v/v)a, 8.6%b, 150 μl/gc 17.40 Saha et al. [9] 

Saccharomyces 

cerevisiae 

Corn cobs PSSF 2 g/La, 10%b, 30 FPU/gc 17.20 Xie et al. [10] 

Note: SHF= Separate hydrolysis and fermentation, SSF= Simultaneous saccharification and fermentation, PSSF= Simultaneous saccharification 

and ferementation with prehydrolysis, a = yeast concentration, b = solid loading, c = enzyme loading. 
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Fig. S1. Scanning electron microscopy images of native (A) and optimized pretreated (B) 

CCW samples. 
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Fig. S2. Fourier transform infrared spectroscopy of the native and optimized GLD-

pretreatment CCW samples. 
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Fig. S3. Glucose utilization of S. cerevisiae for the SHF, SSF and PSSF processes during 

bioethanol production. 
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