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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 studyôs 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 (ɛmax) (0.35 h-1) and maximum potential LA concentration (Pm) (13.01 g/L g/L) 

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

sDWW-SSFanaerobic (ɛmax= 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 ɛmax 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 
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(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 (4960ï5210 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. 
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(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 ñwaste to wealth ñconcept, 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 (Dodiĺ 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 studyôs 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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