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Abstract
Microbial conversion of lignocellulosic biomass into vahared bioproducts like lactic acid
(LA) is sustainable yet resouroatensive, 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 areokiyw
sustainable and discarded in abundance during raw material processing. Two complete waste
based pretreatment strategies: (1) staasisted combieGLD and PWW (SGLEPWW),
and (2) microwavassisted combined GLD and PWW (MGIDVW) were developed and
optimized using Response Surface Methodology (RSM) to enhance sugar release from corn
cob waste (CCW). The @V is nonfood 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 GenerativieciAltintelligence (GAI) model
like ChatGPT. Following pretreatment optimization, the Kraft waste pretreated CCW and
supplemented dairy wastewatmsed simultaneous saccharification and fermentation
process (SDWWSSF) was modelled and optimized using the RSM for LA concentration and
conversion. The logistic and modified Gompertz models assessed. atttebacillus
plantarum ATCC 14917 cell growth and LA production kinetics for the: (1) supplemented
DWW under SSHnicroaerophilic (SDWWSSHhicroaerophiig, (2) supplemented DWW under
SSFanaerobic (SDWWSSFknaeronig, and (3) De Man, Rogosa and Sharpe medium modified
with SGLD-PWW pretreated CCW instead of pure glucose under-rBiSfoaerophilic
(MMRS-SShhicroaerophilig- Prior to scalaip, 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 speedif)/and constant power input per unit volume

(P/V), guiding subsequent scalp to 5 L with kinetic analysis.

For the CCW pretreatment optimization, the SGRWWW (49.89% GLD, 118°C, 5 min)
strategy resulted in a 32% and 40% higher reducing sugar and glucose yield, respectively,
compared to the MGLIPWW (48.70% GLD, 800 W, 9 min) strategy. The SGRR/W

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

The developed steamand microwaveassisted ANN models showed high coefficient of
determination (R 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% (>3.3fold increase) and power intensity from 100 W to 900 W (#@lé increase) in

relation to its baseline value. Furthermore, the GAI model provided key insights that
coincided with the studyds contextual i nter g

to expedite laboumtensive wet lab experiments and enhance lignocellulosic pretreatment.

The optimized sDWWSESF (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 SDWV® ShhicroaerophilicSystem observed slightly loweraximum specific
growth rate( &a) (0.35 ht) and maximum potential LA concentration £{P(13.01 g/L g/L)
values than the mMMRSSHicroaerophiic( ®a= 0.64 h, Pn=14.01 g/L) but higher values than
SDWW-SShnaerobid  a= 0.34 ht, Pn= 12.01 g/L) The negligible variations in thes®alues
achieved for theDWW-SShicroaerophiicSystemhighlights its economic and resouteficient

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

The SSF with CaC&and MnO nanoparticlésDWW-SSkcaco3zo)+mno, pHs )y achieved 31.12
g/L LA concentration and up to 46.27% sugar utilization at fcsMde. This contributed to a

64.17% (>2.7fold) increase in LA concentration when paralleled to the sD88¥ 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
Vip. 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 ¢mmaxand 35.11 g/L R.

The major findings of this study underscore that leveraging waste residues from agricultural,
Kraft, and dairy industries fosters interdisciplinaryameration among these stakeholders for
the comprehensive valorization of waste into higlue commodities. This strategy
coincides with global sustainable development goals and effectively contributes to optimizing
the foodenergywater (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: Atrtificial Intelligence modelling, Complete waskased pretreatment, Kinetic

modelling, Lactic acid production, Scal@, Wastebased media formulation.
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CHAPTER 1

General Introduction

1.1. Background

In an eraof increasing environmental awareness and the urgent need for sustainable
solutions, the focus on developing valhmded 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 andugcatethodologies

that support bioprocess development.
1.11. The need for sustainable vatadded 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 Aammewable economy to one that
encourages sustainable development, energy independence aativeeffleanagement
towards environmentally benign alternatives (Diaz et al., 2018). Theeioadywater

(FEW) nexus (Figure.l) has exacerbated tigdobal 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 theasdartidterm 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 tis firessing issue, the exploration of microkarived
valueadded 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.

Production, Transport
Processing, Storage

Figure 1.1. Overview of the interactions and interdependencies of the-doedyywater

(FEW) nexus (adapted from Wen et al., 2021).



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., 2021Biobased production of LA is preferred over chemical methods
since it generates optically pure isomersL® or L-LA), crucial for industries requiring
specific isomeric forms. Unlike chemical synthesis, which produces a racemic mixture,
necessitates costly enanieparation and generates secondary waste, microbial fermentation
is more coseffective, environmentally friendly, and uses renewable resources, making it a
sustainable and economically viable alternative (AlRREhman et al., 2013)n 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) (Fidudg

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 andfeendly processes, thereby promoting
circular bioeconomy within its nich&his 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 +iond feedstock essential for the letegm supply

of LA (Daful and Goérgens, 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 vahaglded products such as LA.
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Figurel.2. Biotechnological applications of lactic acid in various industrial sectors.

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

® Corn Sugarcane Cassava Yeast Extract @ Other Crops

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

the Global Lactic acid Market Size, Share and Trekdysis Report, 2023).



1.1.2. Lignocellulosic biomass for vaksglded 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 approximat&20 billion tons per annum, worldwide (Bansod et al.,
2024) where only a small fraction has been used in-fiood-based aread fmayem 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 cellulosB5(3®%),
hemicellulose (282 wt%) and lignin (1825 wt%) withtrace 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 corQiaoles (

al., 202), among others. Specifically, corn is one of the major cereal crops with an estimated
global anual 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 ofmonfood-based portions such as the leaves, husks, stalks and cobs, with the
latter being the most abundant (Figurd) (SewsynkeSukai and Gueguim Kana, 2C4)8

Corn cob waste (CCW) constitutes approximately 50% of the global corngiimdwith a

high energy density (4966210 MJ/Kg) rich carbohydrate content (3%% cellulose, 235



% hemicellulose) and low lignin content-{8%) (Potumarthi et al., 2012; Kim, 2018).
Previous studies have demonstrated the microbial production of LA, bioethanol and
biohydrogen among others, using CCW (Tabl). 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 Gérgens, 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 improve the amenability of enzymes to the cellulose microfibrils

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

Corn cob

Figurel.4. Annotatedmageof the (A) corn plant (Adapted from Steil, 2Q18odified and

(B) corn cobs (Adapted frotnovelyn, 2020; modified).
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Figurel.5. The effect of pretreatment on lignocellulosic biomass (Adapted from Muley and

Boldor, 2017; modified).

Tablel.1. Microbial fermentation for biofuel and commodity chemical production using corn

cob waste.

Bioproduct Reference

Lactic acid Wanget al. (2@3)

Xylitol Baptista et al. (2020)
Polyhydroxybutyrate Stoica et al. (2018)
Biohydrogen Li et al. (202)

Biobutanol Shanmugam et al. (2019)
Bioethanol SokanAdeageet al. (202)
Malic acid Li etal. (2021)

Butyric acid Fu et al. (2022)




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 wastdased 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 coSeraganan et al., 20R3Various
lignocellulosic pretreatment methods have been established and these include physical
(grinding, steam explosion, microwavdjiological E€nzymes, microorganismsghemical

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

2024). Overall, strategies with the inclusion of chemicals display the highest efficacy since it
has the ability to recovenore than 7% of fermentable sugars as opposed to pretreatments
employed without chemicald/éscoCorrea and Shah, 20l%However, these pretreatment
strategies are plagued by high energy requirememidesirable inhibitor compoundsd
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 pretreatmentd&umar 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 chemiocahste residuebom industrial streams have been proposed as
potential lignocellulosic pretreatment catalystee 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.

8



(2016), for every ton of pulp produced, the total annual production of Giges
approximatelybetween4 to 11 kg. Based on the characterization of GLDpdssesses
alkaline species (N€0: and NaS) that may represent an interesting replacement to
conventional, expensive alkdlasedpretreatments such as NaOBa|maei 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 issuesGolmaei et al., 2008 Therefore, the retrieval of GLD from the Kraft
paper and pulp waste lines (Figur®) 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 sal&OiNa

and NaS) aims to cleave the ester and glycosidic bavitten the cell wall matrix, engage in

lignin rearrangement and modify the crystalline state of cellulose (Cheng et al.G&bitPet

al., 2014). While using these individual alkabalts (NaCOz; or N&S) 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 NaOHR¢rke 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 vaile products. Examples of repurposing GLD include its use in fertilizers
(Makela et al., 2012), alkaline sealing barriers for acid mine draindggo(et al., 2@3),
substitutes in cement producg&riastaveet al., 2@4), 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



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
surfactanfassisted 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 chemicatost 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 unitsPelaezSamaniego et al., 2024lfs 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 (Figurke6) (ToczylowskaMaminska, 2017)Therefore, the
proposed concept of using the paper wastewater (PWW) effluent from the Kraft industry
intends to manipulate every aspect of wastéhe 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
potenti al of this innovative fiwaste to wealt

economic development.
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Figurel.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 (Al) 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 Krafbaaste
pretreatments, ANNs stand out as a formidable solution due to their capacity to capture non
linear relationships and discern intricate patterns within gasdsets, positioning them as
invaluable tools in the scope of sustainable bioprocessing (Sindhu et al., Poligg
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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(RamirezBrewer 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,
ANNSs 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 optimizatioh dso contributes to the
development of more efficient and sustainable processes by effectively navigating the
multifaceted variables involved in lignocellulosic bioprocessing systévimseover, 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 dfifferent parameters (Chen et al., 2020b).
Interestingly, integrating Generative Artificial IntelligencgAl) 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).GAl relies on deep learning techniques and neural networks to generate content that
closely resembles humayenerated outputs. By translating the sophisticated patterns,
structures and computational outpuhto accessible language, GAIl systems contextualize
and simplify model predictions, making them more understandable (Mathew, 2023). This
capability facilitates decisiemaking, 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, enhancintheir practical impact and accessibilifihis 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 thekwoel

application.

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

scaleup

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 scalgp processes. Its production presents many technological issues that
occur at different stages of bioprocessing which hinders its-trgle 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 wherebynonosaccharides are converted almost solely tath@oretical

yield of 1 g/g) Martinez et al., 2013Abedi and Hashemi, 2020The respiratory needs of
LABs can also influence their metabolic pathways, with anaerobic conditions favouring
glycolysis for LA production $ano et al., 2020)n contrast, aerobic conditions activate the
minimal electron transport chain pspomote a high energy metabolism for increased biomass
growth and replicationSmetankova et al., 2013ano 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 industriedcale 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 mauuntrients (Chen et al., 2020c).
Nevertheless, standard media components for LA fermentation contribute approximately 30%
to the production costsTéang 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 optimizdtien.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 coseffective nitrogen sources, including soybean meamanium 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 i$ the main energy substance selectively utilized by the microorganism
and plays a key role in LAB metabolism, conferring growth and LA formation (Ggenzle

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 ndanic 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 higlater 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) (~-Q@2L of wastewater/L of processed milk)
(Coelho et al., 2020). These wastewater streams are subjected to costly, energy exhaustive
and environmentally nemiable 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 fHf&@. LAB

growth and metabolic activityAnagnostopoulou et al., 2022Yarious compounds like
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K:HPQy, NaHCQ, N&HPOs-12HO, NaPQi, and CaC® serve as buffering agents to
counteract excessive acidification caused by the production of LA. Validation of selected
buffers through laboratorgcale experiments is essential prior indussaile applications.
Micronutrient supplementation, particularly with MgsMg?*) and MnSQ (Mn?"), plays a
crucial role in enhancing bacterial growth, biomass production, and overall LA fermentation
performance. These micronutrients act as cofactors, boosting ercataigtic activity in
biosynthetic pathways and improving enzysubstrate binding affinity in carbohydrate
metabolism (Yu et al.,, 2008, Lew et al.,, 2013). Apart from the abovementioned
supplementations, nanoparticles such a manganese oxide (MnQO) 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 surfate-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) (Carrilldlieves 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, ratklced contamination

and shorter fermentation times. The SSF processicesmboth 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 operati@esvgynkeiSukai and Gueguim

Kang 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 ¢4 hr) with increased saccharification efficiency due to the optimal

temperatures (50°C) than the SktHowed 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 wastebased media formulation consisting of a nitrogearpon,and surfactant source

for simultaneous saccharification and LA production. Resp8agaceMethodology (RSM)

models are statisticalnalysis 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 optimizatiokinetic 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-sgak€inetic models gather
information from the experiments observations and quantitatively describe tieenaiis
occurrences in response to changes in fermentation conditions. For instantegiskic

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 substra®  d ét fal., 2012).The predicted responses of these

models assist in (i) enhancing product yield and productivity, (i) managing resource
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utilization, (iii) reducing undesired byroduct 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 kin@&isga@rd et al., 2021)Examining
mixing regime parameters like constant powssut 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
industriatscale bioprocessing, while constant,\influences mixing, transfer processes,
substrate utilization, and cell shear stress. Optimizing these parameters duriAgpsisale
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 chemicaisthe food, chemical, pharmaceutical and cosmetics
industries(Choi et al., 202 Therefore, its increasing demands coupled with economic
growth pressureand environmentalesponsibilityhavestimulated thesearchfor renewable

and sustainable productiostrategies forLA. 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, costffective 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 wasteased 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, an@Als 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 commercidllRS 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 viabilityere 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. Factach sas 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
processedMioreover, 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 farfation for LA production is advantageous as it

19



recycles valuable components, provides a nutriehtenvironment inherent to LAB growth

and may potentially reduce adaptation time for LABfie abovementioned challenges
necessitate the modelling and optimization of the simultaneous saccharification and LA
fermentation process from a DWWased 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 pelated 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 formationThis information is essential for
industrial scaleup of commodity chemicals such as LA since maintaining anaerobiosis incurs
high cost. For this reason, it is essential to have asepth understanding of the SSF
bioprocess kinetics with the aim of enhancing the feasibility and productivity of LA

production.

20



The scale up of LA production using an optimized minimally supplemented -bastel

media poses a significant challenge due to the lack of comprehensive studies on scalability
criteria. While development of a wadtased medium show promise of sustainable LA
production, there is a critical gap in understanding the impact of-gpgl@rameters such as
constant Mp 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 éboratory scale processes to industrial scale applications.

1.3. Aims and Objectives

This study airs 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 tts aim, the following specific objectivegere undertaken

(i) Developnentand optimiation oftwo complete wastbased lignocellulosic pretreatments
consisting of (1) a steawssisted combined GLD and PWW (SGEWW), and (2)
microwaveassisted combined GLD and PWW (MGIEWW) pretreatmento enhane the

enzymatic saccharification of CCW.

(i) Developnent oftwo Artificial Neural Network (ANN) model$o predictglucose vyield
from steam and microwaveassisted Kraft wastbased pretreatment of lignocellulosic
wastes.Performng a sensitivity analysis of input variables on the glucose yield using the
developed models and subseqlientomparng its outcomewith interpretations by a

Generative Atrtificial Intelligence (GAI) model, ChatGPT.
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(iii) Modelling and optimization of aimultaneous saccharification and fermentation (SSF)
process using combined Kraft pretreated CCW (from objective ii) and supplemented DWW

medium (sDWWSSF)to achieveanaximum LA concentration and LA conversion

(iv) Investigation of e kinetics ofL. plantarum ATCC 14917 cell growth and LA
production for the optimized sDWASSF 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 \arious physicochemical parameters namely, buffer systems, pH changes,
micronutrients supplementation and bioprocess types, to assess its effect on LA concentration

and sugar utilization.

(vii) Development ofpreliminary scaleup experiments and kinetic analysis using the

optimized bioprocess conditions from objective vi for LA production.

(viii) Lastly, assessment dahe potential of the fermentation effluent as animal feed and
biofertilizer using compositional and nutritional analysisning tocompletdy 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 KwaZuluNatal, South Africa. Each experimental chapter is-cefitained,
consisting of an abstract, i ntroduction for

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

all chaptersA 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 fresaiter 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

scaleup strategies.

Chapter 4 focuses on the development and optimization of two complete-baaste
lignocellulosic pretreatment strategies, namely, (1) a stessisted combined GLD and
PWW (SGLDPWW), and (2) microwavassisted combined GLD and PWW (MGLD
PWW) pretreatment to enhance sugar recovery from corn cob waste (TG®VMGLD-

PWW and SGLBPWW 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 steaand microwaveassisted Kraft waste
pretreatments under varied novel conditions. Moreover,-depth sensitivity analysis based
on the developed ANN models, and a comparative assessmenGentrative 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 SGHDNW pretreated CCW in a dairy wastewater (DWW) formulated
medium (sDWWSSF). The input parameters considered for the supplemented medium
included varied concentrations of corn steep liquor (CSL3A@/L), Tween 80 (@2 mL)

and solid loading (120%). The developed model designated as sDBSW¥ gave LA
concentration and LA conversion as the responses. Following sID&W process
optimization, the kinetics ofactobacillus plantarumATCC 14917 cell growth and LA
production were assessed using the logistic and modified Gompertz models, respectively,
under microaerophilic  (SDWVBSHnicroaerophiig and —anaerobic  (SDWYBSFnaerobi}
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 (mMMRSSHhicroaerophiig for comparison with the DWW formulated

processes.

Chapter 7assesses 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 agentsHR&, NaHCQ,
NaeHPQ;-12H,0 and CaCg), examining the effect of pH changes (pH 4.8, pH 5.5), and
supplementation with micronutrients (Mgs@nd MnSQ or MnO). Additionally, two
bioprocess tygs such as SSF and SSF with prehydrolysis (PSSF) were evaluated. Thereatfter,
the optimized bioprocess conditions for LA productions were selected for-wgrale
assessment at 0.5 L using constant impeller tip speg)l d&d constant power input per unit
volume (P/V) as the mixing criteria. Experimental findings from the optimized LA output

informed further incremental scalp at 5 L, followed by kinetic assessmentattobacillus
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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 dfraft pulping alkaline chemicals for

lignocellulosic pretreatment: Potential beneficiation of greediquor dregs waste

This chapter has been publishedBioresource Technolog{B06, 123225) with the title:
Recent developments in the application &fraft pulping alkaline chemicals for
lignocellulosic pretreatment: Potential beneficiation of green liquor dregs waste.

The publishedeviewpaperis presented in the following pages.

Highlights
1 TheKraft pulping industry represents a major hub for alkaline solutions.
1 Green liquor, although not a waste, has extensively been used for pretreatment.
1 Green liquor dregs, a remarkable alkaline waste for lignocellulosic pretreatment.

1 Development of innovative lignocellulosic biorefineries using wastes.
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1. Introduction severe environmental implications (Chohan et al., 2020). Consequently,

this has sparked interest in the development of alternative energy

Due to an increase in population size and industrialisation, fossil carriers that remain renewable, sustainable and affordable for future
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proves to be abundant, inexpensive, renewable and a food security-wise
alternative for second generation biofuel production (Xu et al., 2019;
Zhang et al., 2019). Examples of second generation feedstocks that have
been assessed include sugarcane bagasse (Syawala et al., 2013), sor-
ghum leaves (Sarawan et al., 2019), corn stover (Qing et al., 2016),
wheat straw (Saha et al., 2011) and corn cobs (Sewsynker-Sukai et al.,
2018), among several others. Bioconversion is considered an en-
vironmentally appealing approach for the valorisation of LCB that is
derived from agricultural wastes (Sarsaiya et al., 2019). Recently,
biorefinery systems have emerged as potential viable processes for the
generation of biofuels and value-added products from LCB (Islam et al.,
2019; Kim et al., 2019).

Even with the immense beneficial characteristics of LCB, its major
structures (cellulose and hemicellulose) are cemented together by the
complex and resistant lignin aromatic polymer, that hinders the enzy-
matic saccharification step (Chuetor et al., 2019). This in turn affects
the metabolic activity of the fermentation microorganisms, since they
are unable to metabolise complex sugars (Sarawan et al., 2019).
However, these challenges may be overcome by pretreatment techni-
ques that reduce cellulose crystallinity, increasing vulnerability of cel-
lulose and hemicellulose to microorganisms and hydrolytic enzymes for
the release of fermentable sugars (Liu et al., 2018; Sewsynker-Sukai
et al., 2018).

Over the years, lignocellulosic pretreatment studies have explored
several processes, which include hydrothermolysis, ball-milling, in-
organic salt, organosolvents, microwave, acid, alkaline and thermal
steam techniques, among others (Sewsynker-Sukai et al., 2018). Pre-
treatment criteria not only considers its ability to digest complex
polysaccharides to its monomeric form but takes into account the fea-
sibility, energy consumption and efficiency of these systems for in-
dustrial application (Qing et al., 2016). Therefore, pretreatment stra-
tegies aim to produce high fermentable sugar and biofuel yields with
low concentrations of inhibitor compounds and short fermentation
times. Once these criteria are met, downstream separation costs and
energy consumption may be alleviated, thus enhancing industrial scale
applicability (Sewsynker-Sukai and Gueguim Kana, 2018a,b).

Compared to other pretreatment methods, alkaline catalysts have
proven to be an effective strategy due to its non-corrosive character-
istics, decreased energy consumption and high lignin removal for ef-
fective sugar recovery (Sewsynker-Sukai et al., 2018). Despite the high
sugar yields, alkaline pretreatments have excessive costs attached to it,
due to the expensive chemicals required. This major drawback can be
overcome by assessing and implementing the use of waste chemicals as
a potential pretreatment agent.

Green liquor dregs (GLD) also known as dregs, are the undissolved
particles that are alkaline chemical wastes generated from the kraft
pulp and paper mill industry. In the recent time, GLD has piqued in-
terest as a potential lignocellulosic pretreatment. This is mainly at-
tributed to its remarkable alkaline characteristics, while it is deemed a
kraft pulping chemical waste. GLD presents various limitations within
the kraft pulping process, since it causes blockage of the filtration pipes
and is therefore extracted and landfilled. Landfill deposition of GLD
raises environmental concerns and drastically increases the process
costs for the kraft pulping industry. To overcome these limitations,
various avenues to either minimize the GLD production or manipulate
its beneficial properties for valorisation towards the generation of
biofuels and value-added products are highly sought after.

Interestingly, although green liquor (GL), a by-product that is ac-
tively involved in the kraft pulping industry has previously been ex-
tensively assessed for its pretreatment capabilities, its waste equivalent,
GLD, to date has not been evaluated. Therefore, this review outlines the
kraft pulping process and the alkaline chemicals that are derived.
Additionally, previous GL lignocellulosic pretreatments are reviewed
and its alkaline based mechanism is discussed. Subsequently, the
background, current uses and potential beneficiation of GLD chemical
waste for lignocellulosic pretreatment is presented. Furthermore, the
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current challenges and future outlook on lignocellulosic pretreatment
systems are highlighted.

2. Lignocellulosic biomass

Agricultural food sources such as wheat, cassava and corn are used
to produce first generation biofuels, but these do not comply with food
sustainability (Xu et al., 2017). LCB offers a promising feedstock that
proves to be abundant, inexpensive, renewable and a food security-wise
alternative for second generation biofuel production and value-added
products (Xu et al., 2019; Zhang et al., 2019). These substrates (LCB)
are complex, heterogenous polymers composed of three fractions,
namely; cellulose, hemicellulose and lignin that comprises of approxi-
mately 90% of its dry biomass (Kim et al., 2016; Muthuvelu et al.,
2019). LCB consists of 38-50% cellulose, 23-32% hemicellulose and
15-25% lignin (McKendry, 2002). These polymers are interwoven to-
gether by hydrogen and covalent bonding, thus providing a structural
scaffolding to the LCB (Rebello et al., 2020). Cellulose is the primary
cell wall polysaccharide that contain inter- and intra-molecular hy-
drogen bonded chains of (-1,4-linked glucose units (Chang, 2007).
Hemicellulose is regarded as a physical barrier that has a random and
amorphous structure containing heteropolymers of different 5- and 6-
carbon monosaccharide units of pentoses (xylose, arabinose), hexoses
(mannose, glucose, galactose) and acetylated sugars (Bhatia et al.,
2020). The hemicellulose networks link chains of cellulose into mi-
crofibrils and form cross links with lignin to provide mechanical
strength to the biomass (Agbor et al., 2011; Scheller and Ulvskov,
2010). Conversely, lignin is a complex phenolic polymer consisting of
hydroxylated and methoxylated phenylpropanoids with it corre-
sponding monomeric units of p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) (Abdel-Hamid et al, 2013; Buranov and Mazza, 2008). The
compressed structure plays a major role in the impermeable and re-
calcitrant nature of the barrier that protects cellulose and hemicellulose
polymers from microbial and enzymatic deconstruction (Himmel et al.,
2007; Mahmood et al., 2019). Its steric hindrance and non-productive
enzyme adsorption prevent access of enzymes to the cellulose moieties
(Min et al., 2014; Zhu et al., 2015). Lignin also provides structural
support due to its rigidity and hydrophobicity (Buranov and Mazza,
2008). The quantity of lignin present within various biomass types will
affect the enzymatic degradation of the polysaccharides. The strength
and physical appearance of LCB is dependent on the ratios of these
moieties and thus greatly influences its ability to be hydrolysed. Fur-
thermore, the crystallinity index and degree of polymerization drasti-
cally affect the enzymatic digestibility of LCB (Xu et al., 2019).

The crystallinity index is an indication of the proportions of the
highly ordered crystalline material in the substrate. High crystallinity
hinders the accessibility of cellulase to cellulose moieties, resulting in a
reduced substrate-enzyme digestibility of lignocellulose (Tu et al.,
2017). The degree of polymerization of (-1, 4-glucans indicates a ne-
gative correlation with the hydrolysis of lignocellulosic materials. A
reduction in the degree of polymerization enhances the biomass di-
gestibility due to an increase in the number of reducing ends of cellu-
lose chains (Cheng et al., 2018). The abovementioned factors play a
crucial role in preventing microbial and chemical attack (Loow et al.,
2015). Therefore, pretreatment is necessary to overcome these physical
barriers by the disarray of lignin and breaking down of the LCB into its
components before efficient enzymatic hydrolysis can occur (Kumar
et al., 2020a).

In the present time, LCB is the most prominent resource for the
production of biofuels and value-added products, due to its ability to
yield numerous harvests from a single crop planting. Moreover, the use
of crop waste is estimated to drastically decrease the annual costs re-
lated to establishing and managing the new harvests of energy crops
since farmers do not have to continuously replenish the crops (Franks
et al., 2006). LCB may be categorized into four major groups based on
its source: (1) woody biomass, (2) cellulosic wastes (municipal solid
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waste, pulp mill waste), (3) energy crops (switchgrass, miscanthus), and
(4) agricultural residues (rice husk, wheat straw, corn stover, sugarcane
bagasse, corn cob). Approximately 120 billion tons of lignocellulosic
biomass is generated annually (Abraham et al., 2020), with corn,
wheat, rice and sugarcane having maximum production.

3. Pretreatment strategies

Pretreatment of LCB is considered a crucial step in the production of
fuel and other value-added chemicals (Kim, 2013; Amiri and Karimi,
2018). The rigid structural lignin components prevent cellulose and
hemicellulose to be chemically or biologically broken down into its
monomeric, more metabolizable sugars (Li et al., 2015a). Therefore,
pretreatment applications ensure lignin removal, decreased cellulose
crystallinity, increased porosity and surface area causing cellulose and
hemicellulose to become accessible to enzymatic saccharification
(Chuetor et al., 2017; Modenbach, 2013). The outcome of the pre-
treatment impacts subsequent steps in the process, namely, enzymatic
hydrolysis, fermentation and downstream processing with regards to
product recovery and purification.

Various pretreatment methods exist and include biological, physical
and chemical as well as a combination of the different techniques (Yuan
et al., 2018). Biological methods include the use of fungi, bacteria and
enzymes that target lignin and hemicellulose decomposition (Maurya
et al., 2015). Biological pretreatments show promise of decreased in-
hibitor compounds, energy efficiency and maintains mild operations
that are eco-friendly (Sindhu et al., 2016). However, microbes require
increased contact time with the biomass, since the rate of hydrolysis is
slow (Sun and Cheng, 2002; Zabed et al., 2019). On the other hand,
physical pretreatment is carried out to reduce the particle size of the
biomass, which in turn increases surface area, decreases the degree of
polymerization and crystallinity (Rajendran et al., 2018). These
methods include milling, hackling, extrusion, sonication and pyrolysis
amongst others. Physical methods have shown to be environmentally
friendly and produce little to no toxic by-products. Studies have shown
that mechanical treatment of feedstock has a significant effect on
fractionation of cellulose and hemicellulose. Conversely, chemical
pretreatments enable the decomposition of lignocellulosic biomass by
initialising chemical reactions in aqueous solutions. Examples of che-
mical pretreatments include acid, alkaline, ionic liquid, inorganic salts
and organosolvents with varying effects on the lignocellulosic struc-
tures as summarized in Table 1. Nevertheless, a combination of various
pretreatments enhance the overall yield of fermentable sugars (Kumar
et al., 2020a). For example, Lin et al. (2010) discovered that a combi-
nation of milling with alkaline pretreatments enhanced the enzymatic
hydrolysis of corn stover by 1.67-fold when compared to wet milling
alone. Likewise, Kumar et al. (2020b) assessed a combined physical,
microbial and chemical pretreatment of sesame plant residue and
achieved a 68% higher reducing sugar with the combined treatment
compared to the microbial method alone.

Chemical pretreatments have been shown to enhance fermentable
sugar recovery by approximately 80% when compared to pretreatment
strategies that only garner 20% without chemical supplementation
(Singhvi et al., 2014). The complex lignocellulosic structures are de-
graded and solubilised as a result of the chemical reactions in aqueous
solutions and provide a platform for enzymes to easily access the sac-
charides for conversion to simple sugars (Kucharska et al., 2018).

For instance, organosolvent pretreatment requires organic solvents
or their aqueous solutions for the release of cellulose residues for hy-
drolysis (Bhatia et al., 2020). Common organic solvents such as ethanol,
acetone, glycol, glycerol and methanol are used in the presence of an
acid, base or salt catalyst. The pretreatment studies by Kabir et al.
(2015) and Alio et al. (2019) applied a solvent (ethanol) in the presence
of an acid catalyst (H,SO,) and revealed maximum cellulose recovery of
48% and 82% respectively. Recently, Huang et al. (2020) developed a
mild ethanol assisted alkaline peroxide pretreatment for enhancing the
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enzymatic hydrolysis efficiency of bamboo. These authors observed
high delignification and glucan recovery of 80% and 83.3% respectively
(Huang et al., 2020). Similarly, Wu et al. (2019) evaluated a novel
crude glycerol pretreatment for selective saccharification of sugarcane
bagasse via fast pyrolysis and noted a high delignification of 79.4%.
Nevertheless, organic solvents may present itself as an inhibitor to the
hydrolysis reactions or may engage in side-reactions, therefore, its re-
moval prior to enzymatic hydrolysis is essential.

Ionic liquids (IL) are a class of organic solvents comprising of ca-
tions and anions existing at temperatures < 100 °C and insignificant
vapour pressures that enhance cellulose and lignin solubilisation
(Usmani et al., 2020). Examples of IL include: imidazole salts, choli-
nium acetate and cholinium amino acids. In the recent time, Sorn et al.
(2019) examined the effect of a microwave-assisted ionic liquid/acidic
pretreatment on rice straw and observed a glucan conversion of 55%
(ionic liquid). Along with its enhanced cellulose conversion and sugar
recovery, ionic solvents are considered environmentally friendly due to
their low volatility and non-toxic nature (Alayoubi et al., 2020).
However, industrial scale pretreatments encounter problems of re-
cycling, inhibitor generation and incurrence of excessive costs
(Kucharska et al., 2018; Kumar and Sharma, 2017). More recently, deep
eutectic solvents (DES) that possess similar characteristics as ionic li-
quids are being investigated due to its cost-effectiveness, simpler pro-
cess for synthesis, and higher biodegradability (Ling et al., 2020). Ling
etal. (2020) investigated a novel levulinic acid (LA) based deep eutectic
solvent pretreatment combined with hydrogen bonding acceptors
(acetamide, betaine and choline chloride) using bamboo and observed
the highest glucose yield of 79.07% (LA-Choline chloride method).

On the other hand, commonly used acid hydrolysis consists of the
solubilisation of hemicellulose, which aid in the release of cellulose for
saccharification (Sarawan et al., 2019; Kucharska et al., 2018; Kumar
et al., 2020a). Acid hydrolysis is an attractive method since hemi-
cellulose degradation may reach an efficiency of approximately
20-90%, depending on process variables (Hendriks and Zeeman, 2009;
Lukajtis et al., 2018). Examples of strong acids such as H,SO, and HCI
have extensively been studied for their powerful pretreatment effect
and flexibility regarding the choice of substrate that yield high fer-
mentable sugar at mild temperatures (Sun and Cheng, 2002; Harmsen
et al., 2010). However, temperature increases above 110 °C produce
toxic inhibitor compounds, namely, furfural and 5-hydroxymethyl fur-
fural, which halt enzymatic hydrolysis and microbial fermentation
processes (Kucharska et al., 2018). Additionally, one of the major
drawbacks of using concentrated acids are the corrosion of the reaction
vessels and expenses attached to the chemicals needed (Kumar et al.,
2020a). Alkaline pretreatments on the other hand, have risen as one of
the most prominent chemical pretreatments due to its decreased energy
consumption and high lignin removal for successful aromatic polymer
degradation (Woiciechowski et al., 2020). Examples of some alkaline
chemicals include sodium hydroxide, ammonia, calcium hydroxide as
well as alkali salts such as sodium sulfide, sodium acetate and sodium
carbonate, which act as viable catalysts.

3.1. Alkaline pretreatment mechanism of action, advantages and limitations

The alkaline pretreatment mechanism of action results in the clea-
vage of acetyl groups from xylan polymers, saponification of inter-
molecular ester bonds and alteration of the lignin structure that aids the
removal of the lignin compounds (Kumari and Singh, 2018). Ad-
ditionally, these chemicals alter the degree of polymerization, reduces
crystallinity of cellulose while increasing surface area (Kim et al.,
2016).

The cellulose moieties are embedded in a lignin and hemicellulose
network with lignin offering physical protection against microbial or
chemical cellulose degradation (Hofte and Voxeur, 2017). The presence
of lignin is capable of binding to enzymes which form complexes that
hinder the hydrolysis of carbohydrates (Yu, 2012). Alkaline
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pretreatment chemicals diffuse by capillary action to the lumen and
subsequent cell layers reaching the middle lamella and the secondary
wall of the LCB. The desired polysaccharides are mainly located in the
secondary wall regions while fewer polysaccharides are present in the
middle lamella (Gu et al., 2012). For example, NaOH is dissociated into
OH™ and Na* ions that attack the ester and ether linkage between
lignin-hemicellulose complexes. Additionally, it has the ability to cleave
the ester and carbon—carbon bonds in the lignin moieties (ferulic acid)
(Kim et al., 2016). Other alkaline conditions result in the cleavage of
phenolic and non-phenolic (3-aryl ether linkages that directly aid in the
depolymerization of lignin in lignocelluloses (Sjostrom, 1983). The LCB
in alkaline solutions provides moderate reaction conditions that mini-
mize random hydrolysis and secondary peeling (Sjostrom, 1993). Thus,
resulting in higher retention of polysaccharides in the spent media.

Access by cellulase enzymes is thereby enhanced to ensure cellulose
decomposition to produce glucose molecules (Jiang et al., 2016). Al-
kaline reagents are less caustic than acids such as H,SO,4 and HCl and its
pretreatment can operate under milder conditions and sometimes even
at ambient temperature. Such methods eliminate the use of special re-
actor designs to cope with corrosion and severe reaction conditions and
retrieval of reagents for pretreatment recycling is possible in some
cases.

Due the immense benefits of alkaline pretreatments, it has been
extensively studied on various lignocellulosic substrates (Table 2).
Cheng et al. (2010) compared both lime and NaOH alkaline pretreat-
ments on corn stover. These authors deduced that a 10% solid loading
(SL), 0-10% lime concentration for 1-3 h at 95 °C observed delignifi-
cation of up to 27% (Cheng et al., 2010). Similarly, Zheng et al. (2018)
observed an increase in cellulose conversion rate from 38.1% to 65.8%
when the NaOH concentration increased from 0.5% to 4% at a constant
temperature of 121 °C on wheat straw. On the other hand, Xu et al.
(2017) combined dilute aqueous ammonia and ultrasonic pretreatment
on corn cobs and reported a maximum reducing sugar yield of 80.6%.

The recent study by Yan et al. (2020) investigated a hydrogen
peroxide synergized dilute alkali (NaOH) pretreatment of grass waste
and demonstrated high delignification (73.2%) and enzymolysis effi-
ciency (83.5%). Similarly, Jiao et al. (2020) optimized an ultrasonic-
assisted ammonium bicarbonate pretreatment on corn stalk and re-
corded a maximum saccharification rate of 82.61% under the optimal
conditions. Conversely, Elalami et al. (2020) determined the effects of
microwave, ultrasonic and alkaline (NaOH) pretreatment on olive po-
mace and recorded a maximum delignification of 68% using NaOH. The
study by Jiang et al. (2020) reported a 44.9% glucose yield when giant
reed was pretreated with NaOH. Likewise, Xia et al. (2020) established
a combined liquid hot water with sodium carbonate-oxygen pretreat-
ment to enhance enzymatic saccharification of reed and achieved a
total sugar yield of 79.1%.

Alkaline pretreatment techniques do not require specialized equip-
ment due to its non-corrosive characteristics. Nevertheless, alkaline
pretreatments surface a major concern for industrial scale processes
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that is mainly attributed to the high cost, thus making it unfeasible
(Wan et al., 2011). Moreover, high concentrations of inhibitor com-
pounds are produced during harsh operating conditions and from
substrates that contain high lignin content (Balat et al., 2008; Hendriks
and Zeeman, 2009). The generation of inhibitor compounds negatively
impacts on the cellulase enzymes and fermenting microbes (Harmsen
et al.,, 2010; Gu et al., 2012). Pretreatment criteria that classifies the
method’s effectiveness not only considers its ability to digest complex
polysaccharides to its monomeric form, but takes into account the cost
feasibility, energy consumption and efficiency of these systems for in-
dustrial applications (Jagtap and Rao, 2018). The main aim of an effi-
cient pretreatment method is to produce high sugar yields with low
concentrations of inhibitor compounds (Sewsynker and Gueguim Kana,
2018b). Therefore, the development of a pretreatment technique that
meet the above criteria and does not hinder large scale implementation
is still highly sought after.

4. General flow of the chemical kraft pulping and paper making
process

The kraft (sulfate) pulping process accounts for the largest portion
of the global pulp production (Kinnarinen et al., 2016). This process
(kraft pulping) engages in the removal of lignin from wood chips using
a mixture of alkaline cooking chemicals, sodium hydroxide and dis-
odium sulfide, known as white liquor (Golmaei et al., 2018a) (Table 3).
Following the delignification process, a resultant weak black liquor
containing degraded lignin, oxidized inorganic compounds (Na,SO4
and Na,CO3), organic materials and white liquor (Na,S and NaOH), is
pumped to the chemical recovery cycle (Bajpai, 2015). Its solids content
is increased in evaporators to elevate its heat value before feeding it to
the recovery boiler. The organic constituents of the concentrated black
liquor are combusted and the sodium sulfate is reduced to sodium
sulfide. As a result, an additional quantity of sodium sulfate is added to
the black liquor to compensate for its loss, hence the term “kraft (sul-
fate) pulping process” (Bajpai, 2018). The heat from the combusted
organic constituents of the black liquor produces an inorganic smelt
enriched by Na,S and Na,CO3; (known as green liquor or GL) in the
recovery boiler (Cardoso et al., 2009). In the dissolving tank, the smelt
is treated with a weak white liquor solution, forming the green liquor
dregs (GLD) sludge in which the solid, undissolved particles are known
as dregs (Sanchez, 2007; Tikka, 2008). The dissolved Na,CO3 content
(GL) of the sludge is diverted back into the kraft pulping cycle and is
converted to NaOH in the causticizing process (Golmaei et al., 2018a).

Since the GL should be free of suspended solids, the dregs are se-
parated in the GL purification stage via sedimentation, centrifugation,
cake filtration and cross-flow filtration (Golmaei et al., 2017;
Kinnarinen et al., 2016). Finally, the inorganic waste fraction, GLD, is
passed through a pre-coat lime mud filter which retrieves non-process
elements (NPE) such as insoluble species and non-reactive metals found
in wood (Mikitalo et al., 2014). The final composition of GLD is

Table 2

Comparison of the different alkaline pretreatment methods used on various lignocellulosic waste.
Substrate Pretreatment conditions Pretreatment efficiency ~ Reference
Corn stover 10% (w/w) SL, 0-10% lime for 1-3 h at 95 °C 27%" Cheng et al. (2010)
Corn stover 20% (w/w) SL, 0-4% NaOH for 1-3 h at 55 °C 23.1%" Cheng et al. (2010)
Wheat straw 10% (w/v) SL, 4% NaOH for 1 h at 121 °C 65.8%" Zheng et al. (2018)
Corn cob 15% (w/v) SL, 2% (w/w) NH3 for 4 h at 70 °C under ultrasonic conditions of 90 W and 59 kHz 80.6% Xu et al. (2017)
Corn stover 10% (w/w) SL, 4% Na,COj3 for 20 min at 140 °C 0.268 g/g¢ Kim et al. (2014)
Corn cobs 12.5% (w/v) SL, 0.5 M NaOH for 30 min at 121 °C 0.92¢ Gao and Rehmann (2014)
Giant reed 10% (w/v) SL, 20% NaOH for 24 h at 24 °C 44.9%" Jiang et al. (2020)
Grass waste 4% (w/V) SL, 1% NaOH and 2% H»0, for 6 h at 55 °C, 150 rpm in a rotary shaker 73.2%" Yan et al. (2020)
Olive pomace 2% (w/v) SL, 8% (w/w) NaOH for 24 h at 50 °C, 100 rpm in a rotary shaker 68%" Elalami et al. (2020)
Corn stalk 8.3% (w/v) SL, 8% (w/v) NaHCOj; for 11 min at 42 °C under ultrasonic conditions of 100 W and 20 kHz 82.61%" Jiao et al. (2020)
Reed 10% (w/v) SL, 3.33% (w/v) Na,COs for 40 min at 150 °C under oxygen pressure of 0.6 MPa 79.1%° Xia et al. (2020)

Note: * = Delignification, ® = cellulose conversion rate, ¢ = glucose yield, ¢ =

reducing sugar yield, ¢ = total sugar yield, SL = Solid loading.
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Table 3

Summary of the kraft pulping processes during the paper making process.

Reference

Kraft pulping function

Key chemicals

Kraft pulping process

Kraft pulping
chemical

Golmaei et al. (2018a)

Removal of lignin from wood chips

Mixture of sodium hydroxide and disodium sulfide

Degraded lignin mixture

Delignification

White liquor (WL)
Black liquor (BL)

Kinnarinen et al. (2016)

Degraded lignin is pumped to the chemical recovery cycle, where the solids are
increased by evaporation to elevate its heat value before feeding it to the

recovery boiler

Chemical recovery of solids by

evaporation followed by boiling

Cardoso et al. (2009)

Heat from the combusted organic constituents of the BL produces a smelt (GL)

No function, considered a waste that is landfilled

Sodium carbonate and sodium sulfide

Causticizing process

Green liquor (GL)
Green liquor dregs

(2016); Sanchez

Calcium carbonate, sodium sulfide, magnesium

GL is treated with a weak WL solution,

forming the GLD

hydroxide, sodium carbonate, metal sulfides, unburned

carbon

(GLD)

Bioresource Technology 306 (2020) 123225

strongly influenced by the combination of the NPE’s as well as calcium
carbonate, sodium sulfide, magnesium hydroxide, sodium carbonate,
metal sulfides and unburned carbon during the kraft pulping process.
The GLD is thereafter precipitated and sequentially removed from the
kraft pulping chemical recovery circuit (Sartz et al., 2017). This waste
(GLD) mainly consists of insoluble substances from wood and potential
make-up chemicals, which do not play an active role in pulping and is
considered a “dead load”. In addition to being regarded as a dead load,
the removal of GLD from the system is attributed to the high con-
centrations of calcite within alkaline precipitate that show signs of low
hydraulic conductivity. This proves to be detrimental to the fibre line
and chemical recovery, potentially causing operational problems within
the kraft pulping mill. In an effort to avoid the adverse effects of GLD on
the kraft pulping process, it is recovered and landfilled. According to
Kinnarinen et al. (2016), the global annual production of GLD is ap-
proximately 4 to 11 kg per ton of pulp generated from kraft mills. In
2018, the total global kraft pulp production was estimated at 187.2
million tons (RISI, 2019), which translates to 0.74 to 2.10 million tons
of GLD (since ~4 to 11 kg GLD is produced per ton of pulp). In South
Africa alone, two of the largest mills have an estimated GLD production
of ~100 000 tons of GLD/annum (Sebogodi et al., 2019). Beneficiation
of GLD chemical wastes may improve the kraft pulping process while
adding value to waste. Even though GLD has not been assessed for its
pretreatment effect, the kraft pulping by-product GL, has been ex-
tensively studied and is detailed below.

4.1. GL and its implementation for lignocellulosic pretreatment

GL is a mixture of sodium carbonate and sodium sulfide generated
as a by-product from the kraft pulping process (Jin et al., 2010). This
by-product (GL) selectively removes the lignin moieties while leaving
both hemicellulose and cellulose components in pretreatment slurry.
The mechanism causes delignification, exposing the cellulose to enzy-
matic attack, resulting in high sugar recovery. Moreover, the con-
siderable quantity of sodium sulfide (sulfidity up to 40%) is a valuable
characteristic that aids in the delignification process (Gu et al., 2012).
More specifically, GL affects the structure of aromatic fractions of the
lignin in the LCB. A structural analysis of lignin in wheat straw reported
that non-condensed guaiacyl, syringyl and p-hydroxyphenyl units un-
dergo oxidation by GL pretreatment to produce three corresponding
principal phenolic aldehydes, namely, vanillin, syringaldehyde and p-
hydroxybenzaldehyde (Jiang et al., 2016). The cleavage of the a- and -
aryl ether bonds in the abovementioned units leads to the liberation,
dissolution and structural changes of the lignin fraction. On the other
hand, Gu et al. (2014) evaluated the pretreatment of LCB under GL
conditions and deduced that HS” and CO3>" species in the GL cleave the
-O-4 bond of the non-phenolic compounds. This results in disruption
of the hydrogen bonding network, stable cellulose crystallinity and
structural alternation of the residual lignin within the GL pretreated
substrate while increasing porosity and surface area accessibility
(Alvira et al., 2010). Thus, GL pretreatment aids in exposing the hy-
drolysing enzymes to the cellulosic and hemicellulosic fractions during
enzymatic saccharification with the aim of generating fermentable su-
gars for subsequent fermentation stages.

Numerous studies have been performed on GL pretreatment for
enhanced delignification and sugar release from various lignocellulosic
wastes (Table 4). For instance, Gu et al. (2012) conducted a study on
corn stover with GL (8% total titratable alkaline and 40% sulfidity) at
140 °C for 60 min. These optimized conditions yielded a 45% deligni-
fication and 70% polysaccharide conversion to fermentable sugars
(28.5% glucan) (Gu et al., 2012). In a subsequent study, the same au-
thors demonstrated a 39.4% delignification and 92.5% glucan conver-
sion from rice straw under optimum GL conditions of 4% total titratable
alkaline (TTA), 20% sulfidity at 140 °C for 60 min (Gu et al., 2013).

The study by Yu et al. (2013) coupled GL with ethylenediaminete-
traacetic acid (EDTA) for the pretreatment of furfural residues and
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Table 4

GL pretreatments previously studied on various lignocellulosic wastes.
Substrate Pretreatment conditions Pretreatment efficiency Reference
Corn stover 8% TTA, 40% sulfidity, 16.67% SL, 140 °C for 60 min 28.5% 8¢, 45%¢ Gu et al. (2012)
Rice straw 4% TTA, 20% sulfidity, 16.67% SL, 140 °C for 60 min 92.5%%¢, 39.4% Gu et al. (2013)
Whole rice waste 10% NapC0O3:Na,S03 (1:1), 12% SL, 121 °C for 360 min 88%*¢, 58.2%¢ Saratale et al. (2016)
Furfural residues 6 mL GL/g-DS, 0.6 g H,0,/g-DS, 1% EDTA, 3.3% SL, 80 °C for 180 min 90.4%%, 56.2%° Yu et al. (2013)

Furfural residues
Sugarcane bagasse
Sugarcane bagasse
Sweet sorghum bagasse
Wheat straw leaves
Loblolly pine chips
Mixed hardwood
Poplar

8% TTA, 20% sulfidity, 16.67% SL, 140 °C for 60 min

16% TTA, 25% sulfidity, 25% SL, 170 °C until H-factor
16% TTA, 25% sulfidity, 25% SL, 160 °C until H-factor
20% TTA, 25% sulfidity, 25% SL, 160 °C until H-factor

1 mL GL mixture/g-DS (50 ethanol:50 water), 0.4% AQ, 5% SL, 140 °C for 60 min
1.5 mL GL/g-DS (50 ethanol:50 water), 1% AQ, 5% SL, 160 °C for 180 min

0.4 g Na,SO3/g-DS, 1.5 mL GL/g-DS, 5% SL, 140 °C for 180 min

18% TTA, 40% sulfidity (SGL), 7% SL, 160 °C for 110 min

85.9%8, 42.7%*
95.3%*, 98.26%"
96.8%¢, 76.2%"
89.6%5, 84.2%
93.7%%¢, 28.9%

Yu et al. (2014)

Zhou et al. (2016)
Zhou et al. (2017)
Pham et al. (2018)
Jiang et al. (2016)

800 43%*%¢, 23.6%" Wu et al. (2012)
400 87%5°, 33%° Jin et al. (2010)
400 89.9%%¢, 29.2% Meng et al. (2014)

Footnote: TTA = total titratable alkali (Na,CO3 + Na,S), sulfidity = Na,S/TTA, SL
EDTA = ethylenediaminetetraacetic acid, AQ = Anthraquinone, SGL = simulated green liquor, #

obtained a glucose yield and delignification of 90.4% and 56.2%, re-
spectively. The same authors investigated a combined GL and anthra-
quinone (AQ) pretreatment method in a following study on furfural
residues and recorded an 85.9% glucose yield and 42.7% delignification
(Yu et al., 2014). The study by Zhou et al. (2016) also evaluated a
combined GL and AQ pretreatment regime and achieved above 90%
delignification and glucose yield from sugarcane bagasse. Similarly,
Zhou et al. (2017) supplemented GL with sulfite and observed a high
glucose yield (96.8%) and delignification (76.2%) under pretreatment
conditions of 0.4 g/g-DS Na,SO3 and 1.5 mL/g-DS GL at 140 °C using
sugarcane bagasse. The mechanism resulted in the removal of lignin
where the sulfite portion engages in sulfonation, which solubilises the
benzyl aryl ether, benzyl alcohol and benzyl alkyl ether linkages on the
side chain of phenyl propane units (Zhou et al., 2017).

The recent study by Pham et al. (2018) investigated a simulated
green liquor (SGL) for the pretreatment of sweet sorghum baggase and
recorded 84.2% delignification and 89.6% glucan with optimum con-
ditions of 18% TTA, 40% sulfidity and 7% SL at 160 °C for 110 min. The
earlier reports by Jin et al. (2010) and Meng et al. (2014) investigated
similar GL pretreatment conditions on mixed hardwood and poplar
substrates, respectively and recorded high glucan (> 85%) and de-
lignification (> 20%). Likewise, the studies by Saratale et al. (2016),
Wu et al. (2012) and Jiang et al. (2016) reported high delignification
and sugar recovery after GL pretreatment on whole rice waste, loblolly
pine chips and wheat straw leaves, respectively (Table 4). The differ-
ences in the glucose/glucan recovery and delignification between the
GL pretreatment studies in Table 4 may be ascribed to the treatment
conditions and substrate types that consist of varying cellulose, hemi-
cellulose and lignin content (Gu et al., 2012; Jiang et al., 2016; Zhou
et al., 2017).

Recent studies have reported many advantages of conventional
pretretreatment technologies such as acid, alkaline, organosolvents and
inorganic salts resulting in enhanced cellulose recovery, high purity and
flexible feedstock choices. Nevertheless, these benefits are challenged
by the release of inhibitor compounds, toxicity, problematic disposal,
corrosion of equipment and excessive costs. In comparison to the
common pretreatment strategies, GL pretreatment presents major ad-
vantages of no toxic by-products such as furfural, acetic acid (from
hemicellulose degradation) and metal ions that may affect the sac-
charification and fermentation stage. It is capable of selectively re-
moving lignin from LCB while keeping majority of the hemicellulose
and cellulose moieties in the pretreatment slurry. Furthermore, it is
void of corrosive properties and has been proposed to reduce produc-
tion costs by merging the biofuel and pulp milling plants. It represents
an attractive pretreatment approach that can be channelled towards the
production of biofuels and other valuable biochemicals via microbial
fermentation.

Despite the effectiveness of GL as a lignocellulosic pretreatment

solid loading, GL = green liquor, g-DS = gram of dry substrate,
glucose, 5 = glucan, ¢ = delignification.

agent, it consists of compounds that discharge reduced toxic sulfur
compounds such as hydrogen sulfide, dimethyl sulfide, methyl mer-
captan and dimethyl disulfide into the air during the pulping process
resulting in atmospheric pollution (Yu et al., 2013). A major contributor
of hydrogen sulfide is as a result of the reaction between sodium sulfide
and carbon dioxide. Methyl mercaptan and dimethyl sulfide are formed
in reactions with lignin moieties within lignocellulosic feedstocks,
while dimethyl disulfide is produced through the oxidation of mer-
captan groups derived from the lignin. In order to reduce the toxic
sulfur components in the atmosphere, certain process modifications can
be set in place. For example, black liquor oxidation systems result in
sulfides being oxidised into less reactive thiosulfates that minimise the
odorous emissions. Similarly, passing non-condensable odorous gases
through lime kiln can eliminate pollutants through thermal oxidation.
Additionally, maintaining sufficient oxygen, residence time and tur-
bulence can significantly decrease the reduced sulfur components from
the source (USEPA, 1995). Furthermore, the dissolved Na,CO5 fraction
of green liquor sludge is required to be re-routed back into the kraft
pulping cycle to be converted to NaOH by the causticizing process
(Golmaei et al., 2018a). Therefore, GL is essential for the continuation
of the kraft pulping cycle and this places its use for lignocellulosic
pretreatment under major scrutiny, since it is a valuable by-product
that is required for the paper making process. Unlike the by-product GL,
its waste counterpart GLD, has not yet been realised for its chemical
pretreatment capability. Recently, green liquor dregs (GLD), an alkaline
chemical waste generated from the kraft pulping industry, has emerged
as a potential pretreatment regime.

4.2. Background and uses of GLD

Although landfill deposition of pulp and paper mill residues such as
GLD has gradually reduced in the last few years, it is costly and suitable
applications for these wastes (GLD) remain limited (Mikeld et al., 2016,
2014). Regulations have been set in place with the aim to conserve the
environment, which has not only raised the cost with regards to
maintenance of landfilling but has hindered the acquisition of new
disposal sites. GLD contains heavy metals such as Cd, Cu and Zn and
landfilling enables leaching of these elements into the soil and water in
close proximity of the dumpsites. The exposure of elevated concentra-
tions of the heavy metal to the environment are considered hazardous
to ecosystems (Manskinen et al., 2011).

This is attributed to its non-degrading ability which exist in the
environment for long periods of time after being released. Heavy metals
have shown to interact with cell components such as DNA and nuclear
proteins leading to DNA damage and conformational changes causing
carcinogenesis and apoptosis in humans (Tchounwou et al., 2012).
Therefore, separation of these elements is currently being investigated
(Mékela et al., 2016; Golmaei et al., 2018a,b). For instance, chelating
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