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RESUMO
Estratégias para a melhoria da hidrdlise enzimatica de biomassa lignocelulésica

A mitigacdo das alteracdes climaticas, a producdo sustentavel de combustiveis e materiais, e o
alarmante aquecimento global estdo a impulsionar investigadores, industrias e governos a dirigirem-se
para uma transicdo obrigatdria de combustiveis fosseis para biomassa renovavel. Neste contexto, as
biorefinerias desempenham um papel importante na bioconversao de biomassa renovavel, tal como
materiais lignocelulésicos, através de uma série de processos (plataformas bioguimicas e termoquimicas)
que resultam em combustiveis e produtos quimicos. A plataforma de actcares na biorefineria, onde sédo
utilizadas enzimas ou produtos quimicos, € uma escolha viavel para obter unidades elementares (building
blocks) de acucares para futuros processos de fermentacao.

A imobilizacao de enzimas e o desenho de reatores sao dominios criticos que melhoram a
utilizacao de enzimas utilizadas na hidrolise de biomassa lignocelluldsica. Neste ambito, um cocktail de
celulases formam imobilizadas em nanoparticulas magnéticas revestidas de quitosano. O sistema
desenvolvido foi capaz de ser reutilizado até 13 ciclos, utilizando carboximetilcelulose como substrato
representando um incremento de 8.2 vezes de glucose obtida por massa de enzima utilizada. O desafio
e a importancia de testar celulase imobilizada em a biomassa lignocelulosica levou a utilizacao do caroco
de milho como biomassa modelo para avaliar a eficiéncia do sistema proposto. O caroco de milho pré-
tratado hidrotermicamente - fracéo rica em contetdo de celulose - foi utilizado como substrato [carga
de sélidos de 5% (p/v)] para avaliar o potencial de hidrolise da celulase imobilizada, obtendo-se 22 g/L
de glucose que corresponde a um de rendimento de conversado de 65%. Além disso, o projeto do reator
deve ultrapassar as principais restricoes do processo de hidrélise enzimatica com carga de solidos
elevada que engloba a deficiente transferéncia de massa e calor, condicdes reologicas desafiantes e a
inibicdo enzimatica. Assim, uma segunda estratégia abordada neste trabalho foi a utilizacdo do reator de
fluxo oscilatério, conhecido pela sua capacidade de mistura. A avaliacao atingiu uma carga maxima de
caroco de milho pré-tratado hidrotermicamente de 18% (p/v) e, nestas condicdes desafiantes de cargas
sélidas elevadas, resultou numa concentracao de glucose de 100 g/L, representando um rendimento de
sacarificacdo de 81% em 20 h. Posteriormente, foram estudadas estratégias de fed-baich atingindo

cargas solidas de 25% (p/v) e rendimento de sacarificacdo de 97%.

0 desenvolvimento de um sistema de imobilizacdo de enzima eficiente e o uso inovador do reator
de fluxo oscilatorio sdo os dois resultados principais desta tese que se destinava a contribuir nos desafios
que tornam a hidrolise enzimatica de materiais lignoceluldsicos um passo critico na transicdo a uma
bioeconomia.

Palavas-chave: biomassa lignoceluldsica, biorefineria, imobilizacdo de celulase, reator de fluxo
oscilatorio



ABSTRACT
Strategies for enhanced enzymatic hydrolysis of lignocellulosic biomass

Climate change mitigation, sustainable fuels and materials production, and alarming global
warming are driving forces for researchers, industries, and governments to head into a mandatory fossil
fuel transition to renewable biomass. Here, biorefineries play an important role to biotransform renewable
biomass, such as lignocellulosic materials, through a series of processes (biochemical and
thermochemical platforms) into biofuels and chemicals. The sugar platform in biorefinery, where enzymes
or chemicals are used, is a feasible choice to obtain building block sugars for further fermentation

processes.

Enzyme immobilization and bioreactor design are critical domains which improve the use of
enzymes used for hydrolysis of lignocellulosic biomass. Under this scope, a cellulase cocktail was
immobilized into chitosan-coated magnetic nanoparticles. The developed system could be reused up to
13 cycles, using carboxymethyl cellulose as substrate representing an 8.2-fold increase in glucose
produced per mass of enzyme compared. The challenge and importance of testing immobilized cellulase
against lignocellulosic biomass led to the use of corn cob as model biomass for evaluating the efficiency
of the system proposed. The hydrothermally pretreated corn cob - solid rich in cellulose content - was
employed as substrate [5% (w/v) solid loading] to evaluate the hydrolysis potential of the immobilized
cellulase, being obtained 22 g/L of glucose which corresponds to 65% conversion yield. Further,
bioreactor design should overcome the major restraints of the enzymatic hydrolysis process at high solid
loadings which in general encompass poor mass and heat transfer, challenging rheological conditions,
and enzyme inhibition. Thus, a second strategy tackled the novel use of oscillatory flow reactor, known
for its improved mixing. A maximum batch loading of hydrothermally pretreated corn cob of 18% (w/v)
was assessed and, under these challenging conditions, a glucose concentration of 100 g/L was achieved
representing a saccharification yield of 81% in 20 h. Then, fed-batch strategies were studied being

possible with solid loadings as high as of 25% (w/v) to obtain a saccharification yield of 97%.

The development of an efficient enzyme s immobilization system and the use of an innovative
oscillatory flow reactor are the two main outcomes of this thesis that aimed at contributing to some of the
challenges of enzymatic hydrolysis of lignocellulosic materials that hinder the transition to a biobased

economy.

Keywords: cellulase immobilization, biorefinery, lignocellulosic biomass, oscillatory flow reactor
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1.1 MOTIVATION

It can be said that 150 years ago, one expert was needed to solve a problem. But today, thanks to
the high extent of information, problems got more sophisticated. So, in order to solve a problem, different
experts’ should work together. Problem-solving nowadays can be only achieved by inter-disciplinary
synergy. Yet, in nature, synergy has always been the rule of progress. At molecular level, the same

happens when multiple carbohydrate-active enzymes collectively work to degrade polymers.

In a world where, on one hand, greenhouse gasses emission should be dramatically reduced but,
on the other hand, population is expected to reach 9.7 billion by 2050 (United Nations, 2022), the
challenge is clear: the world needs more energy with less (ideally, zero) environmental impact. Some
countries are developing strategies and implementing programs related to the use of renewable energies.
Thus, bioeconomy is the established path to shifting resources from fossil to an economy based on
renewable biological ones. Policy measures that some countries have adopted for a bioeconomy transition
includes public research and development findings, infrastructure investments, tax initiatives, startup
support, private capital, standards for biobased products, education support, international collaboration,

among other countries specific policies (International Advisory Council on Global Bioeconomy, 2020).

To achieve this transition, the implementation of biorefineries as process facilities to sustainable
convert biomass into a wide spectrum of bioenergy and biochemicals comes as a solution to detach from
the traditional petroleum refinery. Biomass biorefining is the promising route, specifically from
lignocellulosic resources. A key platform of the process is the sugar platform. In advanced biorefineries
of lignocellulosic biomass, sugars (as glucose) are obtained after fractionation through the pretreatment
followed by the enzymatic hydrolysis processes. The importance of the sugar supply relies on the capacity
of being used as substrate to produce chemical building blocks, fuels, fine chemicals, food, and animal

feed through fermentation pathways (de Jong, et al., 2020).

Enzymatic cellulose hydrolysis - saccharification - is a complex step on the biorefinery process. It
is considered as a bottleneck in the economic valorization of lignocellulosic materials due to the high
enzyme prices. To tackle the enzymatic saccharification obstacle, several strategies have been studied
as enzyme reutilization, high solid loadings operations, consolidated processes, or the use of more
efficient cellulolytic organisms. However, during the enzymatic hydrolysis process there are many

interactions to consider, thus making the process more sophisticated.



CHAPTER |

Considering the sugar platform from lignocellulosic biomass through enhanced enzymatic
hydrolysis processes is of great interest for industrialization and novel solutions are still on demand, the
approach of this thesis focuses on strategies to develop and enhance the enzymatic saccharification

process. Thus, the focus of this work was on two key process intensification technologies:

1) the use of magnetic nanoparticles as support for enzyme immobilization, the immobilization
mechanism, and the application of the immobilized biocatalyst for lignocellulosic saccharification;
2) the assessment of a novel oscillatory flow reactor integrated with smooth constrictions to operate

at high solid loadings and the fed-batch strategy to reach up to 25% (w/v) solid loading.

1.2 THESIS OUTLINE

This thesis presents the main results obtained from the research activity undertaken mainly at CEB
— Centre of Biological Engineering, University of Minho, Braga, Portugal under the supervision of Professor
José A. Teixeira, Professor Lucilia Domingues from University of Minho, and Professor Héctor A. Ruiz

from Autonomous University of Coahuila.
Based on the aim of this project, this thesis is organized as follows:
In Chapter | is presented the motivation and outline of this work.

Chapter Il presents an introduction of the current biorefinery perspectives. Following by a revision
of immobilization techniques and with emphasis on cellulase immobilization in nano size supports. Also,
the perspective of bioreactors for enzymatic hydrolysis is presented, focusing on the use of oscillatory

flow reactors.

The cellulase cocktail immobilization onto magnetic nanoparticles is addressed in Chapter I,
detailing the immobilization mechanism, challenges of the process and their application for hydrolyzing

lignocellulosic biomass.

In Chapter 1V, the transversal utilization of oscillatory flow bioreactor for enzymatic hydrolysis of

lignocellulosic biomass operating at high solids loading and using fed-batch strategy is reported.

Finally, Chapter V provides the conclusions of this thesis and perspectives of relevant topics derived

from this work that would be interesting to address in the future.
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2.1 RENEWABLE RESOURCES FOR A BIOBASED ECONOMY TRANSITION

The urgent need to reduce GHG (Greenhouse Gases) emissions is a trend the world is following.
Urbanization, industrialization, and trade openness are identified as factors that impact the environment
by increasing the energy consumption and the CO, emissions (Hussain et al., 2020). Additionally, the
environmental concerns on energy security, the promotion of sustainable technologies application and
governmental regulations aim to a bio-based economic model to produce alternative products for a fossil
fuel dependency detachment. For example, the European Union climate energy target for 2050 is to
reach 80-95% GHG reduction versus 1990 by applying 55-75% shares of renewable energy (IHS Markit,
2018). Figure 2.1 shows the biofuel growth where an increase since 2005 is noticeable due to policies
development in emerging economies. The slight decrease in 2020 is mainly resulting from the COVID-19
pandemic lower fuel demand, however it is expected to recover in 2022 as the fuel demand will restore

(OECD/FAOQ, 2021).
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Figure 2.1. Biofuel energy production. Total biofuel production is measured in terawatt-hour (TWh) per year.
Biofuel production includes both bioethanol and biodiesel. (Open Access, Our World in Data, Ritchie et al., 2020).

The current world ethanol production is led by United States of America with a total of 190 operating
ethanol biorefineries. These facilities manufacture 54% of the global ethanol output, where 94% of the
production comes from corn starch (Renewable Fuels Association, 2020). The second largest ethanol
producer is Brazil, manufacturing 30% of the world’s ethanol output mainly from sugarcane (Karp et al.,

2021). Concerning biorefineries in Europe, 803 facilities were identified in 2018. Interestingly, 177 of
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those facilities are integrated biorefineries that combine the production of energy and bio-based products.
Also, is worth mentioning that the most used feedstock in the European Union comes from agricultural
residues (Parisi, 2018). However, the path to phase out fossil fuels is still on its early stages. In most
countries transport energy comes 95% from fossil fuel where only 4% - 6% or less comes from renewable
shares (Pelkmans, 2021). These percentages show how in global terms the use of liquid biofuels is in

early stages and major steps are needed to achieve the transition.

Bioeconomy refers to the use of renewable resources to produce food, energy, and chemicals,
particularly from biomass feedstocks. Renewable resources used as feedstock in a bioprocess are carbon
source biomasses as algal biomass, food wastes, industrial wastes, lignocellulosic biomass, etc. (Aparicio
et al., 2021; Cristébal et al., 2018; Gomes et al., 2016; Pinheiro et al., 2019). Towards a successful
bioeconomy transition, biotechnological processes have been studied and developed, involving the use of
biocatalysts to produce, modify or improve any product. The biotechnology potential to specifically
produce bio-based fuels, chemicals, and fine chemicals, largely contributes to the definition of the
biorefinery concept, consisting of the overall conversion of the different lignocellulosic fractions (cellulose,
hemicellulose, and lignin) into high-added value products (pharmaceutical, bioactive compounds),

biofuels (solid, liquid and gaseous), and chemicals (polymers, adhesives).

2.1.1 Biorefinery based on lignocellulosic biomass

Lignocellulosic materials (LCM) are the most abundant renewable resources with an annual
worldwide production estimated in 170 million metric tons, yet only 5% is used due to their recalcitrance
(Zhang et al., 2019). Common LCM includes softwoods and hardwoods, such as eucalyptus, pine, and
paulownia, as well as agricultural residues, namely sugarcane bagasse, wheat straw, oat straw, agave
bagasse, corn residues (cob and stover), rice straw, vine pruning residues, and coconut residues (Aguilar
et al., 2018a; Baptista et al., 2020; Gomes et al., 2021; Goncalves et al., 2014; Jesus et al., 2022, 2017;
Pontes et al., 2018). Overall, LCM are mainly composed by cellulose (30 — 50%), hemicellulose (20 -
30%) and lignin (10 — 30%) on dry basis, among other minimum components depending on the feedstock.
The exact composition is biomass specific and depends on its origin, growth, and harvest conditions, or
even on the previous processes undertaken in the case of residues. Biorefineries based on LCM are
typically classified according to the process used to transform and convert the biomass in two main

platforms: the thermochemical and the biochemical platform (Figure 2.2). The thermochemical platform
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relies on processes such as pyrolysis, combustion, thermal liquefaction, and gasification. This platform

is mostly used to obtain syngas, bio-oil, and biochar (Pang, 2019).
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Figure 2.2. Environmental issues related to fossil fuel reliance and the biorefinery process as part of bioeconomy.

On the other hand, the biochemical platform uses biocatalysts and microorganisms to transform
the biomass through processes such as enzymatic hydrolysis, fermentation, and digestion, thus taking
place at milder conditions compared to the thermochemical platform (Aguirre-Fierro et al., 2019; Kumar
etal., 2019; Ruiz et al., 2020). The wide variety of products, as shown in Figure 2.3, that can be obtained
under the biochemical platform include biofuels, biopolymers, platform chemicals, pharmaceuticals,

among others (Pino et al., 2020).

Biofuel's production has been the major promoter on the development and consolidation of
biorefineries. Ethanol is the most important engine biofuel in the transportation sector obtained from
renewable biomasses, but it can also have several other applications, namely in healthcare, fuel cells and
manufacturing (Liu et al., 2019; Zheng et al., 2020). Concerns on the use of edible crops for energy
production led to a shift for the use of agro-industrial residues as raw material, noted as second generation
biorefineries or cellulosic biorefineries with significant advances in the microbial conversion process in

the latest years (Cunha et al., 2020; Hassan et al., 2019).
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Figure 2.3. Representation of lignocellulosic biomass biotransformation and products.

Despite the use of LCM in second generation (2G) biorefineries being well documented, research
on this area is still ongoing as there are barriers, both technical and economical, that remain as the
impediment to a low-cost bioconversion process. The process for the conversion of LCM typically consists
in: 4 milling, /) solid (biomass) pretreatment step, followed by /) enzymatic hydrolysis to release

fermentable sugars, then /1) fermentation and, ) product recovery (Zabed et al., 2017).

The three main components of LCM are cellulose, hemicellulose, and lignin. Cellulose is the most
abundant biopolymer worldwide constituted by glucose monomers (D-glucose) linked by -(1,4)-glycosidic
bonds. Naturally, it is presented in both crystalline and amorphous form, and it has a higher degree of
polymerization (DP) compared to hemicellulose, considered to reach up to 7000-15000 D-glucose units
(Brunner, 2014). The second most abundant component of LCM is hemicellulose. Hemicellulose is
formed by both five and six carbon monosaccharides, and due to its amorphous structure, it can easily
dissolve in water at temperatures above 180 °C (Chen et al., 2017). The role of lignin in plants is to
provide microbial protection and structural support. Lignin is composed by phenyl propane units
connected through ether and carbon-carbon bonds and contain phenolic compounds that can be

upgraded to value-added chemicals (Paone et al., 2019).

The recalcitrant structure of LCM is one of the obstacles for an effective biotransformation.

Therefore, pretreatment is a decisive first step for fractionation, but also for a chemical and structural
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alteration (Ruiz et al., 2020). The purpose of this step is to break down the LCM recalcitrance structure,
where lignin and hemicellulose form a physical barrier and cellulose crystallinity is very compact in highly
ordered regions, thus blocking the access of enzymes to cellulose. Also, a pretreatment challenge is to
modify the structural composition of the LCM while the production of derived inhibitory compounds is
minimized (Cunha et al., 2019). Pretreatments are typically divided on physical, chemical, physico-
chemical, and biological. Figure 2.4 exemplifies the different types of pretreatments. Hydrothermal
pretreatment is a technology that is gaining popularity due to the promising results that can be obtained
and the fact that water is the only solvent used, thus it is considered a green technology. Hydrothermal
pretreatment is the combination of physic conditions as elevated temperature and high pressions, and
chemical conditions as water ionization, that modify the LCM structure by solubilizing the hemicellulose,
removing lignin, decreasing cellulose crystallinity, and increasing cellulose pore size to facilitate the

enzyme access (Zanuso et al., 2017).
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Figure 2.4. Pretreatment technologies classification and examples.

Water is used as the only solvent during the hydrothermal pretreatment, this helps reduce the
environmental impact of the process. Also, compared with acid/alkaline pretreatments, it presents the
advantage of less equipment corrosion. The role of temperature and pressure on the hydrothermal

pretreatment is crucial as the water properties change due to the sub and super critical operation (Ruiz

10
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et al., 2021). The temperature operation range is between 150 and 230 °C and a pressure range of 4.8
- 28 bar (approx.). These conditions promote the water to dissociate into H* and OH- which acidifies the
medium. The acidic conditions benefit the carbohydrates degradation (Ruiz et al., 2020; Sarker et al.,
2021). Consequently, carbohydrates are extracted (from hemicellulosic phase) and fractionated, and two
phases are obtained, where hemicellulose is solubilized and depolymerized into the liquid phase and a

solid-rich in cellulose and lignin can be collected and used as substrate for further bioconversion.

2.2 PROCESS BIOCONVERSION AND LIGNOCELLULOSIC ENZYMES

Established on the fact that hydrolysis is a crucial step on the biorefinery process, its importance
to produce monomers and oligomers from the polysaccharides obtained during the pretreatment is a
topic widely studied. The cellulose hydrolysis can be accomplished via either enzymatic or acid hydrolysis.
However, the ability of acids to degrade sugars has some drawbacks compared with an enzymatic
hydrolysis. For example, during an acid hydrolysis, furan by-products are formed from the degradation of
glucose which are considered as inhibitors for the fermentation (Billés et al., 2017; Cunha et al., 2019).
Besides, acid hydrolysis requires higher equipment maintenance due to corrosion plus additional cost for
correct waste disposal, where enzymes are biodegradable and operate at milder conditions, thus lower

energy consumption is assumed (Aditiya et al., 2016; Barbosa et al., 2020).

Enzymatic hydrolysis is used to hydrolyze and depolymerize polysaccharides obtained from the
pretreated LCM (cellulose and hemicellulose) into sugars for further conversion into a range of by-
products, such as fine chemicals, added value products and fuels (Costa et al., 2020). Numerous factors
affect the efficiency of the enzymatic hydrolysis such as the inhibition of the enzyme by end-products, its
thermal stability, pH, but also substrate related factors namely the cellulose crystallinity and the
accessibility of the enzyme to cellulose (Sun et al., 2016; Zoghlami and Paés, 2019). Regarding the
process of LCM enzymatic hydrolysis there is also the challenge of the insoluble solid substrate. Usually,
for enzymatic hydrolysis of pretreated solids loading strategies vary between 5 — 10% (w/v), but an
increase to at least 12-15% (w/v) has the potential to improve glucose production hence increasing the
economic viability of the process (Pino et al., 2018). In addition, high enzyme costs and low stability
demands constant research on operational strategies to achieve a viable lignocellulosic industrial process

using these biocatalysts (Aguilar et al., 2018b).

11
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2.2.1 Enzymatic hydrolysis at high solid loadings

Enzymatic hydrolysis at high solid loading has been considered as a strategy to improve the process
economics by attaining higher product concentrations and reduce input energy (Weiss et al., 2019). High
solid refers to a loading range of 15% — 30% (w/v) however, increasing the loading is not a straightforward
operation as other complications come to arise. When operating at high solids loading, one of the
preeminent complications is the low amount of free water which trigger other obstacles. These co-related
obstacles due to the water availability constrain include mixing problems (thus the inability for the enzyme
to reach the substrate), heterogenous heat distribution, and high slurry viscosity (Battista et al., 2018;

Shiva et al., 2022).

Commonly, the upper limit to achieve a proper mixing in enzymatic hydrolysis is between 12% -
15% (w/v) as sufficient enzyme-substrate contact can be assured. At higher solid loading, the viscosity
increases, the mixing becomes poor, and dead zones are created (no mixing areas) leading to the
decrease of conversion yields (Weiss et al., 2019). Another obstacle when operating at high solid loading
is the increased production of enzyme inhibitors (Kristensen et al., 2009). To reduce these complications,
different approaches have been studied as fed-batch operation to reduce viscosity, bioreactor design to
improve mass and heat transfer, and rheological characterizations to understand slurry behavior (Afedzi

et al., 2022; Battista et al., 2019; Geng et al., 2015; Lu et al., 2021; Pino et al., 2018).

2.2.2 Key enzymes in lignocellulosic biorefineries

The quest to improve the lignocellulosic biomass hydrolysis is still ongoing. However, the research
to understand the action mechanism, is the basis to achieve a reduction in operation costs. This section
focuses on the characteristics of three key lignocellulosic enzyme complexes, namely, cellulases,
hemicellulases, and ligninases. Furthermore, enzymes as lytic polysaccharide monooxygenases and
cellobiose dehydrogenases have been drawing attention recently, hence a section on these auxiliary

enzymes is also comprised.

2.2.2.1 Characteristics of the cellulases enzymes

Cellulases are a complex system of mainly three groups of enzymes: endo-(1,4)-B-D-glucanase (EC
3.2.1.4), exo-(1,4)-B-D-glucanase (EC 3.2.1.91), and B-glucosidase (EC 3.2.1.21) (Payne et al., 2015).

These enzymes work coactively to convert cellulose into fermentable monomeric sugars by hydrolyzing

12
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their glycosidic bonds, a schematic representation is shown in Figure 2.5. Endoglucanases act randomly
(and preferably) in the amorphous regions of cellulose releasing new reducing/non-reducing ends and
oligomers of different length. Exo-glucanases (cellobiohydrolases) hydrolyze the reducing and non-
reducing ends to release cellobiose, a reducing disaccharide consisting in two molecules of glucose.
Finally, B-glucosidases act on cellobiose to produce soluble glucose monomers (Barbosa et al., 2020).
Nowadays, 7richoderma reesei is one of the most employed microorganisms in the production of
commercial enzymes (Gomes et al., 2015). These cellulolytic cocktails are highly selective and require
low energy inputs as their optimum operational conditions are mild; cellulases optimum temperature and
pH are between 40-55 °C and 4.5-6, respectively. However, the use of cellulolytic enzymes for second
generation biofuels production is still considered expensive (20-30% of the total cost of 2G ethanol
production) despite being a more environmentally friendly hydrolysis process compared, for example,
with sulfuric acid hydrolysis which involves drawbacks as corrosion and glucose degradation (Saini et al.,

2018).

cellulose

amorphous zone

— | D-glucose

cellobiose

(R endo-glucanase

@ exo-glucanase

@ B-glucosidase

Figure 2.5. Simplified scheme of cellulases synergic action to degrade cellulose. (R: Reducing ends, NR: non-
reducing ends).
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2.2.2.2 Characteristics of the hemicellulases enzymes

Hemicellulases comprise different enzymes that synergistically work to degrade hemicellulose. The
global mechanism involves the degradation of xylan to oligomers by xylanases (EC 3.2.1.8), and then to
xylose by B-xylosidases (EC 3.2.1.37). B-mannosidase (EC 3.2.1.25) and arabinofuranosidases (EC
3.2.1.55), as well as other hemicellulases, complement the degradation of the main chain of xylan (Fang
and Qu, 2018; Zhang et al., 2019). These enzymes are widely used in different areas as food and
beverages processing, pulp paper bleaching, wastewater treatment and lignocellulosics bioconversion

(Jampala et al., 2017).

2.2.2.3 Characteristics of the ligninases enzymes

Ligninases consist mainly in laccases (EC 1.10.3.2), lignin peroxidases (EC 1.11.1.14),
manganese peroxidases (EC 1.11.1.13), and versatile peroxidase (EC 1.11.1.16) enzymes that work
synergistically to hydrolyze both phenolic and non-phenolic lignin units (Zhang et al., 2019). Laccases are
enzymes classified as multicopper oxidases, mostly from fungal origin but also produced by bacteria and
found in plants. These enzymes catalyze the oxidation of phenolic compounds by reducing molecular
oxygen into water as by-product. Laccases are considered a “green tool” used in various biotechnological
processes as bioremediation, textile industry, pulp and paper industry, food technology and lignocellulosic
delignification (Rodriguez-Couto, 2018). Specifically for lignocellulosic biomass, laccases are attractive
since they act in lignin-rich substrates modifying the surface morphology of the LCM by degrading the
lignin, thus, obtaining a lignin-free porous material with enhanced cellulose accessibility for cellulases
(Avanthi and Banerjee, 2016). Laccases can reach yields up to 80-90% delignification without the use of
hazardous chemicals (Mayolo-Deloisa et al., 2020). However, the large-scale use of laccases has been
limited due to different factors such as a low redox potential, dependence on substrate chemistry and

enzyme inhibition (Kumar and Chandra, 2020).

2.2.2.4 Auxiliary enzymes

In recent years, a new mechanism was introduced with the discovery of the Iytic polysaccharide
monooxygenases (LPMO) (EC 1.14.99.54, EC 1.14.99.56, EC 1.14.99.-) and cellobiose dehydrogenase
(CDH) (EC 1.1.99.18). These enzymes have been reclassified to the family of auxiliary activities (AA10),
same family as the ligninases, as redox enzymes that act in conjunction with carbohydrate-active enzymes

(Levasseur et al., 2013). LPMO have the potential to cleave and decrystalize the crystalline cellulose, thus

14
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increasing the substrate accessibility for cellulases to act and CDH oxidize cellobiose and other cello-
oligosaccharides and potentialize the action of the LPMO acting as electron donor (Bischof et al., 2016).
The potential of these enzymes is still of great opportunity for research and improve the enzymatic

hydrolysis process.

2.3 ENZYME IMMOBILIZATION

Enzymes are replacing processes where hazardous chemicals are used since they are greener,
more specific, and less pollutant. As the cost of these green biocatalysts remains high on lignocellulosic
conversion, studies on its reduction are essential (Gomes et al., 2018; Ramesh et al., 2020).In this sense,
immobilization has been used as an alternative and promising approach to reduce enzyme costs. To
illustrate the application of enzyme immobilization to produce a variety of high-added value compounds,
Table 2.1 shows, for example, bioactive compounds produced by immobilized cellulase on different
supports able to hydrolyze substrates as orange peel, onion skin extract, olive oil leaf extract, among
others. Different supports and immobilization techniques facilitate the separation of enzymes from the
medium, leading to an enzyme-free product (or minimizing enzyme contamination in the product),
efficient recovery, robust enzyme systems, and longterm operational stability (Gomes et al., 2018;

Sheldon and Woodley, 2018).

Enzyme immobilization has been studied for more than 40 years, but recent developments on
novel materials for enzyme supports, like nanomaterials, engineering surfaces and 3D printed supports,
led to a revival of this topic. These new materials are in constant development to extend their
immobilization efficiency, by providing highly porous structures, ultra-high surface areas, magnetic
properties, stability and extended lifetime (Sigurdardottir et al., 2018). Also, the development of new
techniques due to advances in organic chemistry and molecular biology bring efficient and site-specific

immobilization of enzymes into supports (Homaei et al., 2013).
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Table 2. 1 Immobilized enzymes to obtain added value products and their applications.

Immobilized enzyme system Substrate Product Applications Reference
Xylanase and PB-xylosidase co-immobilized on  Oat spelt xylan Xylobiose Pharmaceutical industry - Beneficial  Maalej-Achouri
chitosan effect on intestinal microbial flora et al., 2009
Cellulase, pectinase and hemicellulase Flaxseeds Flaxseed oil Food industry — Qil with nutritional Long et al.,
immobilized on alginate value 2011

Cellulase and pectinase immobilized on iron Orange peel Carotenoidic pigments Pharmaceutical industry — Bioactive ~ Kumar et al.,
oxide magnetic nanoparticles compound 2016

Hybrid nanoflower of manganese phosphate D-galactose D-tagatose Food and pharmaceutical industry — Rai et al., 2018
and L-arabinose isomerase sugar with low energy content

Cellulase immobilized on magnetic Onion skin extract Quercetin Pharmaceutical and food industry = Kumar et al.,
nanoparticles Bioactive compound 2019

Cellulase and glucose oxidase co-immobilized CMC Gluconic acid Food, pharmaceutical, detergent Zhang et al.,

on graphene oxide and textile industry — Mild acidulant 2019

Cellulase immobilized on porous ceramic Oleuropein from Hydroxytyrosol Pharmaceutical industry - Bioactive ~ Liu et al., 2020
beads olive leaf extract compound

Laccase immobilized on chitosan coated Sweet sorghum Delignified biomass for Biofuel Shanmugam et
Fe.0,@Si0, stover biohydrogen production al., 2020
Xylanase immobilized on calcium alginate 3D  Corn cob Xylooligosaccharides Food and pharmaceutical industry - Jiang et al,

printed support

prebiotic

2020
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2.3.1 Immobilization techniques

Immobilization techniques are mainly divided in four groups, depending on how the enzymes
interact with the support or with each other: adsorption, covalent bonding, entrapment/encapsulation,
and cross-linking, as shown in Figure 2.6. Adsorption is considered a simple low-cost technique. Here,
an enzyme solution is in contact with the support for a certain period where bonds such as dipole-dipole,
Van der Waals forces and electrostatic interactions are formed. Main drawbacks of this method include
the weakness of the bonds and the potential of enzyme leakage when conditions of the media such as

pH, temperature or polarity are changed (Nguyen and Kim, 2017).
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Figure 2.6. Enzyme immobilization techniques with their advantages and limitations

Covalent bonding is widely used for enzyme immobilization as it improves enzyme stability, and
the formed bonds are strong enough to prevent enzyme leakage (Papadopoulou et al., 2019). Covalent
immobilization include amide, ether, thioether, and carbamate bonds. This procedure generally includes
an initial support activation to provide hydroxyl groups on its surface, which reacts with the enzyme
nucleophiles. Glutaraldehyde is commonly used since it provides a longer space between the support and
enzyme. Enzymes might get bonded via the essential amino acids for the catalytic activity, leading to a
decrease in the catalytic activity. On the other hand, a correct orientation can increase the stability of the
immobilized enzyme compared with its free form (Romero-Fernandez and Paradisi, 2020; Tan et al.,

2018). The number of covalent bonds that can be formed depend on the concentration of aldehyde
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groups on the support and on the concentration of amine groups found at the enzyme surface (Maalej-

Achouri et al., 2009).

Immobilization via entrapment consists in the inclusion of the enzyme into a carrier. Entrapment
differs from encapsulation as encapsulation is the containment or separation of the enzyme from the
media by a porous and permeable organic/inorganic polymer (Chapman and Stenzel, 2019; Romero-
Fernandez and Paradisi, 2020). Encapsulation creates a microenvironment that protect the enzymes
against harsh environments, such as those found in lignocellulose hydrolysates due to the presence of
inhibitors. Within the encapsulation technique exist the so-called single enzyme-nanoparticle
immobilization, consisting in the modification of the enzyme surface to synthesize a thin polymer layer
which covers individually each enzyme (Hegedus and Nagy, 2015). This polymer layer, while improving
the thermal and solvent stability of the enzyme, does not hinder its activity neither the diffusion between
the substrate and the enzyme. This is useful even when large substrates as cellulose are used, since the
layer can be adjusted in terms of thickness and porosity (Chapman and Stenzel, 2019; Hegedis et al.,

2012).

Lastly, among the different types of immobilizations there is also the cross-linking technique. This
technique is considered a carrier-free technique as it consists in the formation of enzyme aggregates,
known as cross-linking enzyme aggregates (CLEASs). In this technique, each enzyme acts as support to
each other by forming molecular bonds between the enzymes. However, cross-linking is not considered
a viable alternative for industrial processes as CLEAs are not mechanical resistant and their recovery is

complicated (Ravindran and Jaiswal, 2019).

2.3.2 Enzyme support classification and novel supports

Most of the immobilization techniques involve the use of a support. Supports are mainly divided in
organic and inorganic materials. Classic categories involve metal oxides, minerals and carbon materials
for the inorganic area, and polymers, either synthetic or biopolymers, for the organic category. Common
inorganic materials include silica and oxides as titanium, iron, aluminum, and gold. These materials own
interesting properties such as mechanical resistance, high and porous surface area, and enable a stable
enzyme-support complex (Zdarta et al., 2018). On the other hand, the most used organic supports
comprise chitosan, a polyaminosaccharide, that possess functional groups which facilitate the binding to
the enzyme, alginate, and agarose due to their ability of gelation, carrageenan, collagen and

polyacrylamide, among others (Es, et al., 2015; Verma et al., 2020).
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Organic and inorganic materials have been extensively studied for a variety of enzymes support
and are selected based on the specific application and the properties that benefit the process. Still, novel
technologies and methodologies are constantly emerging, leading to the development of novel supports.
tailor-made, for the requirements of each process. For instance, 3D printers have been used to
manufacture supports with specific properties such as shape and porosity, to enhance the immobilization
strategy (Kazenwadel et al., 2016; Schmieg et al., 2019; Ye et al., 2019). Another example refers to the
so-called smart materials, specifically the stimuli responsive materials, which alter their properties when
exposed to certain conditions such as changes in temperature and pH. Among different properties that
can be altered are volume, weight, hydrophilicity, and porosity (Duan and Zhang, 2017). Further
interesting support is biochar, a product from the pyrolysis process (thermochemical platform) presenting
a high porosity and surface area, making it attractive for enzyme immobilization. To facilitate biochar
recovery, it can be combined with magnetic particles, and by applying an external magnetic field the
biochar can be recovered. Moreover, biochar is a low-cost material since it can be produced from
lignocellulosic biomass, thus, contributing to the biorefinery concept (Mo et al., 2020). Likewise, graphene
oxide has been used as a promising support for enzyme immobilization due to the vast functional groups
and large surface area and, since graphene oxide can be magnetizable, it can facilitate its recovery for

reuse (Paz-Cedeno et al., 2021).

2.4 LIGNOCELLULOSIC ENZYMES IMMOBILIZATION: ADVANTAGES AND LIMITATIONS

Enzyme immobilization has been a research topic in many areas as pharmaceutical, food industry
and biofuels. However, cellulases present added challenges due to the substrate configuration and the
process itself where the product can be an inhibitor factor for the cellulases complex. This part focuses
on the advantages and limitations immobilized cellulases despite many cellulase immobilization reports
do not test their biocatalyst with lignocellulosic biomass, rather authors test their immobilized complex

with synthetic cellulose as Avicel or carboxymethyl cellulose (CMC).

2.4.1 Reducing inhibition

Cellulolytic enzymes face inhibition due to multiple compounds formed from the degradation of
LCM during pretreatment: glucose, cellobiose, mannose, xylose, oligosaccharides, furans, phenolic

compounds, and organic acids (Andri¢ et al., 2010; Berlin et al., 2006; Romani et al., 2014). Despite
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their low concentrations in pretreated biomass, mannose and xylose inhibit exo-glucanases by reducing
their productive binding to the cellulose surface, also tannins and gallic acid (originated from lignin
degradation) inhibit B-glucosidase by causing its deactivation (Kim et al., 2011; Zhai et al., 2018).
Immobilization has proved to overcome some of these inhibition effects by preventing inhibitors to bind
to the active site of the enzyme. This increased resistance to inhibitors may be attributed to the steric
hindrance of the covalent immobilization of the enzyme into the support (Qi et al., 2018). For instance,
Qietal. (2018) compared the cellulase activity of free and immobilized enzymes on a magnetic core-shell
metal-organic support in the presence of 5 g/L of inhibitors (formic acid, furfural, and vanillin). The
authors found that the residual activity of the immobilized cellulases was 16.8% and 21.5% higher than
the free enzymes in the presence of formic acid and vanillin, respectively, but no significant differences
were observed in the case of furfural. In another study, Kumar et al. (2017) used alkali-pretreated paddy
straw as substrate and observed that immobilized holocellulases (cellulases and hemicellulases) on
magnetic nanoparticles complexes had better performance than free enzymes after 24 h of hydrolysis,
possibly because the activity of the free enzymes decreased due to a feedback inhibition by end products.
This increase of tolerance when enzymes are immobilized is also advantageous, for example, to hydrolyze
LCM pretreated with ionic liquids (IL) or with deep eutectic solvents (DES) as enzyme inhibitory effects of
IL/DES components have been reported and to avoid an additional washing step of the material (Romani
etal., 2020; Tantayotai et al., 2019). As an example, Xu et al. (2016) immobilized cellulases on PEGylated
graphene oxide nanosheets and compared them with free cellulases in the hydrolysis of rice straw
pretreated with IL in a final concentration of 15% (w/v) of the IL. During the first 4 h of hydrolysis, the
immobilized enzymes were able to hydrolyze 64% of the substrate, where the free enzymes only achieved
5% of cellulose conversion. In another study using sugarcane bagasse and wheat straw pretreated with
IL (substrate was not washed), cellulases immobilized on magnetic nanoparticles achieved a 3-fold higher

hydrolysis yield as compared with free enzymes (Grewal et al., 2017).

2.4.2 Enhancing enzyme temperature and pH stability

Cellulases activity is highly sensitive to temperature with an optimum temperature between 40-
55°C (Costa et al., 2020). Operation at low temperatures leads to slower reactions and to an increased
risk of microbial contaminations; on the other hand, temperatures above the optimal lead to a decrease
of activity and possible irreversible enzyme denaturation (Gomes et al., 2015). For industrial
lignocellulosic processes, thermal stability of cellulolytic enzymes is relevant as high temperature

facilitates biomass decomposition and the enzyme handling (Payne et al., 2015). One of the most
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common advantages shown by immobilized cellulases is an increase in their thermal stability. For
example, after 120 min of hydrolysis, cellulases immobilized on multiwalled carbon nanotubes showed 2
times more sugars released than the free cellulases, at 70°C (Ahmad and Khare, 2018). In another study,
cellulases immobilized on silica core-shell magnetic nanoparticles lost 4% of their activity after 4 h at
65°C, while 71% of activity loss was observed for the free enzymes (Khorshidi et al., 2016). Also, for
cellulases immobilized on chitosan coated Fe.,O, nanoparticles the residual activity remained at 81.9%,
whereas for the free enzymes only 63.9% of the activity remained after 6 h at 60 °C (Tan et al., 2018).
The loss of activity on immobilized enzymes hence seems to occur in a slower rate comparing to the free
systems. This increase on thermal stability is attributed to the rigid structure of the enzyme due to the

covalent and hydrogen bonds formed after immobilization to the support.

Another advantage of immobilized cellulases is the stability gain in a wide range of pH. The
protonation of functional groups of the enzyme can either favor the catalytic activity or break it down when
one essential group is protonated (Bisswanger, 2014). For instance, at pH higher than 5.0, cellulase has
a decrease on the activity that may be attributed to the stretching and degeneration of the active center
due to electrostatic repulsion between ionic groups of the enzyme in alkaline media (Miao et al., 2016).
This loss in activity is usually less drastic after immobilization and might be attributed to the
microenvironment that surrounds the enzymes, changing the ionization state of their functional groups
and the formation of new intermolecular interactions between the amino acid chains and the support
(Dincer and Telefoncu, 2007; Khoshnevisan et al., 2011; Muthuvelu et al., 2020; Qi et al., 2018). For
example, Wang et al. (2018) reported that cellulases immobilized on styren/maleic anhydride copolymer
nanoparticles were able to maintain 80% of their activity at pH 8.0 against only 16% by the free form. A
recent study from Muthuvelu et al. (2020) also showed that immobilized laccases on copper ferrite
magnetic nanoparticles and ferrite magnetic nanoparticles resisted the harsh range of pH tested (pH
range 3.0-9.0) better than its free form even showing a slightly higher activity. For lignocellulosics
hydrolysis, enzyme stability at low pH values is particularly relevant as, for example, autohydrolysis liquors
are usually acidic, thus, a more stable enzyme would be beneficial to avoid extra washing or neutralizing

steps.

2.4.3 Immobilized enzymes reusability and operation under continuous regime

An immediate advantage of immobilization is the ability to easily recover and reuse enzymes,
while also enabling an enzyme-free product recovery and a reduced end-product inhibition when operating
in continuous mode. This latter feature is particularly useful for large scale applications as it can lower

the overall process cost (Zdarta et al., 2018). The ability to reuse an immobilized enzyme is determined
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by the residual activity after several batches or hours, in case of continuous operation, as shown in Table
2.2. For example, B-glucosidases immobilized on magnetic chitosan microspheres were reused during 8
batches of pretreated corn straw saccharification and maintained 84.4% of their original activity after the
last batch (Zheng et al., 2013). Zang et al. (2014) covalently immobilized cellulases onto chitosan coated
Fe,O, particles and used them to hydrolyze 1% (w/v) carboxymethyl cellulose (CMC) for 24 h during
several batches. After 10 batches it was observed that the activity decreased with the number of batches,
yet 50% remained after the last batch. Here, the utilization of magnetic supports brings the additional
benefit of the easiness of cellulases recovery since the catalyst can be directly separated with an external
magnetic field from the products. In other study using cellulases immobilized on plastic polymer beads
of polystyrene, polypropylene, and polyethylene it was also demonstrated their reusability by 8 repeated
batches in the hydrolysis of CMC, where the activity loss reported was between 3 - 7% of its initial activity
(Ahirwar et al., 2017). In some cases, the hydrolysis of lignocellulosic biomass showed higher yields when
free enzymes were used, however, free enzymes face difficulties for its recovery and reuse, thus it is an
important disadvantage compared with immobilized systems (Saha et al., 2019). Although this inferior

performance by the nanohybrid it should be acknowledged that it can be easily recovered and reused.

Moreover, immobilized enzymes facilitate the implementation of processes operating in a
continuous regime by maintaining enzymes stability for longer periods and reducing enzyme losses. At
large scale, continuous operation is an efficient strategy to improve processes enabling an improved mass
and heat transfer, reduced variability, a simpler down streaming and, specifically for enzymatic hydrolysis
processes, a reduction of end-product inhibition since the products are constantly being removed
(Lindeque and Woodley, 2019; Thompson et al., 2019). For instance, Romero-Fernandez et al. (2018)
immobilized xylanases on a methacrylic polymer-based support and used them for the continuous
hydrolysis of xylan corncob to produce xylooligosacharides in a packed-bed reactor. Immobilized
xylanases enabled process intensification by operating at flow rates high enough to have short residence
time which favor the production of xylooligosacharides and increase the specific productivity of XOS
compared with the batch reactor. In a report by Cardenas-Fernandez et al. (2018) o-L-
arabinofuranosidases were immobilized on an epoxy-functionalized resin and performed the continuous
hydrolysis of sugar beet pectin on a packed bed reactor; after 173 h of continuous operation the overall

reaction yield was maintained at 79%.
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Table 2.2 Immobilized enzyme reusability examples applied in the hydrolysis of lignocellulosic biomass and carboxymethyl cellulose (CMC).

Support Enzyme Substrate Reuses/ Retained activity Reference
Cycles

Magnetic chitosan [-glucosidase Pretreated corn straw 8cycles 32 h  84.4% after last cycle Zheng et al.,

microspheres each 2013

Silica functionalized gold Cellulase from Bamboo chopsticks 4 cycles of 2 84.14% after first cycle Cheng and

nanoparticle Trichoderma reesef powder days each Chang, 2013

Calcium alginate [-glucosidase Hydrothermally pretreated 1 cycle of 72 n/d Tsai and Meyer,

entrapment barley straw h 2014

Silica sol-gel Celulase (Cellucast 1.5 L) Microcrystalline pretreated 9 cycles of 8 h  30% after the last cycle Ungurean et al.,

Fe;0.@silica core-shell
nanoparticles
Magnetic nanoparticles

[ron oxide magnetic
nanoparticles

Fe.0,magnetic
nanoparticles

Chitosan-coated magnetic
nanoparticles

Multiwall carbon nanotube

Cellulase from Aspergillus
niger (Sigma-Aldrich)
Cellulase from
Trichoderma reesie
Cellulase from Alternaria
alternata

Cellulase from
Trichoderma reesie
(Sigma)

Cellulase from
Trichoderma reesie
(Cellucast 1.5 L)
Cellulase from Aspergillus
niger

with IL
CMC

IL pretreated wheat straw
and sugarcane bagasse
Sugarcane bagasse
powder pretreated with
acid

Pretreated bamboo
powder

CMC

CMC

23

each

10 cycles of
60 min each
2 cycles

3 cycles of 24
h each

4 cycles of 24
h each

18 cycles

10 cycles

30% of initial activity after 6th

cycle

63% hydrolysis yield for both
biomass in the second cycle

68 and 52% cellulose to
glucose conversion after
second and 3rd cycle

63 and 38% hydrolysis activity

after second and 4th cycle

Maintained 80% of its activity

for 15 cycles

75% after sixth cycle

2014

Khorshidi et al.,
2016

Grewal et al.,
2017

Ingle et al., 2017

Jiaetal, 2017

Sanchez-Ramirez
etal., 2017

Ahmad and
Khare, 2018
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Support Enzyme Substrate Reuses/ Retained activity Reference
Cycles

Polyurea microspheres Cellulase from Aspergillus CMC 8 cyclesof 1 h  75% of initial activity Suietal., 2019
niger each maintained after 8 cycles

Chitosan coated magnetic Cellulase from CMC 8 cycles 49% of its initial activity after Asar et al., 2020

graphene Trichoderma reesef 8th cycle

Activated magnetic Cellulase CMC 10 cycles 30% after 10th cycle Abraham and

nanoparticle Puri, 2020

Graphene oxide reinforced Cellulase (PersiCell) CMC 6 cycles 51% activity after four cycles Ariaeenejad et

hydrogels al., 2020

Magnetic nanoparticles Cellulase from A. Pretreated rice straw 4 cycles 78.6 % and 50.34% after Kaur et al., 2020

Magnetic nanoparticles
from bacteria mediated
synthesis

Magnetic graphene oxide

fumigatus
Cellulase from
Trichoderma viride

Cellulase (Cellic CTec?2)

CMC

Pretreated sugarcane
bagasse

3cyclesof 1 h
each

10 cycles of
24 h each

second and 4th cycle
80% after 3rd cycle

72% after first cycle and stable
from 6-9th cycle at 27%.

Desai and Pawar,
2020

Paz-Cedeno et
al., 2021
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2.4.4 Mass transfer limitations

Specifically for the case of LCM enzymatic hydrolysis, mass transfer becomes an issue as cellulose
is a large polymeric substrate and high solid loads are needed for a viable process (Minteer, 2016).
Therefore, enzyme immobilization via entrapment or encapsulation may not be a suitable strategy due to
the limited accessibility of the LCM (range size 0.1-5 um in diameter) to pass through the membrane
pores (~200 nm for alginate beads). In fact, in a previous study from Ungurean et al. (2014) the authors
demonstrated the possibility of hydrolyzing poplar biomass, previously pretreated with IL, using cellulases
immobilized onto a sol-gel but observed a lower saccharification using the immobilized cellulases
compared to the free enzymes, possibly due to the resistance of the substrate (with a high molecular
weight) to pass through the pores of the silica sol-gel matrix. A recent study from Jiang et al. (2020)
reported the immobilization of xylanases in calcium microspheres using 3D printing technology to produce
xylooligosacharides from corn cob. The authors observed that after 4 h of reaction, free xylanases had a
faster reaction rate than the immobilized enzymes, attributing this result to the limited diffusion of the
substrate causing mass transfer resistance. Nonetheless, at the end of the reaction after 72 h, the
xylooligosacharides production was greater with the immobilized xylanases, laying on the fact that free

xylanases were unstable over time.

A major limitation found on studies addressing cellulases immobilization is that most of them use
synthetic cellulose, such as microcrystalline cellulose or carboxymethyl cellulose, as substrate to test the
immobilization systems, with only few performed with pretreated LCM as substrate. The use of
microcrystalline cellulose enables an easier mass transfer when comparing with using real LCM
substrates, since it has a uniform particle size in the range of 20 — 200 um. Jia et al. (2017) studied the
hydrolysis of pretreated bamboo powder (177 um) using magnetic cross linked cellulase aggregates and
various concentrations of pretreated solid. The highest hydrolysis yield was achieved when a low biomass
concentration (0.075%, w/v) was used, reaching 44% of conversion with free enzymes and only 21% with
the immobilized cellulases. This limitation was attributed to the poor diffusivity of the cross linked cellulase
aggregates and to the fact that bamboo is hard to hydrolyze due to its rigid structure. Similarly, Ingle et
al. (2017) studied the hydrolysis of sugarcane bagasse powder, pretreated with acid, employing
immobilized cellulases on iron oxide magnetic nanoparticles at different temperatures (27, 40, 50 and
60 °C) and performed three consecutive cycles of 24 h. At 40°C they achieved a cellulose to glucose
conversion rate of 72%, 68% and 52% for each cycle, respectively. However, comparing the first cycle with

the free enzymes system, the conversion achieved was higher for the free cellulases. Porous materials
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provide larger superficial area for enzymes to be immobilized, however, when enzymes are immobilized
on a porous material, the porous design and size must be related with the enzyme molecular size to
optimize the adsorption capability (Chen et al., 2017). Also, the inner part of the pore creates a
microenvironment different from the surface that affects the flexibility of the enzyme (Mo et al., 2020).
To overcome these effects on enzyme immobilization, Mo et al. (2020) suggested supports with a large
specific area and improved open pore structure to provide more sites for enzyme immobilization. An open
porous structure, besides providing more area for the enzyme to absorb, also facilitate the substrate to

reach the enzyme.

2.5 BIOREACTORS TECHNOLOGY FOR ENZYMATIC HYDROLYSIS

Reactor selection for the enzymatic hydrolysis step can be a strategy to enhance the process.
Traditional reactors as stirred tank bioreactor (STBR), horizontal tubular bioreactor, airlift bioreactor,
among others, had been used for the enzymatic hydrolysis process, sometimes with improvements on
impellers or energy consumption. The constant development on both enzymes and reactors has brought
alternative bioreactor strategies, these includes magnetically stabilized bioreactors or the application of
novel reactors as oscillatory flow reactors. However, the core challenge is still the complexity of the

enzymatic hydrolysis process.

2.5.1 Bioreactors for immobilized enzyme complex

While immobilization has for long been used on an industrial context (either for microorganisms or
enzymes), the immobilization of cellulases for the hydrolysis of lignocellulosic materials represents though
a new and especial challenge. The utilization of insoluble solids imposes serious limitations over the
immobilization techniques as particles dimensions hinders an efficient penetration through low-diffusion
systems, such as encapsulated enzymes (Jargensen and Pinelo, 2017). Additionally, the fact that some
of these materials have a low density and, in some cases, a high water-retention capacity usually results
on high viscosity suspensions, which may lead to rheological issues and mixture problems (Koppram et
al.,, 2014). These and other issues not only raise important challenges in the selection of the
immobilization technique but will also dictate the design of industrial-scale reactors for their

implementation.
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Industrial scale cellulases immobilization may be applied under two distinct main paradigms. The
first one refers to operating under a batch regime, being the enzymes recovered at the end of the batch
and recovered/recycled into a new batch, resembling the traditional recycling of yeast cells usually
conducted on brewing or bioethanol industries (these, however, do not rely on immobilization); this is the
approach most frequently studied on literature (Berbegal et al., 2019; Genisheva et al., 2014; Pires et
al.,, 2012). On the other hand, continuous regime operation, allows not only to reduce enzymes
consumption but also a constant product removal, reducing possible effects of end-product inhibition.
The latter one will naturally be more challenging as the catalyst needs to be continuously contained inside
the reactor, which implies selective enzyme retention, as shown in Figure 2.7. Because of the aspects
mentioned above, studies specifically addressing the enzymatic hydrolysis of lignocellulosic residues with
immobilized cellulases on a reactor are almost inexistent; few works exist referring to the utilization of
CMC (Abraham et al., 2014; Gebreyohannes et al., 2018; Melander et al., 2005; Sui et al., 2019) but
these does not pose the challenges of traditional LCM. Here is important to clarify that the utilization of
membrane bioreactors (MBR), which mainly intends to selectively retain enzymes, refers to a distinct

concept of enzymes retention, and not immobilization.

Enzymatic hydrolysis
Product + enzyme
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Figure 2.7. Different reactor strategy for enzymatic hydrolysis.
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2.5.1.1 Magnetic-based bioreactors

The utilization of magnetic supports for enzyme immobilization enables the easiest and most direct
way to recover enzymes. Using a traditional stirred tank reactor on a batch regime, and assuming a very
favourable scenario where the solid is completely hydrolysed (which would imply total solubilisation), the
enzyme-support complex may even sediment if their density allows it (for example, Fe,0, nanoparticles
density is 4.8-5.1 g/mL), being the final medium easily removed from a superior withdraw point. This,
however, seems to not correspond to the traditional incomplete hydrolysis of LCM, with ranging levels of
unconverted holocellulose and other “inert” components, such as ash and lignin (Gomes et al., 2016).
Using the solid sediment on this case would lead to a build-in of lignin during the process, with a
consequent increase of the mixture viscosity and non-productive binding of cellulases. However, the
application of an external magnetic field at the end of the process can effectively separate the enzymes

from the final medium, but also from the spent solid (Roth et al., 2016).

Under a different paradigm, the operation on a continuous regime brings additional challenges. To
maintain steady levels of enzyme activity over time, a proper magnetic field is required during operation,
which will avoid cellulases “wash-out” by counteracting the drag force of the bed. The most studied
reactor design in this context is a magnetic fluidized-bed reactor. With the suitable application of a
magnetic field along the reactor it is possible to exert some control over the velocity of the bed, while
avoiding considerable pressure drops associated to packed-bed reactors (Sada et al., 1981). This type of
equipment was recently reported by Cui et al. (2018), where the authors immobilized cellulases on Fe,0,
describing their operation on a new magnetic three-phase fluidized bed reactor. The magnetic fluidized
bed was achieved through Helmhotz coils placed along the extension of the bed column; complementing
the fluidized bed, the output stream was processed through an ultrafiltration unit, enabling to recirculate
both solids and “washed” cellulases back to the reactor. The authors observed that the type of magnetic
field was determinant for the activity of the immobilized enzyme with a pulsed field enabling the highest
levels of activity during operation (23.3 Ul/g), which was obtained for a given intensity of the magnetic
field (1.5 kA/m). Referring to a similar reactor design, Al-Qodah et al. (2015) addressed an interesting
aspect concerning the characteristic of the magnetic support. According to the authors, the high minimum
fluidization velocities usually required for high-density magnetic supports are not compatible to the low
rates of biological reactions, such as those conducted by enzymes, hence requiring superior residence
times. Therefore, the authors studied the utilization of different low-density magnetic supports for cells

immobilization on magnetically stabilized beds. Hydrodynamic tests confirmed that these innovative
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supports had lower minimum fluidizations velocities, which means a higher residence time, and attained

a higher expanded bed.

2.5.1.2 Non-magnetic based bioreactors

The utilization of non-magnetic immobilization supports brings new challenges to the reactor
design. The retention of enzymes within the system boundaries would necessarily require either a barrier
to avoid their escape (e.g., membrane), their binding to a physical surface, their containment in a given

space, or a combination of these.

Regarding the employment of a barrier and in what refers to one of the few studies employing real
LCM, Cheng and Chang (2013) developed a system for the continuous hydrolysis of waste bamboo
chopsticks with cellulases immobilized on silica functionalized gold nanoparticles. The equipment was
constituted by a common stirred tank reactor where fresh substrate was continuously fed while a volume
of media was being removed by a port with a filter/sieve attached, which according to the authors seems
to avoid the loss of silica-immobilized enzymes. As previously mentioned, this concept must be
distinguished from the exclusive utilization of membrane systems without immobilization; those require a
finest filtration, usually achieved with membranes with a 10-30 kDa cut-off. Another example of
membranes-immobilization synergism refers to the work of Nguyen et al. (2015) where the authors
prepared cellulase aggregates, which they posteriorly trapped inside PES membranes to continuously
hydrolyse CMC while retaining cellulase aggregates. According to the authors, for values of feeding flow
equal or below to 0.1 mL/min the membrane was able to retain 86% of enzymes aggregates. Moreover,
the continuous withdraw of the product avoid the enzyme inhibition, thus, increasing the process

efficiency compared with a batch operation.

On a different approach, immobilized enzymes can be also contained using a packed-bed reactor
where the catalyst is packed on a specific part of the reactor while the substrate solution passes through
the bed. This particular configuration presents specific advantages when working with an immobilized
biocatalyst since it avoids the possible damage caused by mechanical mixing, it can be easily scaled-up
and is suitable for continuous operation (Cardenas-Fernandez et al., 2018). Even though packed bed-
reactor represents one of the most used reactor designs in chemical engineering, or even for biological
processes, it presents however some important limitations. The most obvious in the context of LCM
hydrolysis is that is not suitable for media with suspended solids, as solids can easily accumulate at the

front of the bed, leading to its blockage and consequent higher pressure drops (Karube et al., 1977).In
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fact, studies referring to the utilization of cellulases/hemicellulases immobilized on a packed-bed reactor
and using suspended solids are very scarce. For example, an early study by Venardos et al. (1980)
reported the immobilization of B-glucosidase on a packed bed reactor but the substrate used was a
cellobiose solution. Liu et al. (2020) described the utilization of Cellic CTec2 immobilized on a packed-
bed reactor for the hydrolysis of oleuropein in olive leaf extracts. Overall, the authors obtained a good
maintenance of process efficiency during 20 consecutive batches with a substrate concentration of 20
g/L of leaf extract. On a recent study by Romero-Fernandez et al. (2018) the authors implemented a
continuous process of xylan hydrolysis into XOS by a xylanase immobilized on a packed-bed reactor,
however, the substrate solutions corresponded to a 4% solution of purified xylan from corncob. Worth also
to mention the rise of new reactor configurations such as the rotating bed reactor (Pithani et al., 2019);
these, however, have still been poorly studied in the context of solids hydrolysis using immobilized

catalyst.

One last reactor configuration in the immobilized catalyst condition is the traditional fluidized bed-
reactor in which the immobilized enzymes are “eluted” by the flow of liquid, forming an expanded bed.
In a context of solids hydrolysis, this should represent a more viable option since solid particles have a
higher mobility through the bed, avoiding the blockage of the bed. On the other hand, this superior mobility
can also lead to a higher catalyst loss when operating on continuous mode; immobilization on larger
particles supports (e.g., alginate beads) would be beneficial for this reactor configuration, but these low-
diffusion materials are normally incompatible with the conversion of insoluble solids. As for the packed-
bed reactor, despite the wide utilization of this reactor configuration for many decades now, their utilization
on the hydrolysis of real LCM has almost not been studied so far. One of the few studies employing a
cellulosic substrate refers to an early work by Karube et al. (1977) on the hydrolysis of Avicel by cellulases
immobilized on a fluidized bed reactor. The fluidized bed was composed by cellulases entrapped on
collagen beads, while the substrate was a 0.33% Avicel solution. Comparatively to the free cellulases,
immobilized enzymes presented a more constant but also a slightly inferior hydrolysis rate in the first 100
h, possibly explained by some mass transfer limitations resulting from enzymes entrapment. For superior
hydrolysis times the immobilized system became more interesting as the hydrolysis rate remained

constant, while it considerably decreased for the free cellulases.
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2.5.2 Oscillatory flow bioreactors

Oscillatory flow reactor (OFR) is a type of reactor configuration that consist in a tube with equally
spaced plates or baffles were a superimposed oscillatory motion that cause specific flow patterns which
relate to an increase of heat and mass transfer efficiency (Stonestreet and Harvey, 2002). Considering
the features this type reactor offers (Figure 2.8), it has been used in a wide type of operations such as
fine chemicals, wastewater treatments, pharmaceuticals, and biological operations. The OFR design is
mostly equipped with a heating jacket and an oscillatory device. OFR becomes interesting for industrial
continuous operations as the net flow rate is independent of the mixing, thus longer residence time can

be attained at lower flow rates and compact designs (Bianchi et al., 2020).

OFR Key features

* Wide range of applications

* High mass and heat efficiency
% Uniform and controlled mixing
* Variable oscillation intensity

* Batch or continuous operation

* Straightforward scale-up

Figure 2.8. Summary of oscillatory flow reactor key features

The specific flow patterns that occur when oscillation is applied in OFRs creates vortices which
improve the radial and axial mixing. These motion inside the reactor assure a well-mixed regions between
each baffle ensuing the behavior to relate to a series of stirred tank reactors (Masngut et al., 2010). OFR
variables that affect the radial mixing are the oscillation frequency (7), amplitude (x,), reactor diameter (d
), baffle spacing (L), baffle internal diameter (a,), and the fluid’s rheological properties (Reis et al., 2005).
The intensity mixing is commonly dictated by the oscillatory Reynolds number (Ae) and the Strouhal
number (S¢) which can be used as primary parameters reference (Sern et al., 2012). The mixing intensity

on the tube is described by the oscillatory Reynold number defined as the equation (eq. 2.1):

2nfxodp

Req eq. 2.1
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Where p is the solution density and p is the viscosity of the solution. The Reis used to define the
mixing intensity in the OFR. The Strouhal number describes the effective propagation of the vortices

through the oscillation amplitude and the tube diameter and is defined as the following equation (eq. 2.2):

St =

eq. 2.2

41X

Regarding the use of OFR in bioprocesses, it represents an interesting reactor configuration
compared to traditional reactor configurations. An example regarding the improved mass transfer in OFR
is an early proof-of-concept study realized by Reis et al. (2006) where they reported an increase on S.
cerevisiae biomass growth of 83% compared with a STBR and 214% when compared to shake flask. They
related the increment in biomass growth to the enhanced mass transfer achieved in the reactor. Another
highlighted advantage in OFR is the low and uniform shear rates which is beneficial as some enzymes
and microorganisms are sheer-sensitive due to their relative fragility and possible inhibition by high shear
rates (Afedzi et al., 2022; Da Silva et al., 2020). Reports can be found where higher ethanol production
was achieved in OFR compared with stirred tanks and the improved performance is associated to the
shear reduction for both the enzymes and yeasts (lkwebe and Harvey, 2020, 2015). Furthermore, as the
dynamic parameters that dictate the behavior of the axial and radial mixing are based on the Reynolds
and Strouhal number, and both numbers are dimensionless, the scale-up becomes ease by maintaining
those parameters and the geometric features of the reactor (the relation of baffle spacing and open area)
constant (Ahmed et al., 2017; Bianchi et al., 2020). Despite the straightforward scale up OFR offers,
there are some constrains when using this reactor strategy. Regarding the design, the scale-up can cause
pressure drops due to frictional losses and long reactor lengths needed (up to meters) (Abbott et al.,
2013). Withal, there is still nowadays some knowledge-gaps as most of the research dedicated to OFR
focuses on single-phase systems and the optimal operation conditions may not fulfill more complex
systems operations, hence, the appropriate flow conditions must be adapted to the application,

characteristics and objective of the process (Avila et al., 2021).
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ABSTRACT

Biorefinery comprise the application of processes and technologies to biotransform biomass
efficiently and lessen the process cost. Enzymatic hydrolysis is a key process in the sugar platform to
transform lignocellulosic biomass into monomeric and oligomeric sugars by using cellulolytic enzymes. A
strategy to reduce cellulose costs is by immobilizing the enzymes which simplifies the biocatalyst recovery.
For this strategy, the immobilization carrier plays a great role as it should fulfill the demands such as
bonding availability, surface area, and magnetism / non-magnetism. This chapter is focused on the
cellulase cocktail immobilization into chitosan-coated magnetic nanoparticles, which reached an
immobilization of 65 mg,... per g of support. The biocatalyst was stable at 4 °C after 30 days maintaining
80% of the initial activity, and could be reused up to 13 cycles maintaining 48.8% of the initial activity.
Also, pretreated corncob was used as the substrate to evaluate the hydrolysis potential of the immobilized
cellulase and its reusability, thus, validating the capacity of immobilized cellulase cocktails to hydrolyze
real lignocellulosic substrates, a step-forward to its implementation in lignocellulosic biorefineries, enzyme

immobilization technology, and contributing to reduce the process cost.
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3.1 INTRODUCTION

Biorefinery challenge to use biomass in a cost-effective manner through biological processes is a
worldwide affair. One of the main challenges in lignocellulosic biorefineries (also known as second
generation) is the enzymatic hydrolysis to fermentable sugars of the pretreated biomass (Gomes et al.,
2021). This is a key step as the concentration of sugars obtained during the hydrolysis dictates the final
ethanol production or alternative target compounds production (Baptista et al., 2021; Cunha et al.,
2020b). Cellulases are a system of enzymes that work synergistically to hydrolyze the cellulose from
pretreated lignocellulosic biomass (Pino et al.,, 2019; Ruiz et al., 2012). Hurdles of the enzymatic
hydrolysis include the differentiate composition of feedstock and the instability and high price of the
cellulolytic enzyme cocktail needed. Regardless of this, enzymatic hydrolysis is advantageous compared
to acid hydrolysis as it is a low consumption energy process and causes no equipment corrosion (Barbosa

et al., 2020).

Pretreatment facilitate to reduce the natural recalcitrant characteristic of lignocellulosic biomass
by breaking down into its components (Kumar et al., 2020). In this sense, the integration of hydrothermal
pretreatment, which involves the use of water under high temperature (150-230 °C) and pressure (approx.
4.8-28 bars), results in a pretreated lignocellulosic solid fraction - rich in cellulose - and the hemicellulose
is depolymerized and solubilized on the liquid fraction (Chen et al., 2017; Zanuso et al., 2017).
Hydrothermal pretreatment has been acknowledged as a strategic operation which impacts positively on
the enzymatic saccharification by increasing the enzymatic susceptibility towards the pretreated

lignocellulosic solid (Ruiz et al., 2021, 2020).

Research on enzymatic hydrolysis is essential not only from the biological aspect but also from
the economic and environmental perspective. As reported in techno-economic analyses found in
literature, the cellulolytic enzymes represent a significant cost value that is directly reflected on the ethanol
final price (Larnaudie et al., 2019; Liu et al., 2016; Rijn et al., 2018). The enzyme cost contributes around
15% to the overall cost of an operating biorefinery, being the second largest contributor after feedstock
(Boakye-Boaten et al., 2017). Moreover, life cycle assessment studies show that the enzyme dosage in a
biorefinery process largely contributes to the global warming impact (GWI) varying form 2.8-16 g CO,eq/g
enzyme, corresponding to 11-62% of the GWI of ethanol production (Papadaskalopoulou et al., 2019).
These impacts and costs can be reduced by enhancing the use of enzymes and/or by recycling (Gomes
et al., 2021, 2015). The economic viability of integrating a cellulases recycling system on bioethanol

production has been studied and revealed a superior economic output, still, highly sensitive to the cost
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of enzymes and ultrafiltration membranes (Aguilar et al., 2018).

The motive and challenge of second generation biorefinery to generate high-quality products
through less pollution process that achieve industrial cost target drive researchers to consider
technologies that improve the enzymatic hydrolysis, decrease the use of cellulolytic enzymes, and develop
process configurations that boost the enzymatic efficiency (Aguilar et al., 2018; Oliveira et al., 2018; Pino
et al., 2018; Singh et al., 2019). The benefit of enzyme immobilization for lignocellulosic bioconversion
relies on the ease separation of the biocatalyst for its reuse, the storage stability as well as the stability
gain in a wide range of temperatures and pH and against hydrolysate inhibitors (Abraham and Puri, 2020;
Grewal et al., 2017; Qi et al., 2018). Still, the hydrolysis of real lignocellulosic substrates by immobilized
enzyme cocktails faces specific challenges that only few works have addressed hindering its application

in lignocellulose biorefineries (Zanuso et al., 2021).

Recently, several studies have demonstrated the successful cellulase immobilization onto
different magnetic supports as magnetic graphene oxide, magnetic nanotubes, magnetic porous biochar,
among many others (Mo et al., 2020; Paz-Cedeno et al., 2021; Sillu and Agnihotri, 2020). Magnetic
supports hold the advantage of ease separation by applying an external magnetic field compared with
other separation methods as filtration or centrifugation (Zang et al., 2014). Also, the separation operation
can be done without interfering with the media, thus the contamination risk is decreased. However, there
are still gaps to be filled about the immobilization of cellulase onto magnetic supports, mainly on the
immobilization mechanism and the effect on the enzyme during the process, especially when enzyme
cocktails are used, but also the applications on real substrate due to the challenge it implies. Corn cob
processing green technologies such as autohydrolysis and enzyme saccharification are widely studied not
only for its conversion to ethanol but also to added-value compounds such as xylitol and resveratrol
(Aguilar-Reynosa et al., 2017; Baptista et al., 2020, 2018; Costa et al., 2021). Thus, the study and
application of immobilized enzymes in hydrothermally pretreated corn cob is key for the advance of these
valorization processes and will impact other lignocellulosic biomass-based processes. Also, leaning on
the nature of corn cob being a dense and uniform lignocellulosic material with high energy content and
low moisture, it can be considered as a model biomass (Anukam et al., 2017). In this work, as shown in
Figure 3.1, a cellulases cocktail was immobilized on chitosan coated magnetic nanoparticles and the
mechanism and reactions that took place are explained. Afterwards the physico-chemical and biological
characterization of the immobilized cellulase was done to discern the behavior of the immobilized
cellulase and its capability to be reused. Finally, an enzymatic hydrolysis assay using the immobilized

cellulase on hydrothermally pretreated corn cob was carried out where free enzyme was used to compare
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the glucose production and saccharification rate along the hydrolysis.

Physico-chemical Bi”diﬂglefﬁde”cy
Fe304chitosan coating and o Morphology :
characterization
functionalization FTIR-ATR
Cellic CTec2 Enzymatic activity
. S Biological characterization Stability
immobilization -
Reusability
Immobilized enzyme on Enzymatic
MNP support Lignocellulosic hydrolysis saccharification of

hydrothermally
pretreated corncob

Figure 3.1. Schematic representation of the methodology followed in this chapter, characterization
techniques used and the enzymatic hydrolysis.

3.2 EXPERIMENTAL METHODS

3.2.1 Chitosan coating and glutaraldehyde activation

Fe,0, magnetic nanoparticles (MNP) (50-100 nm; Sigma-Aldrich) were mixed in NaOH 1 M,
vigorously shaked and sonicated. Then, a solution of 5 g/L of chitosan in acetic acid 1% (v/v) was
prepared and stirred until chitosan was completely dissolved. The chitosan solution was added to the
MNP suspension in a 1:1 ratio (v/v) so that the chitosan coated the Fe,O, nanoparticles. Afterward, the
nanoparticles were magnetically separated and washed three times with ultrapure water. The chitosan
coated MNP support was activated using glutaraldehyde (GA). For this, the support was added toa 2.5 %
(v/v) solution of GA and incubated at 30 °C for 2 h at 150 rpm (Zang et al., 2014).

3.2.2 Cellulase cocktail immobilization

The activated MNP were magnetically separated and washed thrice with ultrapure water to
remove unreacted GA. Subsequently, in conical tubes, 10 mg of activated MNP were mixed with a citrate
buffer solution (0.1 M) containing 10 mg of cellulase cocktail protein per mL (Cellulase, enzyme blend
[Cellic CTec?2]; Sigma-Aldrich) and incubated at 30 °C for 2 h at 150 rpm (Zang et al., 2014). To test the
enzyme-particle saturation, the same immobilization procedure was carried out but adding different

enzyme loading (10, 50 and 100 mg of cellulase cocktail).
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3.2.3 Physico-chemical characterization of MNP

3.2.3.1 FTIR-ATR characterization

In order to confirm the immobilization of the cellulase cocktail onto the support through
characteristic functional groups, Fourier transform infrared spectroscopy - attenuated total reflection
(FTIR-ATR) (Bruker ALPHA 1I's) was performed. The spectra were recorded in a scanning range of 400-
4000 cm* (Hoarau et al., 2017). The functional groups related with the enzyme are amide | (C=0) and

amide Il (N-H and C-N).

3.2.3.2 Microscopic morphology

The microscopic morphology of bare nanoparticles (Fe,0.), Fe,O.coated with chitosan and the
immobilized cellulase was evaluated by transmission electron microscopy (TEM) using JEOL (JEM 2100
- HT - 80-200 kV LaB6 gun, JEOL Ltd, Japan) and scanning electron microscope (SEM) using a desktop
scanning electron microscope (Phenom ProX with EDS detector [Phenom-World BV, Netherlands]). For
TEM, the images were digital recorded using an UltraScan® 4000 CCD camera (Oneview, Gatan, USA).
Samples were deposited onto grids coated with an ultrathin carbon film (400 mesh, approx. grid hole size
of 2 um, PELCO®, TED PELLA INC., USA) and dried at room temperature for 24 h. Later micrographs
of the samples were taken (Azevedo et al., 2020). For SEM, the immobilized cellulases were added to
aluminum pin stubs with electrically conductive carbon adhesive tape (PLECO Tabs ™) and dried for 24

h. Samples were imaged without coating.

3.2.4 Biological characterization of the immobilized cellulase cocktail

3.2.4.1 Binding efficiency

The binding efficiency was calculated by subtracting the protein content in the supernatant after
immobilization to the protein content of the solution added (Tan et al., 2018). The protein concentration
content in the enzyme cocktail was determined according to the Bradford method (Bradford, 1976). The

protein content of the crude cellulase cocktail was 62.5 mg/mL.

3.2.4.2 Enzyme activity determination and acetic acid tolerance

The FPU activity of cellulase enzyme was determined by the filter paper assay following the NREL

protocol (NERL/TP-510-42628). The activity of the enzymatic cocktail was 120 FPU/mL. The above result
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indicates the commercial enzymatic cocktail was in high quality and suitable for further immobilization
experiments. In order to avoid the limitation of the immobilized enzyme to act on the paper string used
in the common filter paper assay, as recommended by Qi et al. (2018), the immobilized enzyme activity
was measured using microcrystalline cellulose (Avicel PH-101) under the same reaction conditions. In
this modification, one unit (U) is defined as the amount of immobilized protein (in mg) on the support
that releases 1 umol of equivalent glucose under assay conditions. Following the immediate separation
of the immobilized enzyme using an external magnetic field, the released sugar was measured using DNS
with glucose as standard (Miller, 1959). To test the tolerance of the immobilized enzyme in the presence
of acetic acid, an hydrolysis using CMC 1% (w/v) as substrate, at 50 °C per 1 h, and 5 g/L of acetic acid
was performed. The amount of immobilized enzyme was 5 mg of MNP support, and it was compared
with free enzyme using the same correspondent amount in terms of protein (Qi et al., 2018). The glucose

produced was measured using DNS with glucose as standard (Miller, 1959).

3.2.5 Storage stability and reusability of immobilized cellulase cocktail

For the storage stability assay, the immobilized enzymes were stored at 4 °C for 30 days. Activity
was measured on day 1 and after 30 days to determine the remaining activity. To test the reusability of
the biocatalyst, several hydrolysis cycles were performed for 1 h at 50 °C using CMC 1% (w/v) as
substrate. After each reaction cycle, the enzyme was separated using an external magnet, washed with
buffer, and added to fresh substrate to start a new cycle (Asar et al., 2020). Glucose was measured using

DNS with glucose as standard (Miller, 1959).

3.2.6 Hydrothermal pretreatment of corn cob

Corn cob was provided from a producer of the north region of Portugal. Hydrothermal
pretreatment conditions were selected based on previous work reported by Cunha et al. (2020a).
Pretreatment was carried out using a 2 L stainless steel reactor (Parr Instruments Company) equipped
with a PID temperature controller (Parr 4848 Reactor Controller). Corn cob pretreatment conditions were
as follow: liquid-to-solid ratio of 4 (4 g distilled water/1 g of dry oven corn cob) in a non-isothermal regime
with T,.,=211 °C equivalent to a severity of log R=~ 3.95 (Overend and Chornet, 1987). The untreated
corn cob composition was as follows: (g per 100 g of DW) 28.79+1.45 of glucan, 29.63+0.45 of xylan,
3.62+0.13 or arabinan, 2.58+0.05 of acetyl groups and 18.58+0.87 of Klason lignin (Cunha et al.,

2020a). The chemical composition of the corn cob solid fraction after pretreatment was determined
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according to the National Renewable Energy Laboratory protocols (Sluiter et al., 2008) and the results
were as follows: (g per 100 g of DW) 61.17 + 0.39 g of glucan, 6.33 £ 0.17 gof xylan, 19.74 + 0.26 g
of Klason lignin, 0.29 + 0.00 g of arabinan and 0.56 + 0.21 g of acetyl groups. This fraction was used
as substrate in the enzymatic saccharification step using free (as control) and immobilized cellulase

cocktail.

3.2.7 Enzymatic saccharification of hydrothermally pretreated corn cob

For the enzymatic kinetic assay, 20 mL of a 5% (w/v) suspension of pretreated corn cob was
added to 50 mL Erlenmeyer flasks. Experiments were run in triplicate and incubated at 50 °C, 180 rpm,
in citrate buffer 0.05 M (Aguilar-Reynosa et al., 2017). The enzyme loading was the same in terms of
protein for the free and immobilized assays. The saccharification yield was calculated following the

equation 3.1 (Ruiz et al., 2012):

[Glucose]

Saccharification yield (%) = 1111/ [Biomass]

-100 eq. 3.1

Where [Glucose] is glucose concentration (g/L), 1.111 is the conversion factor of cellulose to
equivalent glucose, fis the cellulose fraction in dry biomass (g/g) and [Biomass] is dry biomass
concentration at the beginning of the enzymatic saccharification (g/L). Samples were withdrawn each 24
h, centrifugated for 5 minutes and the supernatants were analyzed for glucose quantification using HPLC.
For HPLC analyses, a Bio-Rad Aminex HPX-87H column was used operating at 60 °C with a flow rate of

0.6 mL/min and 0.005 M H,SO, as mobile phase coupled with a Knauer-IR refractive index detector.

To test the reusability using hydrothermally pretreated corncob, a concentration of 1% (w/v) was
used to facilitate the magnetic recovery. Enzymatic hydrolysis was carried out at the same conditions of
the kinetic assay. The reaction was kept during 48 h without sampling to avoid disturbing the
homogenization of the reaction. After 48 h, the slurry was recuperated and magnetically separated. The
immobilized enzyme was rinsed once with 0.05 M citrate buffer. Subsequently, the fresh substrate
resuspended in buffer was added. The collected slurry after each batch was centrifugated for 5 minutes
and the supernatant was stored for glucose quantification using HPLC at the same conditions of the

kinetic assay.
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3.2.8 Statistical analyses

A statistical analysis on the values of the glucose yield over each cycle where the immobilized
enzyme was reused was carried out using a one-way ANOVA. Tukey pairwise comparison was used to
determine the significance difference between cycles. Also, a t-test for the saccharification rate of corn
cob using free and immobilized cellulase cocktail was applied to probe the significant difference between

rates. Differences were considered statistically significance at p < 0.05. Minitab 16 software was used.

3.3 RESULTS AND DISCUSSION

3.3.1 Cellulase cocktail immobilization

The Fe;O, nanoparticles have gain interest in enzyme immobilization research due to
advantageous properties as superparamagnetism and low toxicity. Fe;O, are usually coated or
functionalized to provide functional groups that favor the bondage to the enzymes (Li et al., 2008). In this
work, chitosan was used as polymeric shell and the immobilization procedure applied is presented in
Figure 3.2. Chitosan was chosen due the amino groups that allow the enzyme to bond covalently providing
a more stable biocatalyst compared with immobilization via adsorption. A chitosan solution of 5 g/L was
first dissolved in 1% (v/v) acetic acid due to the solubility of chitosan on acidic solutions with pH lower
than 6 (Wu et al., 2014). Higher concentrations of chitosan were tested (10 and 15 g/L, respectively) but
the magnetic property of the MNP was drastically decreased as the chitosan shell created a considerable
volume around the particle which difficult its magnetic separation. The decreased magnetic property was
the parameter that led to use 5 g/L of chitosan solution. Similar results reported by Mo et al. (2020) lead
them to use also lower chitosan concentrations though their argument was different. They reached higher
immobilization yields (84.5%) when higher chitosan concentration was used assuming that more chitosan
would lead to more functional group’s availability. However, they showed that high enzyme loading
resulted in low activity due to factors such as cellulase stack during the immobilization process which
limits the enzyme diffusion during hydrolysis. Then, to avoid nanoparticles aggregation due to the strong
dipole-dipole attraction of the MNP, Fe;0, was first dissolved and sonicated in a NaOH 1 M solution during
30 min. When the chitosan solution and the Fe;0,solution were mixed, the pH shifted to alkaline causing
the precipitation of the chitosan on the surface of the negatively charged Fe,O. The chitosan coating
provides the amino groups for the further reaction with glutaraldehyde. Here, the glutaraldehyde reacts
with the amino groups of the support (form the chitosan) to be converted into aldehydes group.

Glutaraldehyde has the advantage of losing the chemical reactivity in a short period (days), thus providing
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a stable enzyme-support complex (Boudrant et al., 2020). Subsequently, the enzyme solution is mixed
with the activated support and the Schiff base linkage reaction occurs to form covalent bonds between
the support and the enzyme (Zang et al., 2014). The Schiff reaction involves a covalent bond formation
through the crosslinking of amine groups and aldehyde groups (Zhou et al., 2019).

Fe30,4

- Enzyme
i -N=CH(CH,);CHO

i i E”ZW“Q Enzyme
- -NH, /_/ - -N=CH(CH,, ;CHQ’J “N=CH(CH,)sCHO
+ — NHZ OHC(CH ),CHO Enzyme
Emyme
-NH, HZ (Glutaraldehyde) N CH(CH,). 3CHO ;
Ch|t0;?}1 +o+ nzyme
- - -N=CH(CH,);CHO
+ I i Enzyme
t o~ f) 4+ - -NH,

-N=CH(CH,);CHO Frvvme
—~
+ 8/—/+/J —~ -N=CH(CH,);CHO

+ +7+
o R “N=CH(CH2)3CH=N-Enzyme
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Figure 3.2. Schematic representation of cellulase immobilization using chitosan as coating agent and
Fe,0, as magnetic support.

3.3.2 FITR-ATR characterization

Infrared spectroscopy is an effective technique which relies on the capacity of most molecules to
absorb light in the infrared region of the electromagnetic spectrum. This technique provides information
of specific functional groups (Anderson and Voskerician, 2010). Hence, FTIR-ATR was used to determine
characteristic functional groups present in the samples Fe,0,, chitosan, free enzyme, Fe,O, coated with
chitosan and the immobilized cellulase complex. The spectra are shown in Figure 3.3. The characteristic
Fe-O peak at 542 cm-, corresponding to the vibration of the magnetic core (Hosseini et al., 2018) was
observed in bare Fe,0,, the same Fe-O peak being observed in all samples containing the nanoparticles,
i.e., Fe;0,coated with chitosan and the immobilized enzyme on the support. The -C-O peak at 1362 cm-,
the peak associated to chitosan (Tan et al., 2018), was confirmed in Fe;0,coated with chitosan and the
immobilized enzyme. Peaks at 1632 cm* and 1535 cm representing the amide | (C=0 stretching
vibrations) and amide Il (N-H bending and C-N stretching) of cellulase were identified in the immobilized
cellulase complex, thus, confirming a successful enzyme attachment (Hosseini et al., 2018). Similar
results were obtained by Paz-Cedeno et al. (2021) who immobilized Cellic CTec 2 onto graphene oxide

magnetite (GO-MNP) and observed the same characteristic Fe-O peaks on samples containing Fe,0, along
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with the characteristic N-H and C-N peaks allowing them to conclude on the success of the immobilization

procedure.
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Figure 3.3. FTIR-ATR spectra a) free enzyme, b) chitosan, c) enzyme loaded on chitosan coated Fe,O,, d) Fe,O,
chitosan coated, e) Fe,O,

3.3.3 Microscopic morphology

The morphology of the magnetic nanoparticles (Fe;0.), Fe;O, coated with chitosan and the
immobilized cellulase were evaluated by transmission electron microscopy and scanning electron
microscope. Figure 3.4 (a, b, c) shows the images obtained with TEM microscope. In Figure 3.4a, Fe,0,
particles appear to be agglomerated, which is explained by the strong magnetic dipole-dipole attractions
feature between particles and the drying process for the TEM sample preparation. When Fe,0, particles
were coated with chitosan (Figure 3.4b), the nanoparticles display a grey shadow surrounding the
particles due to the condensation of chitosan. Here, agglomeration was still noticeable. Tan et al. (2018)
reported similar agglomeration phenomenon for their Fe,O.nanoparticlesafter coating with chitosan, even
though chitosan is known to increase the repulsive forces between nanoparticles with the amino group.
The agglomeration phenomena could also be related to the drying process of the samples prior the
morphological analyses (Wang and Jiang, 2019). Figure 3.4c shows the enzyme loaded on the chitosan
coated Fe,0,support where a denser layer around the surface could be noticed. Asar et al. (2020) also

noticed the highly dense surface layer after enzyme immobilization on chitosan coated magnetic
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graphene. However, after eight reuses of the immobilized enzyme, they observed a decrease on the
density this layer surface probably associated to the enzyme leaching. Lastly, SEM microscope (Figure
3.4d) was used to observe the immobilized cellulase complex from a wide perspective. The image

obtained using SEM showed a rough surface of the immaobilized enzyme with different size agglomerates.

Figure 3.4. Spectroscopy images a) bare Fe,0,, b) Fe,0,coated with chitosan, c, d) enzyme loaded on
chitosan coated Fe,0,; TEM (a, b, ¢) SEM (d).

3.3.4 Binding efficiency, enzyme activity, and acetic acid tolerance

The wide range of methods used to measure and report enzyme activity hinders the possibility to
make a precise comparison with what is reported in literature. Table 3.1 shows a summary of the results
obtained in this work as well as the reported activities and corresponding units found in literature on
cellulase immobilization. In this work, the amount of immobilized enzyme was 65 £ 6.02 Mg, e/ Geupoor
with 70% binding efficiency. This value is within values reported by other authors where the cellulase
binding efficiency varies from 40 to 90%, respectively (Alftrén and Hobley, 2014; Sillu and Agnihotri,
2020). For the immobilization procedure developed in this work, the enzyme activity of the MNP was

determined to be 20 U/g..... The binding efficiency parameter is related with the amount of enzyme

56



CHAPTER Ill

added as shown in Figure 3.5, higher enzyme efficiency (%) was achieved when 10 mg of enzyme were
added and the lowest binding efficiency was achieved (~36%) when 100 mg of enzyme was loaded on
the support. However, a higher enzyme loading does not obligatory means higher activity, as shown in
Figure 3.6, the glucose yield did not even duplicate when particles with 265 + 27.8 Mguen/ Smor
(corresponding to 100 mg of added enzyme) were used (Mo et al., 2020; Schnell et al., 2019).
Considering the difficulty in comparing this result with values reported in the literature due to the different
units used to quantify enzyme activity, the yield of glucose produced per gram of CMC was determined.
The value obtained was 167.93 mg of glucose per g of CMC, which is similar to the yield 162.40 mg of
glucose per g of CMC reported by Tan et al. (2018) using a hollow magnetic structure with cellulase
immobilized inside the support. Table 3.1 shows some values obtained in previous reports that can
resemblance with the results obtained in this work, emphasizing on reports that used magnetic supports

which is in essence an advantage for the proposed process.
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Figure 3.5. Chitosan coated magnetic nanoparticle saturation assay. Enzyme was added in 10, 50 and
100 mg.,... and the enzyme loading, and binding efficiency were calculated. Enzyme loading is represented by
bars, and the binding efficiency is represented by the continuous line.

Acetic acid is a by-product mainly found on the liquid fraction after the hydrothermal
pretreatment. It is liberated from the hemicellulose and helps to provide an acidic condition during the
pretreatment (Ko et al., 2015). Hodge et al. (2008) reported that the second most relevant enzyme
inhibitor after sugars was acetic acid, decreasing the cellulose conversion up to 10%. Romani et al. (2014)

reported that high concentrations of by-products from the pretreatment, namely, phenolic compounds,
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furfural, and acetic acid have an inhibitory effect on cellulase. Due to the protective effect of
immobilization, when 5 g/L of acetic acid were added to the hydrolysis, the immobilized enzyme reported
an increase of 8.6% (from 83.3 & 3.8 10 91.2 * 3.6 e/ Eonc) iN glucose production where the free
enzyme decreased in 18.7% (from 337.0 £ 16.7 to 273.8 £ 21.9 g,...../8wc). This increased tolerance is
related to the enzymes being covalent bonded to the support, which generates a steric hindrance that
could impede the inhibitor compound to reach the enzyme active site (Qi et al., 2018). Qi et al. (2018)
also reported better tolerance to vanillin and formic acid using immobilized cellulase. The acetic acid
tolerance showed by the immobilized cellulase is promising for enzymatic hydrolysis where whole slurry

(liquid and solid phase) is used.
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Figure 3.6. Glucose production using MNP at different enzyme loadings. The hydrolysis was performed
at 50°C, during 1 h using CMC 1% (w/v) as substrate in 0.1 M citrate buffer at pH 4.8.

3.3.5 Storage stability

Immobilized enzyme was stored at 4 °C for 30 days and the activity was measured at the end of
that period. Relative to the activity at day 1, the immobilized enzyme maintained 80% of the initial activity
and this lost in activity may be related to the enzyme modification caused by the packing effect or
agglomeration during storage period (Hoarau et al., 2017; Sigurdardéttir et al., 2019; Wang and Jiang,
2019). Similar works reported 81.2% and 64% of retained activity after 20 and 45 days of storage,
respectively, with a low loss activity trend compared with the free form (Asar et al., 2020; Sillu and

Agnihotri, 2020). The importance of the storage stability, also called “shelf stability”, is relevant from the
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point of view of manufacturing and practical applications, as it determines the long-term use of the enzyme

complex.

3.3.6 Reusability of immobilized cellulase

The immobilized cellulase reusability was studied up to 13 cycles in batch operation using CMC
as substrate. After each cycle of reaction, the immobilized enzyme was separated and resuspended with
fresh substrate. As shown in Figure 3.7, immobilized cellulase maintained 44.8% of its relative activity
after 13 utilization cycles compared to the first utilization. It can be observed a decrease of ~23% form
the first to the second cycle, then the decrease in each cycle is less than 5%. The ANOVA analysis of the
differences in enzyme activity between cycles showed statistical difference between them and the Tuckey
pairwise comparison allowed to conclude that from the second cycle until the last one, no significant
difference occurred. The significant activity difference in cycle 1 and 2 is attributed to the removed/leaked
enzyme that was adsorbed on the support and not covalently bonded (Zang et al., 2014). The loss in
activity after the second cycle can be also associated to factors as agglomeration behavior and/or to the
natural deactivation of the enzyme rather than the leakage of the enzyme from the support, protein
denaturation, and inhibition (Schnell et al., 2019; Sigurdardottir et al., 2018). Asar et al. (2020) obtained
similar results for cellulase immobilized on Fe.0./graphene oxide nanocomposite reporting a retention of
49% of its relative activity after the 8" cycle. A study performed by Marifio et al. (2021) using immobilized
cellulases onto amino functionalized magnetic beads reported that the residual activity of -glucosidase
was mantained in 62.7% after 6 cycles of 96 h. However, they used cellulose isolated from orange
bagasse, thus having the advantage of being more similar to a commercial cellulose than to a
lignocellulosic material. The immobilization technique plays an important role to determine the ability of
enzyme to be reused. It is not straightforward that stronger bonding (as covalent) will be the most resistant
bondage for reutilization. For example, Wang et al. (2013) tested adsorption as technique for cellulase
onto PAMAM (a dendritic polymer with precise molecular weight) and reported after six cycles a retained
activity of 41%. Although the retained activity decreased, they suggest that immobilization via adsorption
tends to retain the enzyme activity better than covalent binding as the later might cause rigid bonds.
These set of batch hydrolysis evidence the ability of the immobilized enzyme to be magnetically separated,
recovered, and re-interact with fresh substrate. Also, a total of 1384.19 Mg,..../ e Were obtained without
adding any fresh enzyme during each cycle which is 8.2-fold the glucose obtained during a batch

hydrolysis without reusing the enzyme.
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Figure 3.7. Reusability of cellulase immobilized on chitosan coated Fe,O, nanoparticles. The yield
represents the mg of glucose produced per g of substrate (CMC) and the bars represent the number of cycles
performed.

Table 3.1 Overview of reported activity and yield of cellulase immobilized on different supports.

Support Enzyme Activity Yield (mg Enzyme load Reference

gluoose/ gsubstrate)

Chitosan Cellic CTec2 2.8 (g 168 65 mg protein/g  Present study

coated Fe;0, glucose/kg support
particles*min)

M-Cyanyric  Cellic CTec?2 2.8 (g N/D 4.6 mg Alftrén and
glucose/kg protein/g Hobley, 2014
particles*min) support

M-PGL Cellic CTec2 1.6 (g N/D 11.9mg Alftrén and
glucose/kg protein/g Hobley, 2014
particles*min) support

Magnetic Cellulase (Meiji N/D 270 112.3 mg Zang et al,,

chitosan Seika Farma Co.) cellulase/g 2014

support

Magnetic Cellulase (Meiji N/D 162.40 202.63 mg Tan et al,,

chitosan Seika Farma Co.) cellulase/g 2018

support
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Table 3.1 Continued

Support Enzyme Activity Yield (mg Enzyme load Reference
gluoose/ gsubstrate)

Semi-oxidize Cellulase from 5.82 U/g N/D 0.143 g/g Schnell et al.,

magnetite Trichoderma 2019
longibrachiatum

Maghemite  Cellulase from 5.17 U/g N/D 0.230 g/g Schnell et al.,
Trichoderma 2019
longibrachiatum

Magnetite Cellulase from 1.52 U/g N/D 0.350 g/g Schnell et al.,
Trichoderma 2019
longibrachiatum

Magnetic Cellulase from N/D 37.2 116.6 mg/g Sillu and

halloysite Aspergillus niger support Agnihotri,

nanotube 2020

Chitosan Cellulase (pale N/D 330.9 80.5 mg Mo et al.,

magnetic yellow powder) cellulase/ g 2020

porous (Meiji Seika support

biochar Farma Co.)

N/D: not defined

3.3.7 Enzymatic saccharification of pretreated corn cob using immobilization as strategy

The pretreated corn cob cellulose-rich fraction reached 61.17% of glucan content and was in
accordance with the range of reported by other authors (Aguilar-Reynosa et al., 2017). Corn cob usually
presents, after hydrothermal pretreatment, a deconstruction on compact fibers and a decreased particle
size (Sun et al., 2021). Particularly, hydrothermal pretreatment modifies the cellulose fraction by
increasing the surface area, reducing the depolymerization degree, and increasing the pore volume. Also,
the hemicellulose is significantly removed which impacts positively on the enzymatic hydrolysis as the
hemicellulose-derived sugars are inhibitors for cellulases (Song et al., 2021). These changes improve the

cellulose digestibility during the enzymatic hydrolysis (Ruiz et al., 2020).

Enzymatic susceptibility is shown in Figure 3.8 where similar values of saccharification yield after
120 h, were obtained for free and immobilized enzyme. The higher glucose concentration obtained was

25.27 g/ for the free enzyme and 21.84 g/L for the immobilized enzyme, representing a saccharification
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yield of 71.03% and 64.45%, respectively, after 120 h. Saccharification yields of 53.30% for free and
52.67% for immobilized cellulase onto magnetic nanoparticles after 72 h using pretreated rice straw
hydrolysis and 60.64% for free and 56.34% for immobilized cellulase onto chitosan coated magnetic
nanoparticles cellulose conversion hydrolyzing pretreated Agave arovirens leaves were previously reported
(Kaur et al., 2020; Sanchez-Ramirez et al., 2017). These reports confirm that the conversion yields are
similar for both free and immobilized enzymes as also obtained in our work. Thus, comparable yields can

be obtained using immobilized and free cellulase.
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Figure 3.8. Enzymatic hydrolysis kinetic. Glucose production (a) and saccharification yield (b) of
pretreated corn cob at a solid loading of 5% (w/v). = free enzyme, ® immobilized enzyme.

The saccharification productivity (g/L-h) at 24 h was 2.1 times faster for the free enzyme (Table
3.2). This can be attributed to diffusional limitations the immobilized enzyme faces at the initial hours of
the reaction increasing the adversity to enter in contact with the active site of the immobilized enzyme
(Jia et al., 2017; Kaur et al., 2020; Sanchez-Ramirez et al., 2017). Other authors reported that, with
immobilized enzyme, the reaction media was less homogeneous than when free enzyme was used, which
might also jeopardize the glucose yield (Zheng et al., 2013). Likewise, Pino et al. (2019) observed a
decline on the glucose production rate when increasing the substrate loading and attributed this behavior
to the increased viscosity of the cellulosic substrate which difficult the mixture. Ruiz et al. (2012)
compared the initial saccharification rate of different substrates and observed higher rates when using
pretreated substrates or easily available cellulose (as filter paper). It must be highlighted that, despite the
reduced saccharification rates for the initial times, no statistic difference between the saccharification rate

at 96 and 120 h for free and immobilized enzyme (p > 0.05) was observed. Additionally, enzymatic
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hydrolysis confronts diverse effects that can disturb the conversion efficiency regardless the enzymes
being immobilized. For example, after hydrothermal pretreatment, most of the lignin remains on the solid,
increasing the possibility of non-productive binding (Rahikainen et al., 2013; Singh et al., 2021; Song et
al., 2021). Overall, these results confirm the usefulness of cellulases immobilization for pretreated LCM

hydrolysis.

Table 3.2 Saccharification rate of pretreated corn cob hydrolysis with 5% (w/v) loading using free and immobilized
cellulase cocktail.

Saccharification rate g/(L-h)

Time (h) Free Immobilized
24 0.68 + 0.00 0.31+0.01
96 0.23+0.01 0.21 +0.00
120 0.20 + 0.00 0.18 + 0.00

The reusability of the immobilized cellulase was studied up to 3 cycles of 48 h. After each cycle,
the immobilized cellulase was rinsed with buffer and fresh substrate was added. The immobilized catalyst
was tested using 1% (w/v) of hydrothermally pretreated corn cob and achieved a saccharification yield of
91% after 48 h, meanwhile the second and third reuse batch attain 32 and 15%, respectively (Figure 3.9).
When using real substrate and magnetically immobilized cellulase the problems arise mainly during the
magnetic separation at the end of the reaction. It is common to lose enzyme capacity from the first to the
second cycle due to the leaking of the enzyme that was absorbed (not bonded) on the support (Zang et
al. 2014). However, an additional complication was noticed when using pretreated corn cob as some of
the immobilized enzyme was strongly bonded to the remaining solids and the magnetic force applied was
not strong enough to separate it. Paz-Cedeno et al. (2021) reported a conversion of 72% in the first cycle
of pretreated sugarcane bagasse hydrolysis using immobilized enzyme, then the conversion decreased
to 56, 43, 37, and 34%, respectively, during the following cycles. However, the concentration used of
pretreated sugarcane bagasse was 0.1% (w/v) which might facilitate the separation and a progressive
conversion decrease between cycles. Other studies reported a retained activity of cellulase immobilized
on magnetic supports of 50% - 63% after four cycles using lignocellulosic biomass, but the solid loading

concentration used was not mentioned (Jia et al., 2017; Kaur et al., 2020).
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Two relevant features of this work, rarely addressed in literature, must be pointed out. The solid
load used was 5% (w/v) and the saccharification of a real cellulose substrate. This is relevant as a higher
amount of glucose is expected when increasing solid concentration although other difficulties arise as
poor mass and heat transfer between the enzyme and the substrate may limit this effect (Pino et al.,
2018). Although 5% (w/v) is not generally considered as high solid load, it is when considering
immobilized cellulase. The solid load concentrations reported on the few examples of enzymatic hydrolysis
of a pretreated lignocellulosic substrate using immobilized enzymes range from 0.1% to 6% (w/v) (Kaur
et al., 2020; Kumar et al., 2017; Paz-Cedeno et al., 2021). Most of the cellulase immobilization works
focus on the characterization of the support and the hydrolysis is exclusively performed on synthetic
cellulose such as microcrystalline cellulose and carboxymethyl cellulose or isolated cellulose from
pretreated residues (Asar et al., 2020; Marifio et al., 2021; Mo et al., 2020; Schnell et al., 2019; Sillu
and Agnihotri, 2020; Tan et al., 2018). Thus, the data collected in this work, under particularly challenging
conditions, contributes to advance the application of enzyme immobilization in real lignocellulosic

substrates paving the way to the economic feasibility of lignocellulosic valorization processes.
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Figure 3.9. Reusability of immobilized cellulase using hydrothermally pretreated corn con at 1% (w/v) after 48 h.
3.4 CONCLUSIONS

The role of cellulolytic enzymes for lignocellulosic conversion represents a challenge due to the
high enzyme costs. This work presented a description of the immobilization technique using magnetic
support and its reusability. Also, the immobilized cellulase was successfully applied on the hydrolysis of

a real lignocellulosic substrate, namely hydrothermally pretreated corn cob, and to the best of our
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knowledge, this work represents one of the highest lignocellulosic solid loadings tested for enzyme
immobilization. It is shown that the application of immobilized cellulolytic enzymes on magnetic support
can be a promising technique to improve the enzymatic hydrolysis process as it holds advantages as easy
enzyme recovery by applying an external magnetic field. Furthermore, reusability becomes an important
advantage compared to free enzyme due to the straightforward recovery and possible application in

continuous processes.
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Oscillatory flow bioreactor assessment for enzymatic hydrolysis of

lignocellulosic biomass
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ABSTRACT

Bioreactors technology applied to enzymatic hydrolysis has been studied to overcome the main
limitation of enzymatic hydrolysis which is the cost of enzymes. The bioreactor design should satisfy the
major restraints of the enzymatic hydrolysis process which in general encompass poor mass and heat
transfer, challenging rheological conditions, and enzyme inhibition. In this chapter is presented the
application of an oscillatory flow reactor (OFR) for lignocellulosic biomass enzymatic hydrolysis at high
solids loading. OFR consists of a tubular reactor with periodical constrictions where vortices are created
due to the oscillating flow determined by frequency and amplitude conditions. This can be favorable for
enzymatic hydrolysis as efficient mixtures can be accomplished at low shear rates. In this work, high solid
loadings 18% (w/v) and low enzyme dosage was studied to determine the conditions of amplitude (2 - 6
mm) and frequency (2 — 4 Hz) that best fit the process and their influence in OFR. The conditions tested
demonstrated a positive effect on the process, where at an amplitude of 6 mm and frequency of 4 Hz,
an increment in productivity was observed, respecting the other conditions tested. Then, the fed-batch
strategy was tested achieving a solid loading of 25% (w/v) and a saccharification yield of 97%. This novel
contribution using OFR at high solids loading is crucial as advances in lignocellulosic biotransformation

technology are still in demand to achieve efficient and economically feasible processes.
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4.1 INTRODUCTION

Biochemical platform conversion of lignocellulosic biomass involves a multistep process to
generate a sugar platform that can be further converted into a wide range of biofuels, namely bioethanol
(Cunha et al., 2020b) and chemicals (Baptista et al., 2021). Two crucial steps of this process are: i)
pretreatment: to deal with the recalcitrance of the material and render it to the action of enzymes and, ii)
enzymatic hydrolysis: to break down the polysaccharides into fermentable sugars (Kumar et al., 2019).
Pretreatment aims to modify the composition and structure of the lignocellulosic biomass and enhance
the enzyme accessibility to the cellulose, relocate the lignin, and depolymerize and solubilize the
hemicellulose (Kumar et al., 2020). Some examples of pretreatment methods include acid, alkali, ionic
liguids, organosolv, deep eutectic solvents, hydrothermal processing (steam explosion, liquid hot water),
and ammonia fiber explosion. Hydrothermal pretreatment uses water as solvent at temperatures in the
range of 150 — 230 °C and pressure of 4.8 — 28 bar (approx.). Under these conditions, water molecules
changes to H30+ and OH- ions acting as catalyzer which alter the lignocellulosic chemical bonds (Ruiz
et al., 2020; Sun et al., 2021). Also, hydrothermal pretreatment conditions dissolve the acetyl group,
present in the hemicellulose, into acetic acid. The acidic conditions gained by the formation of acetic acid
benefit the breakdown of the cellulose-hemicellulose-matrix bonds. Thus, under subcritical conditions,
water acts as an efficient polar solvent comparable with other polar solvents such as methanol or ethanol

(Sarker et al., 2021).

Enzymatic hydrolysis is a heterogeneous reaction that uses mainly cellulases cocktail as soluble
catalyst under mild conditions and low energy consumption (Zanuso et al., 2021). The most studied
cellulase cocktail is comprised of endo-glucanase, exo-glucanase and [- glucosidase which work
coactively to convert cellulose into a sugar platform of fermentable monomeric sugars as glucose (Singh
et al., 2019). This can be easily achieved when substrate loading is < 6 - 10% (w/v) (depending on the
capacity of water retention of the material) the reaction-diffusion limitations are lessened due to the
availability of “free” water. A different reaction scheme is observed when high solid loadings are

employed.

High solid enzymatic hydrolysis (HSEH) generally occurs at dry solid loading > 12 - 15% (w/v)
where the water availability is very limited at the beginning of the reaction. The advantages of operating
at high solid loadings are the reduction in operational cycles, lower energy consumption and higher sugar
concentration which impact positively on the process economics and efficiency (Shiva et al., 2022). HSEH

adversity relies on factors such as high viscosity, low diffusion, low mass transfer, and difficulty to perform
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rheological characterization of the slurry (Lu et al., 2021). Viscosity varies from substrate to substrate as
it is related to the porosity of the material, thus, higher porosity increases the water absorbability capacity
affecting the viscosity (Battista et al., 2018). The porosity variations rise more complications in the process
as the need for substrate-specific solutions. The approaches followed to minimize those problems
comprise viscosity reduction by pre-hydrolysis, bioreactor designs, and fed-batch feeding (Da Silva et al.,

2020).

A novel reactor to be applied in the enzymatic hydrolysis process is the oscillatory flow reactor
(OFR). The OFR (also known as oscillatory baffled reactor; OBR) consists of a tubular reactor with equally
spaced baffles subjected to an oscillatory motion (Stonestreet and Harvey, 2002). The OFR’s unique
features are the vortices created inside the reactor due to the baffles and periodically reversed flow which
increases the radial mixing in the tube as shown in Figure 4.1 (Reis et al., 2005). When applying oscillation
to a smooth tube, no benefit is observed as the behavior is similar to a plug flow reactor, however, the
difference in OFR is the baffled tube so when oscillation is applied, vortices are formed. Thus, the mixing
in OFR can be controlled very precisely in a wide range of mixing conditions (Ni et al., 2003). The motion
inside the space between each baffle creates a well-mixed region resulting in a uniform mixing along the
column considered to behave as a series of stirred tanks (Masngut et al., 2010). OFR has been applied
for liquid-liquid, solid-liquid, and gas-liquid reactions thanks to the specific features that can offer heat
and mass transfer improvement, well-controlled and homogeneous mixture, and compact setups (Bianchi
et al., 2020). This reactor technology has been applied in disciplines such as medicinal chemistry (Hwang
et al., 2017), protein crystallization (Castro et al., 2016), transesterification (Eze and Harvey, 2018),
photochemical transformation (Debrouwer et al., 2020), and biodiesel production (Harvey et al., 2003)

among others.

In bioprocesses, OFR becomes an interesting bioreactor alternative as efficient mixing can be
achieved with low shear stress for the biocatalyst compared with STBR where the impellers can cause
high shear stress leading to enzyme deactivation (Afedzi et al., 2022; Da Silva et al., 2020). The authors
Ikwebe and Harvey (2020) whose study explored the shear effect of OFR and STBR for ethanol production
from cassava reported up to 63% shear reduction, especially on the enzymes, as they observed higher
deactivation on the STBR than the OFR. The shear reduction was reflected in the 20-25% higher ethanol
concentrations than in STBR when using 5% and 10% (w/v) cassava loading, respectively. Despite ethanol
production from cassava being considered as 1st generation biorefinery, this study demonstrates the
potential of OFR for biorefinery intensification processes. Regarding cellulose conversion, in another study

using microcrystalline cellulose at 2.5% (w/v), lkwebe and Harvey (2015) performed a comparative power
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density analysis where they achieved higher conversion in OFR than in STR at all the power densities
tested. It was also reported by Abbot et al. (2014) a theoretical 94.99% decrease in power requirement
for a-cellulose maximum conversion when using OFR instead of STR. Also, a preliminary report from
Buchmaier et al. (2019) using a-cellulose as substrate and comparing OFR and STBR reported a 6.7%
higher glucose concentration in OFR while using only 7% of the STBR power density (W/m3). These are
promising results that evidence the OFR’s potential to obtain similar or higher conversion rates than other
reactor configurations while decreasing energy consumption. Considering the importance of enzymatic
hydrolysis at high solid loading and the OFR features, this work aimed to assess the performance of the
oscillatory flow bioreactor for the enzymatic hydrolysis on the corn cob biomass hydrothermally pretreated
hence filling a gap of knowledge regarding the use of OFR for lignocellulosic bioconversion. An
experimental design was proposed to evaluate the operational conditions of the reactor, namely,
frequency and amplitude. In addition, fed-batch strategies were also tested to overcome mixture problems

and achieve operation at the challenging condition of 25% (w/v) solid loading.

Figure 4.1 Schematic representation of vortices created inside OFR. Rings and arrows were added for
visualization of the angles phase. Gray) beginning of the cycle; blue) before flow reversing; black) after flow
reversing. (Adapted and modified from [Reis et al., 2005]).
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4.2 EXPERIMENTAL METHODS

4.2.1 Hydrothermal pretreatment of corn cob

Corn cob was collected from the north region of Portugal and milled to a particle size < 10 mm.
Hydrothermal pretreatment was carried out under a non-isothermal regime at a severity factor (log Ro) of
3.95. The severity factor correlates with the temperature and time of the hydrothermal reaction following

the equation 4.1 and 4.2:
logR, = log [Ro Heating T R, Cooling] eq. 4.1

logR, = [fOtMAX —T(t);loo dt + ftF T'(6)-100 dt] eq. 4.2

tMAx w

This equation is usually applied for the non-isothermal heating regimen where T(t) is the
temperature in the heating and cooling stages, t represents time, and w is the empirical parameter
(14.75) that corresponds to the activation energy of the glycosidic bond cleavages of carbohydrates (Ruiz
et al., 2021). At a T,.=211 °C, a log Ro of 3.95 was calculated. The equipment used to carry out the
hydrothermal pretreatment was a 2 L stainless steel reactor (Parr Instruments Company) equipped with
a PID temperature controller (Parr 4848 Reactor Controller). 4 g of distilled water were added per 1 g of
dry oven corn cob. The reactor was filled and heated to the desired temperature (211 °C) at a heating
rate of 11.4 °C/min. The chemical composition of the corn cob (untreated and treated) was determined
according to the National Renewable Energy Laboratory protocols (Sluiter et al., 2008). The slurry was
separated using a vacuum system to obtain a liquid and a solid fraction. The solid fraction was washed
with distilled water, dried at 35 °C for 24 h, and used as substrate in the experiments. Biomass moisture

was considered in the balance in the process.

4.2.2 Oscillatory flow reactor bioreactor configuration for enzymatic hydrolysis

The experiments were performed using an oscillatory flow reactor consisting of a single jacked tube
with a total volume of 150 mL of built-in glass. The inner diameter of the reactor is 2.2 cm and has a 57
cm height providing a total volume (including the oscillation chamber) of 150 mL. The reactor was

operated vertically as shown in Figure 4.2. A linear motor device (Festo) was used to provide oscillations
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with a piston. The motor provides amplitudes in the range of 0-20 mm and frequencies oscillation in the
range of 1-8 Hz. The oscillatory motor device was controlled digitally. The temperature was controlled by
circulating controlled temperature water through the tube’s jacket. The pretreated corn cob was supplied
from the top of the reactor using a funnel, then, samples were withdrawn from the sampling port located

at the bottom of the reactor using a 5 mL syringe.

6
= 3
5
- 2

. 4

Figure 4.2. Schematic representation of the OFR used in this work. 1) oscillatory device and chamber;
2) heating fluid inlet; 3) heating fluid outlet, 4) sampling port, 5) baffles with smooth periodic constrictions, 6)
solids inlet.

4.2.3 Analytical methods

Glucose was quantified by HPLC (Shimadzu, LC 2060C, Japan) using BioRad Aminex HPX-87H
column (300 x 7.8 mm) at 60 °C using a mobile phase of sulfuric acid at 5 mM and a flow rate of 0.6
mL/min. The chromatogram intensity was detected using a high-sensitivity refractive index detector

(Shimadzu, RID 20A, Japan) with pure glucose as standard.
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4.2.4 Enzymatic hydrolysis

The experiments were carried out for 20 h with a solid loading of 18% (w/v) of the pretreated corn
cob, citrate buffer 0.05 M (pH 4.8), 0.2% (w/v) sodium azide was added to prevent microbial growth, and
the necessary amount of deionized water was calculated to make a total volume of 80 mL. The
temperature was set up at 50 °C. The enzyme used was Cellic CTec2 (Cellulase, enzyme blend; Sigma-
Aldrich) at 10 FPU/g substrate for all experiments. The enzyme activity was determined by the filter paper
assay following the NREL protocol (NREL/TP-510-42628) where the activity was 143 FPU/mL. At the
end of each experiment, the slurry obtained was drained out of the reactor, centrifuged for 5 minutes and
the supernatant was stored at -24 °C for further HPLC analysis. Then, the reactor was cleaned before
each experiment with a chlorine solution and rinsed 3 times with ultrapure water. The saccharification

yield was calculated using the following equation (eq. 4.3) (Ruiz et al., 2012):

[Glucose]

1111f[Biomass] 100  eq. 4.3

Saccharification yield (%) =

Where [Glucose] is glucose concentration (g/L), 1.111 is the conversion factor of cellulose to
equivalent glucose, f is the cellulose fraction in dry biomass (g/g) and [Biomass] is dry biomass
concentration at the beginning of the enzymatic saccharification (g/L). Productivity was calculated by

dividing the glucose concentration at the determined time (hours).

4.2.5 Preliminary experiments in OFR

Preliminary experiments using hydrothermally pretreated corn cob were carried out to estimate the
behavior of the hydrolysis and optimize the procedure to load the solids into the reactor. Then to facilitate
the loading, a comparison of solids between dry and of wet was carried out. Samples were withdrawn at
4, 6, 8, and 12 h. Enzymatic hydrolysis experiments were carried out at 5% (w/v) at the lowest and
highest operational values of frequency (2 and 4 Hz) and amplitude (2 and 6 mm). For all the preliminary
experiments the glucose produced was analyzed using HPLC after 24 h by draining the whole slurry,
centrifugating for 5 minutes and recovering the supernatant for analytical analysis. For this set of
experiments, the enzyme loading was 20 FPU/mL to provide favorable enzymatic conditions in a 0.05 M

citrate buffer (pH 4.8) at 50 °C.
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4.2.6 Experimental design

A full factorial experimental design was used to evaluate the influence of two factors, frequency
(Hz) and amplitude (mm) on glucose production (g/L). The center point was set halfway between the
levels of each factor with a duplicate to estimate the error. Solid loading was maintained at 18% (w/v) as
it was the maximum loading where no clogging was observed at the beginning of the reaction in the OFR.
Statistica v. 7 software was used for the ANOVA statistical analysis to compare the experiment differences
in the oscillation conditions tested with a 95% confidence level and a Tukey pairwise comparison was

used to determine if there were differences between each condition tested.

4.2.7 Fed-batch strategy for enzymatic hydrolysis

A set of experiments were run in a fed-batch where the final solid loading concentration was 25 %
(w/v). Three strategies were tested as shown in Table 4.1. The different feeding times are identified by
FB 1-3. The total enzyme requirement was added at the beginning of the reaction with an enzyme loading
of 10 FPU/g substrate. The oscillation conditions used were selected according to the best condition

obtained in batch operation.

Table 4.1 HSEH fed-batch mode conditions.

Time (h)
Fed-batch
Feeding time and loading (%, w/v)
0 4 6 8 12 24
FB1 6.25 6.25 6.25 6.25
FB2 8.3 8.3 8.3
FB3 18 7

4.3 RESULTS AND DISCUSSION
4.3.1 Chemical composition of untreated and hydrothermally pretreated corn cob

The untreated corn cob chemical composition obtained as g per 100 g of dry weight was glucan
32.86 + 1.38 g, xylan 31.82 + 2.16 g, arabinan 2.45 + 0.18 g, acetyl group 1.12 + 0.06 g, lignin 14.08

+ 0.41 g. Hydrothermal pretreatment induces structural changes in the lignocellulosic biomass which

increase cellulose accessibility. These changes include the break-up of cell fibers and mainly the
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solubilization and depolymerization of the hemicellulose into the liquid fraction (Sun et al., 2021). After
the hydrothermal pretreatment, the chemical composition obtained was as follows: glucan 62.27 + 2.21
g, xylan 15.03 + 0.48 g, arabinan not detected, acetyl group not detected, and lignin 22.52 + 1.85 g.
These results are in accordance with what has been previously reported (Cunha et al., 2020a). The
increase in glucan content after pretreatment is related to the fractionation of the biomass where the
hemicellulose is solubilized into the liquid phase, remaining a cellulose rich solid (Ruiz et al., 2020).
Moreover, corn cob was chosen due to its nature as dense and uniform material being used as a

lignocellulosic model material (Anukam et al., 2017).

4.3.2 Preliminary experiments

A first approach to test the use of OFR was carried out with a solid load of 5% (w/v) to avoid high
viscosity slurries and restricted free water (obstacles faced when operating at high solid loading). The
reactions were carried out during 24 h and the final glucose was measured. The concentrations obtained
(Figure 4.3) were 24.36, 29.86, 31.31, and 32.42 g/L, respectively, representing a conversion of 69,
85, 89, and 92%, respectively. The main objective of these assessment was to observe the solids
performance inside the reactor to avoid clogging when loading the OFR. The behavior of higher conversion
rates at the higher frequency tested is related to the flow velocity required to achieve particles suspension
(Reis et al., 2005). The flow velocity at these conditions is lower due to the particles not being
agglomerated, hence, suspension was easier at high frequencies. However, the fact that exceed enzyme

was added, could hinder the real behavior of the reactor.
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Figure 4.3. Preliminary enzymatic hydrolysis assay using 5% (w/v) hydrothermally pretreated corn cob
during 24 h, at 50°C at different oscillatory conditions of amplitude and frequency.
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According to National Renewable Energy Laboratory (Selig et al., 2008), using air dried material
can cause interference with the maximum conversion due to the pore collapse that might occur in the
microstructure of the material. But operating wet material with this reactor configuration was laborious
and the moisture environment could not be controlled during the loading of the reactor. The dry solids
enzymatic hydrolysis behavior (Figure 4.4) was not depressed in comparison with wet solids. This can be
related to several facts as the material being dried at mild conditions (35 °C) and that the pore collapse
might be an issue when testing solids for enzymatic susceptibility, but for high solids loading it is a minor
factor (Sharma and Horn, 2016). Also, for this reactor configuration, solids were first loaded then the

liquid media (including the enzyme) was added which facilitated the particles suspension in the reactor.
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Figure 4.4. Glucose production comparison in OFR using wet and dry substrate at 18% (w/v) and 20
FPU/mL. Wet solids (dotted line) dry solids (continuous line).

4.3.3 OFR configuration for enzymatic hydrolysis

In enzymatic hydrolysis processes, OFR can be advantageous compared to STBR as the later relies
on mechanical stirring which can cause stress and deactivation of the enzyme. Table 4.2 shows results
for different bioreactor configurations for high solid loading, being clear that in STBR the impeller selection
is of great importance to achieve an efficient mixture at high solids load. This work demonstrates the use
of OFR for HSEH where no impellers are needed as the mixture is achieved through oscillation. Impeller
geometry plays a great role in the mixing conditions as studied by Battista et al. (2019) where they tested

small diameter impellers with a diameter of 90 mm and more complex impellers with diameters of 140
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mm. They reported that a small diameter impeller did not achieve mixing when 20% (w/w) of wheat straw
in batch mode operation was added, whereas tall impellers with higher diameter blades guaranteed
sufficient mixing at 80 rpm being the double helicoidal impeller the one that performed the best, allowing
radial and axial boots to all the mass of the reaction medium. Du et al. (2014) compared a horizontally
rotated bioreactor (HRR) based on the mixing principle of gravity and free fall and a vertical stirred tank
bioreactor (VSTR) with a helical impeller. Using pretreated corn stover at 25% (w/w), and after 15 h, the
material was well liquified in the HRR but still in a solid state in the VSTR. The authors related the slow
liguefaction in the VSTR to the impossibility of the impeller to rotate at the beginning of the reaction,
whereas the HRR had a mixing speed of 100 rpm. The OFR potential is clear as it can be observed in
Table 4.2, the time to reach 81% conversion yield at 18% (w/v) solid loading of hydrothermally pretreated
corn cob is 2.4 faster than using STR at 20% (w/w) using wheat straw alkali pretreated (Ludwig et al.,

2014).

OFR uses oscillation to cause mixing in each inter-baffle zone which can be easily controlled by
changing the oscillation conditions (Ejim et al., 2017). Also, the reactor used in this work was designed
with smooth periodic constrictions. In OFR, constrictions can be single or multi-orifice baffles, and with
smooth periodic constrictions. A patent about OFR with oscillatory periodic constrictions was published
in 2015 where the authors also propose the wide application of OFR (Ferreira et al., 2015). The advantage
of a smooth periodic constriction relies on the decrease of “high shear zones” as compared with sharp
edges baffles and the smoothness of the constriction prevents particles from sedimentation (McGlone et

al., 2015).

Ejim et al. (2017) compared the impact of smooth versus sharp edge baffles using a suspension
of PVC particles (10% w/w) and conclude that smooth periodic constrictions require lower oscillation
amplitude to achieve a full suspension. In general, OFR limitations that have been reported include particle
density limits and a threshold for solid concentration. However, the advantages overcome those restraints
as OFR are acclaimed for the favorable handling of slurries, heat, and mass transfer improvements, and
linear scalability (McGlone et al., 2015). OFR scale-up is considered to be straight-forward by maintaining
the dimensionless parameters that dictate the fluid mechanical conditions, namely the oscillatory
Reynolds number (Re,) and the Strouhal number (St), and the geometric features of the reactor design
as the baffle spacing (L) and the baffle orifice open area (S) (Ahmed et al., 2017; Bianchi et al., 2020;
Stonestreet and Harvey, 2002). However, the biggest challenge of OFR scaling up relies on the efficient

mechanical device capable of providing oscillations at a large scale (Ikwebe and Harvey, 2015).
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Table 4.2 Different bioreactor configuration for HSEH.

Substrate Pretreatment Solid Bioreactor Conversion Reference
loading configuration yield (%)
Corncob Hydrothermal 18% (w/v) Oscillatory flow 81% after 20 This work
reactor with smooth ~ h
periodic constrictions
Agave Hydrothermal 25% (w/v) Horizontal with peg- 98% after 72 Pino et al.,
bagasse mixer impeller h 2019
Corn stover  Diluted acid and  25% (w/w)  Horizontal rotated ~ 65% Du et al.,
steam reactor with impeller 2014
pretreatment
Wheat Alkali 20 % (w/w)  STR with segmented  76% after 48  Ludwig et
straw helical stirrer h al., 2014
Beechwood  Organosolv 30 % (w/w)  STR with segmented  72% after 48  Ludwig et
helical stirrer h al.,, 2014
Agave Ethanosolv 30 % (w/w)  Mini-bioreactors with  70% after 24  Caspeta et
bagasse peg-mixer impeller h al., 2014
Wheat Hydrothermal 40 % (w/w)  Horizontally rotated 35% after 96  Jargensen
straw drum divided in 5 h et al., 2007

chambers with 3

paddlers each

4.3.4 Enzymatic hydrolysis at low enzyme load in OFR

For this set of enzymatic hydrolysis runs a solid loading of 18% (w/v) was chosen as the maximum

loading where the corn cob and the limited liquid of the reaction could be mixed in the OFR at the

beginning of the reaction. The enzyme loading was 10 FPU/mL to evaluate the capacity of the OFR. In

OFR, particles are considered in suspension when the velocity of the fluid (in opposite direction)

suppresses the terminal velocity of the particle (Cruz et al., 2021). When working at high LCM loading,

solids are packed at the onset of the reaction as the water is entrapped in the cell walls of the corn cob

(Pino et al., 2019). However, just after a few minutes, the oscillation started, and the suspension of the

solid phase was observed in the OFR. The glucose concentration and saccharification yield at the end of

each experiment are shown in Table 4.3. The highest glucose concentration was 100.53 g/L representing
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a conversion yield of 81% and a productivity of 5 g/(L-h) with a frequency of 4 Hz and amplitude of 6
mm. At the lowest amplitude tested (2 mm) the lowest saccharification rates were obtained reflected in
a decrease of 24% - 34% in productivity. Also, the increase in productivity is an indicator that the
operational parameters in OFR maximize the process efficiency under the specific conditions tested,
mostly related to an improvement in mass transfer (Siddiqui et al., 2022). This is in accordance with what
is reported in literature where low oscillatory velocities cause particles to move slow and non-uniform solid
suspension can occur, causing sedimentation at the bottom of the reactor (Bianchi et al., 2020). Reis et
al. (2005) tested the conditions to suspend ion exchange resins particles at a concentration of 16% (w/v)
and small diameter polyamine particles at 15% (w/v) and reported that the optimal well-mixed conditions

were 12.1 Hz and 4 mm.

Table 4.3 OFR frequency and amplitude experimental conditions and corresponding, glucose production, and
saccharification yield for 18% solid loading (w/v).

Solid Frequency Amplitude Glucose (g/L) Saccharification Productivity
loading (Hz) (mm) yield (%) (g/(L-h))
(%, w/v)

2 2 69.94 + 495 56.41 3.50+0.24
4 2 65.73 + 3.30 53.01 3.29+0.16
18 2 6 76.56 + 0.03 61.75 3.83 +0.00
4 6 100.53 + 5.64 81.08 5.03 +0.28
3 4 76.29 +6.12 61.53 3.8+0.30

From the ANOVA analysis it was verified that each of the conditions tested are statistically different
corresponding to a pvalue = 0.004 and an Fvalue of 16.91. Then, the Tukey pairwise comparison
showed that the condition of 4 Hz and 6 mm is the only statistically significant condition at a 95%
confidence that differs from the other treatments. To observe the effect of frequency and amplitude on
the process, the main effect plot was used. As shown in Figure 4.3, the line is not horizontal, thus, both
frequency and amplitude have a positive effect on the process, meaning that the higher levels of frequency
and amplitude tested led to higher glucose production. This is in accordance with reported studies where

increases in amplitude lead to higher axial dispersion and higher radial mixings are associated with
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increased frequencies (Reis et al., 2004). These results also validate the conclusion of Reis et al. (2004)

that amplitude has a stronger effect on the mixing rather than frequency.
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Figure 4.5. Main effect plot for glucose (g/L) showing the positive impact of frequency and amplitude on
the process.

4.3.5 Fed-batch strategy in OFR

Fed-batch mode was used as a strategy to reduce the initial mixture reaction limitations when
operating at high solid loading. This strategy has been studied for lignocellulosic substrate to maintain
low levels of viscosity while gradually increasing the cumulative substrate (Du et al., 2017; Pino et al.,
2019). Three feeding strategies were tested, and the feed times are shown in Table 4.1. The maximum
hydrothermally pretreated corn cob load tested was 25% (w/v) for all the experiments and the oscillation
conditions were 4 Hz of frequency and 6 mm of amplitude (based on the best result obtained in the batch
assessment). The first strategy tested (FB1) consisting of 4 feedings in the first 12 h of reaction, was
performed in the OFR and compared with traditional flask incubator shaking at 150 rpm. Figure 4.6
shows the fed-batch kinetics of both OFR and flask. At 24 h, an improvement of 28% in terms of cellulose
conversion could be noticed in the OFR, and the overall reaction performed better in the OFR than in the
shaking flasks. This improvement can be related to the good mixture achieved in the OFR which favors
the solid-enzyme contact and the low shear conditions which improves enzyme access to the substrate

(Bianchi et al., 2020; Ikwebe and Harvey, 2015). Based on the improvement observed, two more
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strategies (FB2 and FB3) were tested in the OFR to reduce the feeding times. The kinetics of glucose
production and saccharification conversion are shown in Figure 4.7. The FB2 and FB3 reached 170 and
162 g/L of glucose, respectively, representing 97 and 93% cellulose to glucose conversion, respectively.
The FB2 and FB3 strategies achieved higher conversion compared with the FB1 strategy (75.54%). The
lower conversion in FB1 could be explained by the loss of enzymatic activity during the initial phase of
the reaction due to the higher enzyme ratio added and the fact that the enzyme could have reached its
maximum non-productive bonding with lignin as the total enzyme required was added since the beginning
(dos Santos et al., 2019; Du et al., 2017). Thus, due to the higher accumulation of enzymes added
initially, the hydrolysis capacity of the enzyme could have been reduced by inhibition when the substrate
was added over time (Alias et al., 2021). It is interesting to highlight that the saccharification rate at 24
h was similar in the three scenarios tested, even when 7% (w/v) of the solids were still to be added for
the FB3. This result is opposed the reported by Cai et al. (2021) where their best fed-batch strategy using
acidic pretreated corn cob was the addition of low amounts of solids every 5 h; with this strategy 84.4%
cellulose conversion was obtained after 96 h with a global solid load of 25% (w/v). On the other hand,
Pino et al. (Pino et al., 2019) studied the fed-batch strategy in two feds starting with 20% (w/v) and adding
10% (w/v) at 12 h. They reported a cellulose conversion improvement regarding the batch assay. Also,
Gong et al. (2020) mentioned that it is beneficial for the fed-batch process to feed early, as long as there
is no interference with the mixture. By early feeding the hydrolysis reaction time can be reduced and there
is less risk of enzyme deactivation. Hence, the fed-batch is a good strategy to overcome viscosity,
insufficient free water, and mixture problems but feeding points should be carefully considered as it was

observed that feeding intervals are a factor that causes a decrease in enzyme efficiency.
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Figure 4.6. Fed-batch kinetic in OFR (blue, continued line) and flask (gray, dotted line) using 25% (w/v)
hydrothermally pretreated corn cob.
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Figure 4.7. Glucose production (a) and conversion (b) of HSEH kinetics in OFR by fed batch strategy.
FB1 (m blue), FB2(® gray), FB3 (& green).

4.4 CONCLUSIONS
With this study, OFR applications were broadened and the operating parameters of OFR that
influence HSEH were evaluated. It was validated that both frequency and amplitude have an effect on

the process and that OFR can achieve an efficient mixture in complex rheological conditions. Moreover,

the fed-batch strategy in OFR for high solids loading and low enzyme addition showed promising results
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by improving the overall reaction yield. Further investigations in macroscopic mass and heat transfer,
scale-up, and energy consumption should be conducted for OFR performance using lignocellulosic

substrate at high solid loading.
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5.1 CONCLUSIONS

Sugar - glucose — is a simple molecule that serves as the primary substrate to many biological
fermentation processes that, in lignocellulosic biorefineries, could produce a broad of products at both,
large volume, as liquid transportation fuels, and low volume but high-value compounds as specific
chemicals. Biorefineries are the direction we must follow to use renewable carbon and get away from
petrol-derived products. Bioprocess engineering research is essential to support biorefineries. The aim of
this thesis was to contribute to sustainable biomass processing, namely, the enzymatic hydrolysis of
lignocellulosic biomass via strategies such as enzyme immobilization and bioreactor operations. Under
this scope, several subjects were explored, analyzed, and studied following the biorefinery concept. This

chapter addresses the summary of the main conclusions from the work presented.

Although countless advances in cellulase production and research to reduce costs and improve
bioprocesses, as of today, cellulases are still generally expensive, affecting the economics of the
biorefinery process. Other than being expensive, cellulases, are highly sensitive and prone to be affected
by factors such as inhibition and denaturation. Enzyme immobilization was studied as a strategy to reduce
the enzyme loading in the enzymatic hydrolysis process. The magnetic properties of Fe;0, nanoparticles
made this support attractive for easy enzyme reuse by applying an external magnetic field. By coating
Fe,O. nanoparticles with chitosan, functional groups were provided to the support that attained an
immobilized biocatalyst load of 65 Mg,/ S Before testing the immobilized cellulase, it was important
to corroborate the immobilization by techniques such as microscopy and FTIR-ATR. The successfully
immobilized cellulase maintained 43% of its initial activity after 13 reusing cycles using carboxymethyl
cellulose as substrate. This proved that the enzyme was capable to re-start the hydrolysis when the fresh
substrate was added. Also, the 13 reusing cycles represented an 8.2-fold glucose production than when
the enzyme was not reused. The analysis of the immobilized cellulase cocktail using 5% (w/v) of
hydrothermally pretreated corn cob resulted in a saccharification yield of 64% after 120 h, confirming that
the immobilized enzyme was active with real substrate. Recognizing the need to use high solid loading, it
must be highlighted that the used value of 5% (w/v) of pretreated corn cob is among the highest loading

reported in the literature regarding immobilized cellulase.

Given the complexity of enzymatic hydrolysis, bioprocess engineering plays an important role in
the equipment development and products manufacturing. An alternative strategy to assess the enzymatic
hydrolysis was tackled by exploring the oscillatory flow reactor (OFR) as strategic bioreactor configuration.

Oscillatory flow reactor is known to improve mass and heat transfer (major parameters that affect the
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enzymatic hydrolysis). However, an added challenge was imposed as nowadays it is imperative to work
at high solid loadings in order to achieve higher sugar concentrations, reduce operational cycles, and
decrease water consumption. Moreover, regarding bioethanol production, glucose concentrations above
~80 g/L are recommended to achieve ethanol titers higher than 4% (w/v) through microbial fermentation
which is considered to benefit distillation by diminishing the energy demand (Raj et al., 2022). By taking
all into account, the OFR batch operation assessment achieved a maximum solid loading of 18% (w/v)
attaining 81% cellulose-to-glucose conversion in 20 h at low enzyme dosage using hydrothermally
pretreated corn cob representing a glucose concentration of 100 g/L. Both amplitude and frequency have
a positive effect on the process, the highest conditions tested of amplitude (6 mm) and frequency (4 Hz)
tested allowed the highest value of productivity of 5.03 g/(L-h), between 24-34% higher than the other
conditions tested. Then, by adopting the fed batch strategy into the OFR, a maximum solid loading of 25%
(w/v) was achieved reaching saccharification yields of 97% after 48 h. These results are highly positive
as they expand the application horizon of OFR and demonstrate the feasibility of high solid loadings

operation in alternative reactor configurations.

5.2 FUTURE PERSPECTIVES

Based on the results obtained in this work, some considerations to improve and ideas of further
steps are mentioned next. Even though enzyme immobilization has been widely studied, there are still
areas to explore and research on the biorefinery concept. The cellulase immobilization should be
characterized and tested under the paradigm of second-generation biorefinery. For example, the
immobilized enzyme tolerance should be tested against compounds derived from the pretreatment of
lignocellulosic biomass that are known to be inhibitors of cellulase such as xylooligomers, lignin
compounds, acetic acid, and glucose (Haven and Jargensen, 2013; Qi et al., 2018; Qing et al., 2010;
Ruiz et al., 2012). Also, optimized ratios to combine immobilized and free enzymes in order to
compensate for the loss in activity when reusing the immobilized enzyme could decrease the enzyme
input throughout the process. Likewise, improvements on the enzyme binding onto magnetic
nanoparticles can be considered as future work using technologies such as protein-engineering functional
materials employing tag mediated protein immobilization strategies (Freitas et al., 2022). From an
operational point of view, studies in bioreactor design can optimize the magnetic field used to recover the
immobilized enzyme and enhance reusability as the development of a reactor coupled with a controlled

magnetic system (Al-Qodah et al., 2015).
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Regarding the second enzymatic hydrolysis strategy approached in this work, the oscillatory flow
reactor opens a vast research area when carrying out enzymatic saccharification of lignocellulosic
biomass. For instance, the use of other lignocellulosic materials should be tested to gather information
about the performance of the OFR in different rheological circumstances. From a process engineering
orientation, improvements on the reactor design in terms of process control and real time monitoring can
boost the application of OFR in bioprocesses as enzymatic hydrolysis, bioconversion/fermentation, and
continuous operations (Furlong et al., 2020). For example, a future perspective is the possibility to use
OFR in fermentation processes where agitation and aeration plays an important role on the microorganism
performance, thus OFR could provide specific mixture conditions along the process (Costa et al., 2022).
Additionally in high solid loadings enzymatic hydrolysis, by accurately monitoring the reaction progress,
for example by measuring the decrease in viscosity throughout time, the optimum fed-time can be
predicted facilitating the solid loadings. From a long-term standpoint and taking the advantage that the
OFR scale-up is considered to be straightforward, the reactor design could be optimized for this complex
process using simulation tools and computational fluid dynamics (Gaona et al., 2021) To conclude,
economic and energetic efficiency analyses should take place for the application of OFR in biorefineries
industries to attain the optimized conversion yield at the minimum energy consumption (Ahmed et al.,

2017; Shiva et al., 2022).

To conclude, there is still plenty of research areas to discover and question in order to achieve a
biobased economy and accomplish the must needed detachment from fossil fuels in the near future.
Through this work, alternative enzymatic hydrolysis strategies were explored to bring knowledge,

awareness, and open key points for possible future research.
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