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V. Summary

The capture and conversion of CO, into valuable chemicals such as methanol (CH;OH)
represents a promising strategy for mitigating industrial carbon emissions, particularly in hard-
to-decarbonise sectors. The most well-developed systems for CO, upgrading to CHsOH, while
effective, face challenges relating to cost and sustainability. Enzyme-based catalysis, with the
addition of carbonic anhydrase (CA) to enhance CO. sequestration, offers a greener
alternative due to its ability to enhance CO, hydration rates. For industrial application, enzyme
recovery and reusability are crucial, and immobilisation is a common solution for this issue.
Porous frameworks are particularly popular, since they offer higher surface area (SA) for
enzyme loading. This study investigates two potential porous frameworks, biochar and

bioinspired silica (BIS), for their suitability in CA immobilisation.

A meta-analysis of biochar synthesis parameters (pyrolysis temperature, feedstock, and
activation treatment) revealed significant variability in porosity characteristics. No biochar
candidates met the minimum requirements for pore diameter (PD), pore volume (PV), and SA
necessary for effective enzyme immobilisation and activity. Subsequently, a recently
developed BIS synthesis method was used to [redacted] frameworks,

engineered to meet ideal porosity conditions.

Porosity analyses confirmed that | [redacted] samples exhibited suitable PV (>0.3
cm®*g')and SA (50 - 500 m2g'), with | [redacted] showing enhanced SA at higher reactant
concentrations. CA was immobilised via entrapment and adsorption methods. While
adsorption resulted in limited enzyme loading and activity, some [redacted] entrapped
CA samples exhibited comparable activity to the free enzyme, indicating some potential as an

industrial application but further rigorous development would be required.

Overall, this study highlights BIS as a promising, tunable platform for enzyme immobilisation,
although further optimisation is needed to improve consistency and performance for industrial

CO,, capture and conversion applications.
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Chapter 1: Introduction

1.1 Overview

This chapter focuses on introducing the problem of carbon dioxide (CO,) emissions, their
impact on the atmosphere, the resulting harm to natural systems, and the serious threats they
pose to human health and society. It will begin with the sources of these CO, emissions and
the technological, financial, and legislative challenges which make them difficult to address.
The issue of unavoidable CO; emissions will then be covered, followed by an overview of the
range of technology options under development for mitigating them. Focus will be paid to CO.
upgrading into useful fuels and chemicals, followed by the barriers to rolling out these
technologies at scale. This thesis then focuses on the important prospective role of methanol
(CH3OH) in a net-zero CO, emissions system and the status and challenges around its
synthesis using waste CO; as a feedstock. It will then focus on immobilised enzyme catalysis
systems as a highly novel means of hydrating CO; to form CH3zOH, and the developments
required to progress research in this technology. One of the principal areas of research is
enzyme immobilisation and the addition of the enzyme carbonic anhydrase (CA) to aid CO-
hydration into the aqueous reaction system. The extensive literature relating to the
immobilisation of CA will then be discussed along with and identification of the key features of
the most successful immobilised CA systems to date. The technical details regarding the
formation of silica frameworks will then be described in detail along with recent improvements
in the sustainable manufacture of bioinspired silica (BIS) and how the selection of biological
molecules can enable the tailoring of porosity to suit the needs of an enzyme system. Briefly,
the attributes of biochar as a framework for immobilised enzymes will then be discussed prior
to a far deeper discussion in Chapters 3 and 4. The introduction will conclude with aims and
hypotheses to explore the feasibility of the application of BIS and biochar as a framework for

CA and the dehydrogenase enzyme alcohol dehydrogenase.

1.2 The Climate Crisis

The burning of fossil fuels in the form of coal, natural gas and oil has facilitated prodigious
improvements, in the health, well-being, education and social development of a large
proportion of humankind®2. Unfortunately, it is now abundantly clear that this leap in progress
has come at great cost to the earth’s atmosphere, environment, and its natural systems. The
combustion of fossil fuels has increased CO; in the earths atmosphere?3. As of March 2025,
its concentration reached 428.01 parts per million (ppm) globally, the highest amount in the
last 800,000 years*. This increase in CO- concentrations, along with other human industrial
activities such as agriculture, deforestation and manufacturing are creating a global heating

imbalance®® with around 30 - 40% of the human population experiencing an average warming



11

of 1.5 Celsius (°C)’. This has already had profound effects on our planet’s natural systems,
with trends showing an intensity of weather extremes such as heatwaves, tropical cyclones,
heavy rain events and drought®. Unless drastic action is taken to reduce CO, emissions and
enhance sinks the world will have warmed by 4°C by the end of the century’. If this happens,
major cities will be submerged due to rising sea levels; mass extinctions will occur and large
parts of the world will degrade into uninhabitable desert, leaving holes in the planet’s web of
life and the global food supply chain’. Action is required to conserve our planet’s climate to an
average 1.5°C rise in temperature’, which would “reduce the probability of extreme drought,

precipitation deficits and risks associated with water availability””.

Global commitments and actions are growing, with nations investing in radical plans to
decarbonise their national energy systems®. In addition to decarbonising current energy
systems, future requirements and demands must also be considered including: the rising
global population, estimated to be between 9 to 10 billion people by 2050, and the projected
increases in global standards of living, which could push energy demand up by 60% compared
to the current needs?. The IPCC has outlined that, if demand rises as anticipated, global
electricity supply will need to come from 70 - 85% renewable electricity by 2050 if temperatures
are to be kept below a 1.5°C increase from pre-industrial levels. To meet this target, the rate
of energy-system decarbonisation and carbon dioxide removal (CDR) must be increased four-

fold compared with current efforts?. These measures include:

e Lowering the carbon content of electricity.

¢ Reducing the share of coal-fired power generation and its subsidies.

¢ Incentivising consumers to switch from hydrocarbon to electric-powered vehicles.
¢ Improving efficiency in energy consumption

e Investing in carbon capture and storage (CCS) and CDR strategies®.

1.3 Challenges Associated with Addressing CO2 Emissions

Despite efforts to enact the measures required to tackle climate change, several key
challenges remain. Beginning with strong lobbying and financial incentives to maintain current
policies'®. Another issue is that many sectors have CO, emissions which are challenging to
abate. Transport, comprising aviation, shipping and road freight, currently accounts for 6% of
global CO; emissions and currently presents another major hurdle in achieving
decarbonisation. Whilst light transport vehicles can be changed to hydrogen (H) or electricity
with comparatively fewer technical challenges, heavier forms of transport such as trucks, ships
and air freight require a larger cargo carrying capacity to justify the economic costs of

operation™.



12

Heavy materials manufacture is another sector facing challenges with decarbonisation. The
iron and steel industry and the cement industry as examples. The iron and steel industry
accounts for 7 - 9% of global CO, emissions The cement industry accounts for a further 7% of
global CO, emissions and is the second most in-demand resource in the world after fresh

water2,

Both cement and steel face difficulties with decarbonisation due to the inherent nature of their
manufacturing processes. In the case of steel and iron, coking coal is used to reduce iron
oxide in iron ore to create crude steel, resulting in the emission of 1.6 to 3.1 tons of CO, per
ton of steel'. In the case of cement, 60% of CO, emissions per ton of clinker arises because

of the burning of calcium carbonate at high temperatures to create lime 3.

One solution for these industries with hard to prevent emissions is CO2 removal (CDR). The
IPCC has estimated that in >50% of global models to limit warming to less than 1.5 °C there
will be a need to perform CDR at scale'. They also indicate that the longer the delay in peak
global CO, emissions, the greater the need will be for atmospheric CDR strategies for

achieving climate goals’®.

1.4 CDR for Assisting Emissions Reduction

The most prominent CDR strategies include afforestation and reforestation (AR), biomass
derived biochar manufacture, soil carbon sequestration (SCS), enhanced rock weathering
(ERW), ocean fertilization (OF), bioenergy with carbon capture and storage (BECCS), ocean
alkalinity enhancement and direct air carbon capture and storage (DACCS)'®. Recent
estimates calculated that to limit global temperature rise to 1.5°C above pre-industrial records,
there needed to be approximately 7 - 9 gigatonnes (Gt) of atmospheric CO,removed between
2024 and 2025'¢. Current CDR strategies are estimated to remove around 2 Gt CO;, per year,
with most of the removal occurring because of AR, habitat restoration, and SCS, not
surprisingly as these are the most well-researched and established practices’®. The other,
more novel CDR methods such as OF, DACCS, BECCS, biochar, ERW currently remove an
estimated 1.3 Megatonnes (Mt) CO,'S.

Increasing annual CDR from 2 up to 9 GtCO;, per year is achievable, but challenging'®. One
of the overarching difficulties in increasing uptake of novel CDR methods is the large gap in
innovation between technologies*®. Whilst AF is already a cost-effective and established
practice, huge costs and technological uncertainty are associated with other novel
technologies; DACCS for example has focused almost entirely on research and development,
with comparatively little work being done in determining total demand, cost/benefit ratios, and
public attitudes towards implementation’”. To put this into perspective, a current
1 MtCO./ year DACCS plant would cover an area equivalent to 28 football fields (0.2 km?) and
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the water use alone could range between 7-13 Mt per year'®. Such demands on land and
freshwater resources could leave DACCS vulnerable to prohibitive costs and social
acceptance'. Progress of CDR deployment is also hindered by a distinct lack of
interdisciplinary cooperation to track deployment of CDR projects and determine whether

these deployments are enough to satisfy a nations CO, reduction commitment*®.

Finally, there is also a notable lack of CDR technologies in existence at the Gt scale, resulting
in a lack of data to indicate their true environmental impact; as such, their projected
contribution to climate goals is considered to be uncertain by some researchers?. Therefore,
in addition to progressing CDR technology development and impact assessments, a greater

focus should be given to technologies which prevent or reduce CO; emissions at the source.

1.5 Preventing CO2 Emissions via Capture and Storage

Despite these issues with CDR another technology that can be deployed for industries which
have built in non-preventable emissions is carbon capture, utilization and/or storage (CCUS)'.
CCUS takes two forms, the first and most mature of these being carbon capture and storage
(CCS), which captures CO, and transfers it to a storage site. The second and more novel is
carbon capture and utilisation (CCU), which captures CO, and uses it commercially?'. These
technologies are receiving rapid investment and, in some cases, have already been
successfully deployed. Such as in the case of a cement manufacturer in Brevik Norway where
they have successfully deployed a viable commercial scale amine CO; capture plant. However,
whilst there is some adoption of alternative technologies for both CO, emission prevention,
progress is still not on track in 2025 for cement, and iron and steel production?223, but it is
hoped that, like CDR, CCUS will compliment international efforts to reach decarbonisation

targets®.

1.5.1 CO2 Capture

Three of the most mature technologies under development for CO, capture are post-
conversion, pre-conversion and oxy-fuel combustion capture?®. For each process, several
materials and chemicals have been explored as possible adsorbents and absorbents for CO2?".
In the case of post and pre-conversion capture, the most favourable method already being
applied at industrial scale is solvent absorption using monoethanolamine (MEA), which
releases high-purity CO, via a temperature swing process?%2’. Unfortunately, a high heat
consumption is incurred because of MEA regeneration, resulting in increased energy costs?6.
Another key challenge with the use of MEA is degradation, due to the solvent’s tendency to
react with oxygen, SOx and NOx28. This produces a toxic waste stream which must then be
safely disposed of and continuously replaced?. High levels of corrosion are also associated
with MEA plants?8,
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Another chemical absorbent-process is calcium-looping, this process has been found to
produce high-purity CO, at low capacity and reasonable cost at pilot scale, following
temperature swing?®. A limitation of this method however is that temperatures of 850 — 950 °C
are required to decompose the CaCOs; to release the pure CO, stream?®. Porous solid
adsorbents such as solid amine, carbon, zeolite, metal organic frameworks (MOFs) and alkali-
carbonates have also been explored3°-32, Unfortunately, these physical adsorbents are limited
by poor adsorption selectivity, owing to the relatively low partial pressure of CO; in the flue
gas stream as well as the large amounts of flue gas that needs to be treated®'. Physical
solvents such as Rectisol'™ and Selexol'™ have also been applied to pre-conversion capture
processes where high-heat recovery is not needed, such as coal gasification; however, studies
have found that a high purity stream of CO; is required to achieve competitive process

efficiency33-%,

Oxy-fuel combustion avoids the use of chemicals by instead burning fuel in pure oxygen; the
result is a high-purity CO, stream devoid of nuisance NOx molecules®¢. Unfortunately, oxyfuel
is both energy intensive and expensive, due to the need for the air-separation processes
required to create a pure stream of oxygen®’. As a means of overcoming these limitations, two
newer technologies in the form of chemical looping and combustion and chemical looping and
reforming have been developed. In the case of chemical looping and reforming this has
produced positive improvements, such as “lower steam demand, higher fuel conversion
efficiencies and better sulfur tolerance”® and can handle more dilute CO; streams?53.
Unfortunately, these breakthroughs have been mired by new issues, such as the high-
pressure required of the system for it to be competitive with oxyfuel and post-combustion
capture. In the case of chemical looping and combustion, further issues surround the
technologies’ application to burning solid fuel and handling the ash. These issues mean that
both chemical looping and combustion or reforming will not be expected to be ready for

industry adoption until 20304.

1.5.2 Transportation

Further limitations to CCS deployment are the costs associated with CO, separation,
enrichment and transportation. The cost for capturing a ton of CO; can vary significantly from
$15 - 25/ tonne (t) CO;, for a dilute stream up to $40 - 130 / tCO; for a concentrated stream
suitable for repurposing for chemical production*'. Once captured CO, must then be
transported either by pipeline, ship, train or road to the storage or utilisation site. Pipelines are
considered the most cost-effective means of transporting COg, with the cost varying depending
on transportation distance*'. Transport by pipeline costs can range from $4 - 45 / tCO2*'. To
put this into perspective, when considering the annual CO, emissions from a medium-sized

cement plant and an 85% capture rate ( ~1 MtCO- / y), this gives a combined minimum
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projected sunk cost for capture and transport of $15 m and $4 m respectively*'. It is hoped
that one of the driving factors for lowering the cost of CCS will be economies of scale - as
increased numbers of industries capture CO, and ‘plug - in’ to the network, the associated
cost will decrease*?. However, industries with CO, emissions large enough to influence this
economy of scale will be larger scale operations*’. These are comparatively few in comparison
to smaller facilities such as “pulp and paper plants, wastewater treatment centres and smaller

gas-fired power stations” which might not emit enough to justify the expenditure*.

1.5.3 Storage

Owing to the extensive experience of the fossil fuel industry in drilling and injection to access
fossil fuel reserves, several deep geological storage options have been developed for
compressed or liquified CO; to be injected into exhausted oil and gas fields, saline aquifers
and coal seams**5, It has also been suggested that CCS be combined with crude oil
extraction as a means of enhancing recovery304647 Whilst this form of storage appears to
have the best potential for large-scale sequestration, particularly in saline aquifers and
beneath the ocean, it has been met with significant trepidation*®4°. Principally because
although the theoretical capacity for CO, storage far exceeds the amount needed to achieve
net-zero status, little is known about the true capacity of these reserves as well as their relative
safety with regards to leaks*®-52. Negative impacts have also been reported with regards to

the natural ecology around injection sites53-61,

1.6 Carbon Capture and Utilisation or Conversion

Considering the limitations posed by CCS, governments, industry and researchers have for
some time been developing smaller CO; reduction routes in the form of CCU and carbon
capture and conversion (CCC) where CO: is captured and changed to a product that can be
useful in industry or stored!. CCU and CCC comparatively are not projected to reduce CO; as
much as CCS, however they are still considered to be vital CO, mitigation strategies as they
reduce the need for intentional CO; production from fossil fuels, while also providing another
option to CCS where CO; storage options are limited'. CCU entails the direct commercial use
of COs in industries such as chemical and steel manufacture, fire extinguishers, food
processing, and metal fabrication®?. Unfortunately, the market for CO; in these industries is
limited®3. CCC seeks to further increase the market potential for CO, by converting CO; into

other commercial products. This study will focus on this branch of CO, conversion hereafter.

1.6.1 CO2 Capture and Conversion to Useful Fuels and Chemicals

The inert nature and stability of CO, presents a challenge to its efficient conversion. Large

amounts of energy are required to break the highly stable bonds between the atoms
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(Ar G° = 0.84 kcal / mol)®*. This would equate to 79.9 kJ per kg of CO,. However, once this
barrier has been overcome, CO; can serve as a highly flexible feedstock capable of producing
over 150 different chemicals (Figure 1)85-%°. Many of these are fine chemicals with a limited
market; however, fuels such as CH3zOH, carbon monoxide, urea, syngas and di-methyl ether

and other branch feedstock chemicals can also be produced (Figure 1)30:63.66,70-75

Fuels DMFC
H,0/e

Co,
Reduction CO, - CH;0H CHy Dry reforming
2

Dehydration MTO

CH,0CH; H,C=CH,

I

Fuels Hydrocarbons

Figure 1. Conversion pathways of CO: to fuels and chemicals. MTO refers to the ‘methanol to
olefins’ pathway, and DMFC refers to ‘di-methyl ether and feedstock chemicals’. Taken from 7.

In this way CCC could help towards decarbonising awkward sectors such as transport, heavy
industry and smaller industries unable to qualify for CCS by capturing CO- exhaust gases and
transforming it back into high-value fuels or chemicals'. The ‘fuels and feedstock chemicals’
branch of CCC has attracted a lot of attention in recent years and has already been
demonstrated in numerous studies and large-scale commercialised projects. These have in

turn been summarised in several comprehensive critical reviews 32747782,

1.6.1.1 Carbon Capture and Conversion to CH30OH
CH3OH is a versatile and useful chemical for transportation fuels and as a foundation

feedstock for thousands of other specialised chemicals®%%83, It is also the second most
effective chemical, after urea, for sequestering anthropogenic CO, emissions; with a capture
capacity range between 1 - 10% of total annual emissions?584. Although the market demand
and price for urea is far higher, an established method of urea production which utilises CO-
already exists®. Whereas the global production of CH3OH, currently around 98 Mt per year, is
predominantly facilitated using coal (35%) and gas (65%) feedstocks with only 0.2 Mt
produced renewably®>8, As a result of the increasing global demand this industry’s CO-
emissions have also increased by 15% (28 Mt CO;) between 2015 and 2018%".

The simplicity of CH3OH as a hydrocarbon and its chemical energy has allowed it to become
an established and valued chemical within the global fossil-fuel-centric system (Figure 2). As
of 2017, 19.6% of the global petrochemical market used CH;OH as a feedstock®. CH3;0OH is

also favoured due to the ease with which it can be transported and stored®. Increasing use of
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CH3OH for both established and emerging applications, such as a source of H for flex-fuel
and fuel-cell vehicles and for the creation of dimethyl ether, has meant that demand is
expected to rise by over 50% by 2030 and double by the end of 20508891, |ts anticipated
usefulness is such that a conceptual economy ‘the methanol economy’ was created around
its use by the Nobel laureate George Olah®2. If CH3;OH could be manufactured using waste
CO; from industries struggling to decarbonise and from smaller industrial units that do not
qualify for CCS, the economic return of a valuable product might incentivise the substantial
investment required for CCUS technologies. It may also prevent emissions of >211 MtCO; per

year arising from the use of coal and gas as the feedstock for its manufacture®’.

Methyl chloride (chloromethane)
2%

Methylamines

Methyl tert-butyl ether (MTBE)
1%
2%
Methyl methacrylate (MMA) ~
29
-Dlmeihyl ether (DME)
3%

Methanol-to-olefins
Ml Fuel uses 25%

Wy Chemical uses

Figure 2. Global uses of CH30H, taken from .

As outlined in recent reviews’®778 many novel approaches have been proposed for CO; to
CH30H conversion. These include CO, conversion methods using renewable energy such as:
wind, solar and biomass®>3, photoreduction using metal catalysts®-'%", and bio-fixation using
microalgae'92193, Integrated CH3OH production systems have also been proposed alongside
enhanced gas recovery and dimethyl ether generation'9419, Unfortunately, each of these
methods has been met with challenges. In the case of photoreduction, rare-metal catalysts
are often employed to drive the reaction in the desired direction, which have sustainability

concerns'%. Bio-fixation has encountered issues with scaling production: large, outdoor,
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reactors have been found to not be as efficient for algal metabolic activity as those used in a
laboratory setting and significant energy and environmental costs have been associated with
algal biomass extraction and processing?6.102.103.107,108 " \Whilst integrated CHsOH, enhanced
gas recovery and dimethyl ether generation have potential, the former is constrained by
geography and costs and the latter is energy intensive as it requires high temperatures
(250 — 300 °C)104.105,

One of the most deeply explored and developed routes for methanol synthesis is CO>

hydrogenation via Fischer-Tropsch synthesis®3:
(1.1) CO, + 3H,; 2 CH3;0H + H,0 AH,9gx = —40.9 kJ/mol

To further enhance the hydrogenation process, CO; can also be fed into a reverse water gas

shift reaction to generate CO®3:

(1.2) CO, +H, 2 CO + H,0 AH o5 = 49.8 k]/mol
This can then also be fed into the Fischer-Tropsch process®:

(1.3)  CO + 2H, 2 CH30H AH,9gx = —90.7 kJ/mol

To overcome CO- stability, reach the activation energy for C-H bond formation and improve
the yield and conversion rates, a copper (Cu)-based catalyst is often used in combination with
one or multiple additives such as gold, indium oxide, nickel, gallium, manganese, cobalt,
zirconium, zinc, titanium, aluminium, silicon, chromium, gallium again, palladium and
cerium®3.74.109-121 {5 improve the process selectivity towards CH3;OH and limit unwanted by-
product formation. Unfortunately, these methods have encountered significant issues, such as
a tendency for the catalysts to rapidly disintegrate and dissociate. This issue has been
somewhat mitigated with the introduction of aluminium oxide, zirconium dioxide, titanium
dioxide, and silicon dioxide reaction frameworks, which have been reported to exhibit good
performance and increase stability, manage reaction pH and promote successful substrate-
product interactions®3115-119.122123  Degpite these breakthroughs, later studies reported that
these catalysts and their additives still suffer from rapid disintegration and dissociation, while
further reiterating their concerns surrounding their expense and sustainability 24133, Additional
issues have also been cited regarding the often-intensive preparation required to create
catalysts that will perform effectively'?2134135_|n the case of copper-based catalysts, methods
such as co-precipitation16.136-139  gol-gel'4%.141 and impregnation’4?> have been developed to
mitigate these negative effects, though unfortunately they are all still mired by limitations such

as expense, time and pH sensitivity20.134.143,144,
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Despite these issues the use of metal-based catalysts for CHszOH production via
hydrogenation has been trialled in several pilot-scale facilities (Figure 3). Each have used
varying combinations of reaction catalysts and promotors to produce CH3OH with successively
larger yields®3 (Figure 3). The most recent endeavour in Iceland, the George Oleh Plant
operated by Carbon Recycling International, achieves commercial-level operational outputs of
4000 tons of methanol annually, which can be blended up to 3% with gasoline and fulfils “2.5%
of Iceland’s gasoline market”’6. Despite these breakthroughs, significant challenges remain;
principally the low reaction efficiency observed at pilot scale facilities, attributable to inefficient

catalysts which results in low CO; conversion and poor CH3OH selectivity45-148,

. \ \ 2008 - 2012 Ny 2015
: : . ol el

Lurgi, NIRE and Mitsul, Japan George Olah, George Olah,
Germany PITE, Japan pilot plant Iceland Iceland
Cu/zn/Al based Pilot plant yielding 100 t/yr Industrial plant Industrial output
cartalyst. ylelding 18 t/yr using Cu/Zn/Al/SI generating 1300 Increases to 4000
using Cu/Zn0 caralyst t/yr using tiyr using
/Zr02/Al203/5102 PEHA/RUPNP PEHA/RUPNP
catalyst-complex catalyst catalyst

Figure 3. Technology progress of metal-catalyst mediated CO hydrogenation to CH3;0OH,
adapted from 3,

1.7 Enzymatic Conversion of CO, to CH30OH

In recent years, enzymes have become increasingly recognised as a powerful and sustainable
alternative to inorganic catalysis for the conversion of CO2 to CH3OH. This is due to their ability
to reduce the activation energy required for CO, reduction as well as their high substrate
specificity, resulting in a faster reaction4®1%°. Whilst enzymatic reduction of CO, to CH;OH
does not ordinarily occur in nature, it is made possible by assembling enzymes from different
biological origins into a multi-enzymatic cascade system and optimising reaction conditions to
drive the reaction in the desired direction. The first attempt was conducted by Obert and Dave
in 1999 and utilised formate dehydrogenase, formaldehyde dehydrogenase and alcohol
dehydrogenase®*151. Each works in reverse of the naturally occurring reaction, to reduce CO-
to formate via formate dehydrogenase, followed by reduction to formaldehyde via
formaldehyde dehydrogenase and then finally to CH3;OH via alcohol dehydrogenase, as
described in E. 1.4 to 1.6"5".'52_ This conversion is facilitated by an electron donor in the form

of nicotinamide adenine dinucleotide (NADH), which is oxidised at each stage of the reaction
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to become oxidised nicotinamide adenine dinucleotide (NAD*). Overall, three moles of NADH

are required to produce one mole of CH3;OH and four moles of H, are consumed™®'.

(1.4) CO, + NADH + H* — HCOOH + NAD*
(1.5) HCOOH + NADH + H* — CH,0 + NAD* + H,0
(1.6) CH,O + NADH + H* - CH,0H + NAD*

For research into enzyme-mediated conversion of CO; to CH3OH to progress as a technology,
it must have high rates of conversion for each substrate. In addition, enzymes must have high
stability during practical applications against fluctuations outside of their optimal activity
temperature and pH range®+149.153_ The use of free enzymes in solution also creates unfeasibly
high operational costs, due to low recovery rates'*. These issues are not isolated to the field
of enzyme-mediated CH3OH production and efforts towards overcoming these challenges are
underway within many other fields researching industrial enzymatic solutions'3. These efforts
fall into two main themes. The first is protein engineering'®, in which enzymes are altered
through techniques “such as site-directed mutagenesis and direct evolution”'3. The second is
through immobilisation, with or without chemical modification'331%6. This study will henceforth
focus on immobilisation for improving the performance of enzyme-mediated CH3;OH
production, since it presents a means of both stabilising and enhancing enzyme activity, whilst

also having the potential to lower process costs through re-use and recovery's’.

1.7.1 Immobilisation methods

Enzyme immobilisation, with the help of advances in protein engineering, has expanded the
range of molecules which are now able to be utilised in industrial biocatalysis'8. In doing so,
it has transformed many otherwise wasteful, toxic and intensive chemical synthesis processes

into processes aligned with the principles of green chemistry'58.159,

Notable success stories of enzyme immobilisation include acrylate and 1,3-triglyceride
synthesis. In the case of acrylate, the engineered enzyme mutant lipase B from Candida
antarctica was immobilised onto polypropylene via adsorption'®. The new system avoided
high temperatures and acid catalysts associated with conventional acrylate manufacture,
produced good yields of acrylate and has been expanded to include the manufacture of
polymers and oleamides'®®. Precedent manufacturing methods of 1,3-triglycerides struggled
to achieve the melting temperature required for oils and fats for margarine without processes
such as “fractionation, hydrogenation, and chemical interestifcation”'%8. The application of
immobilised lipases on diatomaceous earth and later silica particles enabled the
interesterification of these oils without such intensive methods'8. In both instances, enzyme
immobilisation was a fundamental driver for this switch by industry to green chemistry

practices.



21

A wide variety of different immobilisation frameworks have been explored in academia.
However, their application at industrial scale often narrows down the range of frameworks to
those which are straightforward to generate and economical'®. They also must ensure that
enzyme activity is also not detrimentally impacted. This is achieved by maximising cofactor,
product and substrate diffusion access to the framework'%® and by avoiding compromising the
enzyme structure by immobilisation'®® or through spatial constraints'®'. The two main methods

for immobilising enzymes are defined as the chemical method and the physical method 62,

The chemical method is currently favoured by industry and entails crosslinking of the enzyme
or covalent bonding to the support material'®2. Cross linking occurs by linking enzyme to other
enzymes, proteins or supports to from aggregates or crystals and covalent bonding occurs via
binding of the enzyme to the support using covalent bonds'®2. In both cases, these methods
have been met with challenges'®2. Cross linking has been cited as difficult to reproduce and
difficulties have also been cited with unfavourable interactions between enzymes and cross
linkers'%2. Covalent bonding requires modification of the enzymes structure to form covalent
bonds, this can lead to interference with the enzymes tertiary structure leading to misalignment

of key residues required for the enzymes functional operation or structural stabilisation'®3.

The second form of enzyme adherence to a framework is physical immobilisation, in which
enzymes are entrapped within the material or adsorbed onto the framework via interactions of
van der Waals forces, hydrogen bonds and ionic bonds between the surface charges of the
enzyme and surface functional groups on the framework'6%.164. These types of associations
between the enzyme and the support have generally been associated with a reduced risk of
alterations to the enzymes structure and thus benefits its activity'®>. However, enzymes are
required to directly interact with the support material and therefore must complement each
other. If they do not denaturation can still occur'®?. For example, interactions with a
hydrophobic surface have been found to interfere with enzyme structure by destabilising
hydrophobic residues buried within the core of the proteins structure'®. However, the affinity
of an enzyme to the carrier can be improved via the application of modifying agents such as
silanes, amines and carboxylic acids'®. Another drawback with adsorption techniques is a
potential for leaching of the enzyme from the framework'64167_ This is particularly problematic

in industrial applications where multiple reaction cycles are needed'®’.

Entrapment is another physical immobilisation technique, designed to immobilise the enzyme
without altering its structure whilst simultaneously reducing leaching of the enzyme from the
framework'¢”. Entrapment of enzymes is achieved by synthesising a polymer framework in a
reaction solution in the presence of an enzyme'®”. Common examples of entrapment

frameworks and methods are polyacrylamide, hydrogels and sol-gel'®”.
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As the polymer matrix assembles, the enzyme becomes entrapped inside the support rather
than on it, as is the case with adsorption'®”. Entrapment using hydrogels and sol-gels was
originally designed for whole-cell immobilisation®”. Since enzymes are far smaller, leaching
from the framework remains a pervasive issue'®’. A suggested solution for this issue is to
increase the size of the enzyme bulk using cross-linking molecules'®’. However, an alternative
solution might be to select a framework with porosity suitable for accommodating enzymes

and their activity but prevents enzyme dissociation¢.

The second form is chemical immobilisation, in which enzymes are covalently bound or cross-
linked to the framework'®®. Compared with adsorption or entrapment, covalent bonding is a far
stronger form of attachment which has been found to produce a more stable enzyme -
associated matrix. An example of a common commercial covalent bonding substance is
Eupergit® C'®”. Covalent bonding is often facilitated by cross-linking molecules, which serve
as a bridge between enzyme and the framework. Common crosslinking agents include
glutaraldehyde and tetramethyl ammonium hydroxide'®. The advantage of crosslinking
molecules is they can provide additional space between the enzyme and the framework, which
can reduce the potential for steric hindrance and better expose the enzymes active site for
interactions with the substrate'’%16°. A notable drawback to covalent bonding is irreversible
denaturation of the enzyme and the active site, which can lead to potentially costly loss of

enzyme'%’.

1.7.2 Performance Criteria for Immobilisation and Activity.

In addition to the chemical influence on interactions between the enzyme and framework, the
physical nature of the support material can also strongly influence the success of a biocatalytic
system. Principally, a support material should be able to withstand the conditions (chemical,
thermal, mechanical, solubility) imposed upon it in an industrial setting'®’. Then the impact of
surface area (SA) must be considered. A SA between 25 - 500 m? g is considered acceptable
an immobilisation framework, however higher protein loading and thus greater system
efficiency is linked to SAs towards the greater end of this range'6”.'68, Extensive SAs can be
achieved using very small particle sizes, but has been found to lead to challenges during
recovery of enzymes'®”. High SAs can also be obtained by utilising porous materials64.
However, care should be given that the PD within a framework is large enough to allow enzyme
access into the inner SA of a porous particle’®®. Once inside, the pore volumes (PVs) must
also be large enough to allow efficient enzyme-substrate interactions'®®. In addition to
accommodating enzymes, PDs and PVs should allow easy diffusion of products, substrates
and cofactors. It has been observed that mesoporous materials with highly ordered pore
structure are effective catalytic frameworks, owing to more even molecular diffusion and mass

transfer'”!. A metanalysis by Bayne et al. was able to identify the porosity features (SA, PD
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and PV) required for a successful enzyme immobilisation framework'8, these values were

extracted from that study and are presented in Figure 4.
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Figure 4. The ‘ideal porosity zone’ portrayed in red illustrates the ideal PD, PV and SA
parameters required for enzyme immobilisation, substantiated by 168

1.8 Immobilised Enzyme Systems for Conversion of CO2 to

CH30OH
Following the initial experiment by Obert and Dave, many studies have since investigated the
conversion of CO, to CH3OH using other immobilization materials'®'. Later studies also
incorporated modifications such as co-factor regeneration systems using glutamate
dehydrogenase as part of their design'®®. Early studies in 1999 and 2003 employed sol-gel
frameworks'72173, In later years, framework compositions diversified into beads made from
tetramethoxysilane and alginate'#, protamine-silica beads coated a phospholipid
microcapsule within a scaffold system'”5, protamine-coated titania particles'”®, phospholipid-
silica nanoparticles'”” and, catechol and gelatine microcapsules'®. In all these cases,
biocatalytic productivity, defined as pmolCH3OH / mgenzymeh, was above or close to that of the
free enzyme, suggesting a degree of success for these systems. However, when results from
studies which included NADH regeneration systems are considered there are two instances
in which free enzyme activity becomes markedly higher in comparison to the immobilised
system'79.180_ This suggests that in earlier studies free enzyme activity may have been stunted
by a limitation of NADH, giving a false impression that immobilised systems were as effective

as the free ones.
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Regarding immobilised systems, studies that included an NADH regeneration system in the
form of glutamate dehydrogenase are characterised by increased biocatalytic productivity
compared to those that did not. In the case of Cazelles et al., the initial amount of NADH was
reduced by 80% compared with the non-regeneration system, and biocatalytic productivity
rose by 393.1% (from 0.29 to 1.43 umolCH3;OH / mgenzyme-h)'”7. This improvement is further
illustrated by a significant increase in the system efficiency factor, defined here as pmolCH;OH
| MQ@enzyme*h-PmolnapH - that is, the micromoles of CH3OH produced per milligram of enzyme,
per hour, per micromole of NADH used. In this system, the efficiency factor rose by 389.2%
(from 9.77 to 47.8), suggesting that the far lower amounts of NADH present were being
regenerated effectively'”’. In another study by Ji et al., inclusion of an NADH regeneration
system led to an increase in biocatalytic productivity of 33.3% (0.87 to 1.16 umolCH;O0H /
MJenzyme'h) With 98% lower initial NADH addition'”®. This increase in NADH efficiency and
biocatalytic productivity activity despite far lower initial NADH levels highlights the

effectiveness of including an NADH regeneration system.

Notable studies which did not include NADH regeneration and exceeded the biocatalytic
activity of these aforementioned studies was Xu et al. in 2006 and Wang et al. in 2014174178,
In these cases respective biocatalytic productivity was 341% and 168% and 44.8% and 78.4%
greater compared with the NADH regeneration systems of Cazelles et al. and Ji et al.1777-7°,
This may be attributed to the far higher amounts of NADH initially added at the beginning of
the reaction. These outcomes suggest that in the absence of an NADH regeneration system,

good activity can instead be achieved by the introducing a large initial amount of NADH.

Setting the influence of NADH regeneration aside, another notable observation is that some
of best outcomes in biocatalytic productivity appear to be associated with studies which have
favourable framework spatial properties (SA, PD, PV). Unfortunately, no SA, PV or PV values
could be discerned for the study by Xu et al., which exhibited the best biocatalytic
productivity'”4. However, other studies which generated alginate beads reported SAs between
76 - 165 m? g, which is considered to be a good SA for effective enzyme loading (Figure 4)'8.
Additionally, the same study reported PDs of 450 nm'®'. This is far beyond the maximum for
enzyme immobilisation (10 - 100 nm), however one observation is that PDs this large should
have enabled full access to all of the available SA, resulting in high immobilisation 68
(Figure 4).

Whilst no study directly considers all three porosity factors (SA, PV and PD), certain studies
reported some porosity factors which are above the minimum ranges defined in Figure 4. For
example, the next best system for biocatalytic productivity was created by Wang et al. and

reported PVs of 2.5 cm? g-', which is considered more than ample room for enzyme interaction



25

with substrates as well as the diffusion of associated products and co-factors'8.178, Whilst PDs
of 3.5 nm were reported, which are considered too small for enzymes to enter the PV, this may
not have an impacted loading and activity in this case since the enzyme is trapped during
aggregation of the colloidal particles, within the textual porosity of the framework'”8. Since the
diameters of the enzymes are estimated to be between 7 - 10 nm, PDs of 3.5 nm should

therefore trap the enzymes within the framework and prevent them from leaching out'’8,

The next most successful study was Ji et al., who immobilised enzymes using coaxial, electro-
spun polyurethane nanofibers with an estimated inner diameter between 700 — 1200 nm'7®.
Considering the density and molar mass of polyurethane and assuming a cylindrical shape,
this equates to an estimated PV and SA of 0.8 cm3 g and 6.2 m? g-' respectively. This inner
volume is well-within the required threshold for enzyme activity; however, the SA is well below
what is adequate for good enzyme loading to create an efficient catalytic surface. This may be

due to the high inner tube diameter, which would reduce overall SA in accordance with its size.

1.8.1 Impact of CA Addition

During their review of CO, to CH30OH enzyme cascade systems, Marpani et al. suggested that
the addition of the metalloenzyme CA might be an effective way of increasing the rate of CO,
hydration and therefore its availability in solution for conversion'#®182, Dissolution of CO; into
an aqueous medium without CA can lead to the formation of several different molecules,

depending on the pH of the solution (E. 1.7):
(1.7) CO, + H,0 o H,CO; & HCO3; + HY © C0%2™ +2H*

pH2-6 pH6-10 pH10-12

At pH 6 — 10, with the aid of a zinc ion in its active site CAis able to catalyse the interconversion
of CO- and bicarbonate (HCO37)'7":182 (E. 1.8)

cA
(1.8) €O, + H,0 & H* + HCO3

Depending on the species of CA, the hydration of CO, occurs at a rate of 104 - 106 reactions
per second and is one of the fastest known enzymatic reactions'8-'8. The catalysis of CO,to

HCOs is able to occur due to a divalent zinc ion within the active site of CA'8? (Figure 5).
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Figure 5. The reversible reaction pathway for the catalysed hydration of CO:2 via CA.
Taken from 1,

In its hydrated form (HCOz3") reduction reaction kinetics are enhanced for subsequent reactions,
such as conversion into formate via formate dehydrogenase (E. 1.9)'8, due to the reaction

free energy being much lower (Ar G°= - 165.39 kcal / mol at 25°C) compared to gaseous CO2%4.

FDH
(1.9) HCO3 + NADH + H* & HCO; + NAD* + H,0

Therefore, the addition of CA could have important implications for improving the system
efficiency of CO; to CH3OH conversion as part of future scaling of this technology for an

industrial application (Figure 6).
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Figure 6. The role of CA in increasing the rate of conversion of gaseous COz: into hydrated forms
(left box) to enhance CO: biotransformation into CH3OH (right box). Taken from %4,

The addition of CA had been reported by several studies to be an effective means of increasing
the reduction of CO; to useful fuels and products'’. CA has been successfully applied as part
of a free dehydrogenase system for converting CO- to formic acid, which led to a 4.2x increase
in reaction rate'®. In another study employing immobilised enzymes, CA addition improved
the reaction rate by 1.3x and 4.7x compared to systems without CA'88.189_|n their 2015 study,

Ji et al. included CA at the beginning of their reaction cascade and reported a 7.76%
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improvement in biocatalytic productivity'’®. As of 2024, the market price of CH;OH was
approximately $353 per metric ton'®°. An ~8% increase in production efficiency could therefore
translate to an additional $28 in revenue per ton of CH;OH sold, which may have significant
economic implications if the process is scaled commercially. Furthermore, if this productivity
enhancement is coupled with continued development of framework materials to optimize
enzyme loading and catalytic activity, it could substantially advance efforts to improve the
economic viability of enzymatic CH;OH production. A visualisation of this industrial reactor,

with the inclusion of CA is depicted in Figure 7.

CO; P =

Carbonic “[
G0z, anhydrase/
) (g@ fx

HCO3:

Methanol (CH;0H)
Formate dehydrogenase A

Aq.CO, +NADH

Formic + NAD*

Formaldehyde dehydrogenase acid
Formic acid + NADH -

NAD* + Formaldehyde) a

Alcohol dehydrogenase

Co:maldehyde +NADH
Methanol + NAD*

Figure 7. Visualisation of the enzymatic reaction pathway in an industrial bioreactor for the
conversion of CO2 to CH3sOH. CA is the first molecule in the cascade, followed by the
dehydrogenase enzymes formate dehydrogenase, formaldehyde dehydrogenase and alcohol
dehydrogenase'*®. Created using Biorender.

1.9 A Brief Literature Review of CA Immobilisation

As with the other enzymes used for industrial applications, researchers investigating CAs have
experienced similar issues with enzyme recovery as well as limited reusability'® often due to
the high temperatures, high levels of organic amines, and trace pollutants commonly
encountered in industrial applications of CA'82, Numerous studies have sought to address
these challenges by expanding the range of CA species explored for CO, hydration, focusing
on variants capable of maintaining activity under extreme conditions6%.191-1%5_ Another field of
research has been dedicated to investigating immobilisation, with conventional or more
specialised CAs'60.185.193-218 |mmpobilisation techniques have taken on a myriad of different

forms (Figure 8) and have been reviewed extensively'85219.220,
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Figure 8. Immobilisation supports for CA'8.

Owing to its comparative affordability and applicability as a lone agent for CO, sequestration,
CA has undergone many more years of intensive research by academia and industry
compared with dehydrogenase enzymes. According to a recent review in 2021, CA has been
“tested in a variety of configurations including packed columns, gas-liquid membrane
contactors, dynamic devices and selective membranes”?'®. This has given rise to an extensive
array of academic reports, which have been summarised in various comprehensive critical
reviews'92185219.221-223  These studies have used a variety of different species of CA and
methods for measuring CA activity, such as hydrolysis of p-nitrophenyl acetate (p-NPA), CO.
uptake by volume or pressure (manometric), precipitation of CaCOs; and COz hydrolysis via
pH measurement. Within these methods, studies have also taken different approaches
towards reporting CA activity, such as Kcat/Km, Vmax/Km, VO, product removal efficiency and
enzyme activity efficiency. This makes accurately identifying a single or a handful of studies

based on the same metrics extremely difficult.

To identify promising immobilisation candidates, this study used a table created by Molina-
Fernandez and Luis which summarised CA activity from 54 published reports?'®. This review
included nanoflowers and metal-organic frameworks. Metal organic frameworks are created
by assembling metal cations or clusters and organic ligands, this results in a material with
adaptable pore structures such as cages or channels and pore sizes ranging from a few
angstroms up to 10 nm??4. Similarly to other frameworks, enzymes are then attached to metal
organic frameworks via any of the immobilisation techniques previously described??.
Nanoflowers are organic and inorganic structures arranged in layers or ‘nano petals’, which
provide a large SA for enzyme binding and mass transfer of reactant molecules??5. Despite

their promise as an immobilisation framework, metal-organic frameworks and nanoflowers
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were omitted from consideration for this study due to their fragility and low mechanical
stability?'°. A low rate of enzyme replacement (kg CA/ton CO,) has been cited to be essential
for decreasing the operational costs of CA sequestration technologies. Since the focus of this
study is identifying a sustainable enzyme framework for application within industrial carbon
capture, these factors therefore make them unsuitable for their application at scale at present

as they may be difficult to recycle or may deteriorate during rigorous industrial applications?'°.

A huge diversity of different reporting methods across studies still existed within the 54 studies
reported?'®. Which still made identification of “the best” frameworks challenging. This study
therefore based much of its identification of studies for discussion on ‘efficiency’. This was the
most common factor and thus allowed the greatest comparisons between the most studies,
however, there is some confusion in the literature regarding how to calculate this. Molina-

Fernandez and Luis defined it as'®’:

observed immobilised activity

(1.10) immobilisation ef ficiency (%) = ( ) %x 100

observed free enzyme activity

Whereas Sheldon and Van Pelt defined it as'®7:

observed immobilised activity

(1.11) immobilisation ef ficiency (%) = ( ) x 100

predicted immobilised activity

The efficiency measure was considered to be important because whilst a good immaobilisation
yield can be beneficial, it is meaningless if most of the immobilised enzymes are not active'®”.
The results of the best-performing supports in terms of efficiency (>90%) are displayed in

Figure 9.
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Figure 9. The activity efficiencies of the best-performing materials identified by 2'°. ET refers to
entrapment. AD refers to adsorption and CB refers to covalent bonding.
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The supports which used covalent bonding performed best, with efficiencies between 98 —
98.6% (Figure 9). Studies which used covalent bonding to attach CA to iron filings, glass-
coated iron filings, co-polymer methacrylic beads and SBA-15 as supports all reported
efficiencies ~98% compared to the free enzyme (Figure 9)'%8.1%  CA bound to iron filings,
glass-coated iron filings, co-polymer methacrylic beads also displayed good stability against
increased pH and temperature, with activity efficiency remaining above optimum levels up to
pH 9.5 and just slightly below optimum (~90 - 95%) at 60°C®°.

However, when using the Molina-Fernandez and Luis immaobilisation efficiency calculation this
value does not consider how much of the enzyme is immobilised on the support. For example
whilst it could have a high efficiency, if there is only a small amount of enzyme per weight of
material, large amounts of support may be required to reach viable economies of scale??¢.
Therefore, in addition to the Molina-Fernandez and Luis immobilisation efficiency the weight /

weight loading (mg CA/mg support) was also considered (Figure 10).

Ad. Ag/SBA - 15/TAEA
ET. Bioinspired Silica 0.35 Ad. Ag/SBA - 15/TEPA

0.30 /
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CB. TiO2 nanoparticles
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CB. Co - polymer MAA -
fluoroanilide nitrate beads

CB. Glass coated iron fillings

Ad. Au/SBA - 15/MPTES

Ad. Au/SBA - 15/APTES

CB. SBA - 15/TEPA

A

CB. Iron fillings CB. SBA - 15/TAEA
CB. SBA - 15/0APS

mg CA/mg Support\

Figure 10. The w/w loading in terms of mg CA/mg support of the best-performing materials
identified by 2'°. ET refers to entrapment. AD refers to adsorption and CB refers to covalent
bonding.

When loading is taken into consideration, this study had low amounts of loading in terms of
mg CA/mg support. Typically, 0.02 mg enzyme / mg carrier is considered insufficient for
industrial applications??6. Iron filings, glass-coated iron filings, co-polymer methacrylic beads
all had CA loadings 0.008 — 0.04'%° and leached between 10 - 18% from all these frameworks
when in solution reducing this loading ratio further still'®®. Given this, further research into
increasing CA immobilisation and preventing CA leaching may be worthwhile before this

material could be used in industry'®°.
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Covalently bonded SBA-15, functionalised with octa(aminophenyl)silsesquioxane (OAPS) had
both high activity and high CA loading of 0.3 mg/mg support??” (Figures 9 and 10). This
suggests it may be closer to the requirements of industrial applications; however, a leaching
analysis would be required to ensure enzymes would not be lost from the framework which is
an important criteria for immobilised enzyme systems'67:227, Additionally, despite showing
some tolerance to elevated pH the CA enzyme displayed low thermal tolerance, losing activity
even before its optimum temperature of 37°C'%, Such features would need to be improved it

if could be considered as a candidate for industry226.

Other supports with high efficiencies 96 — 97% were all derived from SBA -15, functionalised
with various forms of amines with associated silver (Ag) or gold (Au) nanoparticles?'”?28, CA
was then adsorbed via electrostatic interactions with these particles. In the case of Au
nanoparticles, low leaching of CA was also reported for all of the materials assessed?'®, which
is a desirable trait for industrial applications. Another key observation is that whilst adsorption
was intended to occur between CA and the Ag or Au particles on the surface of the SBA, it
appears that the loading of CA was also influenced by the type of amine functionalisation
molecule. For example, SBA-15 functionalised with tris(2-aminoethyl) amine and treated with
Ag particles had a lower mg CA/mg support ( ~0.225 mg/mg support) compared with SBA-15
(0.3 mg/mg support) which also contained Ag particles but was functionalised with
octa(aminophenyl)silsesquioxane (OAPS)?'” (Figure 10). In another example SBA-15
functionalised with (3-aminopropyl)triethoxysilane (APTES) and treated with Au particles
displayed lower w/w loading (0.10 mg/mg support) and lower efficiency (90%), whilst the same
material functionalised with (4-methoxyphenyl)methanamine (MPTES) displayed higher
efficiency (97%) and higher w/w CA loading (~0.24 mg/mg)?® (Figures 9 and 10). SBA-15
particles containing Ag and functionalised with OAPS or containing Au and functionalised with
MPTES both achieved good activity and acceptable w/w loading and therefore show promise
for industry?'7-228 (Figures 9 and 10). However, a future direction in terms of progressing these
materials would be to determine thermal and pH stability in the case of Au-MPTES-SBA-15
and leaching and thermal and pH stability for Ag-OAPS-SBA-15. Both of which are important
metrics for progressing the assessment of their feasibility for industrial applications??6. Despite
some need for future investigations for these materials, when evaluating the studies depicted
in Figures 9 and 10 for common themes between good efficiency % and higher w/w loading,
CA immobilised to SBA-15 via covalent bonding and adsorption techniques appeared to

achieve both criteria.

The observations from Figure 9 therefore strengthen the notion that porous supports may be
some of the most effective for enzyme immobilisation and activity??°. When available porosity

data from these studies was collated and compared against the ideal porosity parameters
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outlined by Bayne et al., it was found that SBA-15 silicas had SA which were beyond the upper
limits of the ideal porosity zone'®®. However, the upper limit of SA was defined by Bayne et al.
due to their findings that increasing SA concomitantly led to a reduction in PDs'6 but in the
case of SBA-15, PDs and PVs remained suitable for optimal enzyme immobilisation and
activity. Therefore in this case increased SA may have provided further SA for CA loading68
(Figure 11).

Figure 11. The ‘ideal porosity zone’ portrayed in red illustrates the ideal PD, PV and SA
parameters required for enzyme immobilisation substantiated by %, supplemented with the
porosity features from the most successful CA activity studies identified from 21°.

1.10 The Application of Silica Porous Frameworks for Enzyme
Immobilisation

Silica, or more accurately silicon dioxide (SiOz2) is one of the most abundant minerals on earth
and comprises >10% of the mass of the earth’s crust. The ability of silica to form a highly
ordered, chemically inert and porous substrate has made it the subject of intense interest for
researchers, who have harnessed its potential for a number of practical applications within the
modern world?%. This has been achieved by the ability for scientists to exert great control over
silicas formation by adjusting its chemical composition, resulting in bespoke specific sizes and

structures?3!,
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1.10.1 Silica Formation

Silica begins its formation in basic or neutral aqueous media as a mono-silicic acid (SiOH)4 or
silicate anions (SiO(OH)s~ and SiO2(OH),2 at pH >10)?3°, When the concentration of Si(OH)4
monomers surpasses 100 — 200 ppm and forms SiO-, polymerisation then occurs through the
formation of dimeric and higher molecular weight forms of silicic acid (Figure 11)?0232, The
process of polymerisation occurs via a condensation reaction, in which a molecule of H2O is

lost as a to create a siloxane bond (Si-O-Si) (Figure 11)?°(E. 1.12).
(1.12) Si(OH)s + HO-Si(OH)3 = (OH)3 Si-O-Si(OH)3 + H20

Polymerisation of the dimer species into trimer, tetramer and oligomer molecules also occurs
via E 1.122% (Figure 11).
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Figure 11: The behaviour of alkoxysilane monomers during the initial stages of sol-gel formation,
taken from 233,

The nature in which these silicated extensions assemble into larger, visible crystals is largely
governed by pH (Figure 12). If the pH is <7, there is low surface charge and repulsion, leading
to the connection of particles as opposed to their growth leading to the formation of a 3D
network?30:232. \When the pH is >7, higher surface charges means particles cannot aggregate
and instead continue to grow as colloids; this eventually results in a homogeneous sol solution

of particles which can have sizes ranging between 10 - 100 nm (Figure 12)23°.
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Figure 12. The pH-dependent pathways for different silica products, taken from 234,

The occurrence of free space within the matrix has enabled the entrapment of different
biomolecules, including enzymes?3® (Figure 13). The success of entrapment and biomolecule
functionality has been directly attributed to how well the engineered properties of the matrix
suit the physiochemical needs of the biomolecule. This has given rise to several applications
for sol-gel matrices as separation columns and bioreactors?®. Attempts have been made to
apply this mechanism to CA and dehydrogenase enzyme immobilisation'’2. In 1999, Badjic
and Kostic used the gel formation pathway to encapsulate CA within the space between the
gelled particles. They found that overall conformation of CA was better retained upon
encapsulation?'3, CA was able to retain 77% of its structure when heated to 74 °C2'3,
Unfortunately, this came at the cost of the specific activity of CA, which only retained 1 - 2%
activity compared to the free CA in solution?'3. Researchers concluded that encapsulation had
a deleterious effect on overall CA activity. An explanation for this might be because the
formation of sol-gel in this way does not allow for the formation of a controlled pore structure,
with pores and channels of a determined size?. Further, sol-gel formation uses the precursor
molecule tetrahedral orthosilicate, which could affect the functionality of CA during in-situ
encapsulation. In addition, a by-product of tetrahedral orthosilicate is methanol, which could

also have impacted CA functionality?36.
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Surface
functionalities

Figure 13. The result of in-situ encapsulation of a biomolecule in sol-gel.
Taken from 2%.

1.10.2 Immobilisation of Enzymes onto Supramolecular Templated
Silicas

A way that sol-gel formation can be adapted to create materials with different physical
properties is through the application of chemical templates to guide silica assembly2%¢. These
templates are called supramolecular surfactants and work by forming micelles which serve as
the framework around which silicic acids then condense and establish a framework of silica?®’.
Templates can take the form of lipids, amino groups and biological or synthetic polymers?23.
Once the template has performed its role, porosity is achieved by removing the template using
either extraction or calcination?3® (Figure 14). The result is a highly ordered porous framework
with consistent pore size. The wide-ranging availability of different templates has given rise to
a plethora of different forms of silica, the most prolific being mesoporous Mobile Crystalline
Material (MCM) and Santa Barbara (SBA)%'.
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Figure 14. The application of template molecules for ordered assembly of silica and the types of
products which can be produced, taken from 23,

Common variants in MCM silica structures are MCM-41, MCM-48 and MCM-50, which have

hexagonal, cubic and laminar structures respectively and PDs of ~2 - 3 nm?14236.237 According
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to the optimal porosity principles illustrated in Figure 4, pore sizes of this range are not good
enough for enzyme immobilisation. Silica species with larger pore sizes can instead be created
using tri-block co-polymer templates under acidic conditions?®. These are known as SBA
silicas. As discussed in Section 1.8, SBA - 15 has garnered significant success as an
immobilisation framework for CA, which is an “ordered, two-dimensional carrier with PDs

ranging between 5 - 15 nm”?'4,

Manufacture of conventional ordered mesoporous silicas are currently characterised by
energy-intensive and wasteful methods. Synthesis requires “high temperatures or ultrahigh
vacuum leading to additional cost and energy”?°. Post-synthesis treatment then utilises high
amounts of water and energy, all of which results in a low final product yield*°. To summate,
conventional silica manufacture is therefore considered to not be in line with green chemistry

principles.

1.10.3 Bioinspired Silica as a Green, Tuneable Enzyme
Immobilisation Framework

Bioinspired silica (BIS) has emerged in recent years as a more sustainable method to produce
high-value silicas. It has been developed based on revelations regarding how silica structures
are formed in natural aqueous environments, using soluble silicic acid and additives in the
form of proteins, poly-saccharides and small-amines?*°. The use of cheaper and more diverse
analogues of these biomolecules has enabled researchers to create cost-effective, highly-
tailored BIS possessing specific properties relating to particle size, surface chemistry, porosity
and shape?40241, Further, this process avoids the use of toxic chemicals, wasteful synthesis
processes and high energy input through its chemically and thermally mild synthesis route (pH
6 - 7; <40°C)%39240.242/ This is achieved whilst maintaining a high degree of control over the
synthesis process?¥. In brief, the reaction uses a silicate or an alkoxysilane precursor, which

upon hydrolysis condenses to silica in the presence of a selected additive (Figure 15).
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Figure 15. The formation of BIS from precursor to primary particles. Taken from 231,
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The initial particles form at sizes of 5 to 10 nm and subsequently aggregate into secondary
particles measuring approximately 200 to 400 nm, with additive molecules acting as
interlinking agents between particles. Finally, tertiary particles form via further agglomeration
of these 200 - 400 nm particles?®! (Figure 16). Porosity is characterised as the spaces between
these polydisperse particles?3!. This is known as Generation 1 BIS. It is anticipated that BIS
will result in lower cost-production of silica and significantly better sustainability through the
reduction of energy, feedstock chemical input and waste avoidance while also achieving many

of the principles of green chemistry?%.
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Figure 16. The stages of primary (right), secondary (middle) and tertiary particles (left) in BIS.
Taken from 231,

1.10.3.1 Bioinspired Silica Formation and Enzyme Immobilisation
Additives can impact BIS properties by influencing its rate of formation and porosity (SA, PD,

PV) characteristics through catalysing, scaffolding and templating and, aiding self-assembly
and aggregation patterns?43. Additives influence the aggregation during silica polymerisation
by altering the interactions between oligomers, which are ordinarily negatively charged at pH
7?43, The positively charged additives attract negatively charged silica species leading to
additive-directed aggregation?*3. This leads to the formation of a disordered material,

consisting of polydisperse particles.

In addition to other reaction parameters such as pH and reactant concentration, studies have
discovered that adjusting the length of the additive or the number of amine groups within a
molecule can influence the porosity of BIS, leading to an increase in the SA of BIS to
300 m? g-1244245_ For instance, the use of the small amine additive pentaethylenehexamine
(PEHA) has generally been found to result in a microporous BIS material with a low SA,
functionalised with PEHA between its primary particles?3'. Polyethylenimine is a much larger

molecule, and when used as an additive for BIS synthesis results in a mesoporous material
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with greater SA%*'. In the case of PEHA additive removal via post-synthesis treatment with
hydrochloric acid (HCI) has been found to increase porosity further, leading to non-

functionalised PEHA with greater microporosity and SA%3".

The use of additives along with some modification to the BIS synthesis process has led to
several studies exploring the entrapment of different species of enzyme within BIS pore
spaces?12246-251 Fuyrther, several others have been immobilised via adsorption?%2-2%4, This is
as a mild, green, low-cost route for immobilising enzymes using methods which are the least-
likely to impact their activity. Studies have reported positive outcomes with regards to
increased pH stability?46247, thermal stability?12.246-249.252.253 gnd recycling stability?12:246-248,250,251,
In studies which reported porosity data, materials were generally of low PV <0.01 cm?® g-' and
SA (<50 m? g') but mostly had PDs >10 nm (Figure 17). What is notable from Figure 17 is
that no studies created a framework which fell within the ideal porosity zone outlined by Bayne
et al."®. |If studies were to use encapsulation, PD <10 nm may not be such an issue, since the
enzyme should already be trapped inside the silica framework. However, the majority of Gen
- 1 BIS still did not have PVs or SAs large enough to meet Bayne et al. porosity requirements 8.
This presents a problem in using Gen - 1 material for enzyme immobilisation and there is a

need to produce mesoporous silica in a green way.

To this end, recent investigations within the Green Nanomaterials Research Group within the
Department of Chemical and Biological Engineering at Sheffield University in the United
Kingdom have uncovered a new [redacted] synthesis method for functionalised BIS with

suitable porosity for enzyme immobilisation. [redacted]

This second generation of BIS is termed
Gen 2 and is mesoporous, with higher SA and PVs within the ideal range for enzyme
immobilisation (Figure 11). Further to this, [redacted] can further increase
framework porosity by removing the additves?%, creating a third generation of BIS (termed
Gen 3). The application of these materials for immobilising CA creates an opportunity for
progressing the field of enzyme-based reduction of CO- to valuable fuels and chemicals using

a sustainable framework.
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Figure 17. Porosity distribution of different BIS frameworks created using different bioinspired

additives, alongside the ideal porosity parameters defined by %8 and depicted as the red box.
1.11 Biochar as a Green, Tuneable Enzyme Immobilisation

Framework

Gonzalez et al. reported in their 2013 study that biochar possesses unique chemical and
physical features which may fulfil the requirements of a successful immobilisation
framework?. In support of this observation, it was concluded by Pandey, Daverey and
Arunachalam that biochar could serve as a “stable, inert and economical matrix” for
immobilized enzyme systems'®. One of the reasons for the interest in biochar by researchers
is the large SA, often facilitated by pores, which creates a matrix-like structure within the
biochar for immobilisation of enzymes (Figure 18)'592%_ In contrast to other carbon-based
materials such as activated carbon and charcoal, biochar has also been reported to have
naturally occurring surface functional groups (SFGs) which can be altered depending on the
choice of feedstock and hold enzymes in place via adsorption, without the need for additional
surface modification treatments°0.153.256.257 As previously discussed in this chapter, adsorption
is considered to be a relatively unintrusive binding mechanism, occurring through van der
Waals forces, H-bonds and electrostatic interactions, and has been cited to bind enzymes with

a reduced chance of negatively altering their molecular structure6d,

It is important to note however that freshly produced biochar is widely considered to be
hydrophobic?%82%°, In contrast, CA is a water-soluble enzyme with a hydrophilic exterior

enriched with polar and char amino acids (e.qg. lysine, arginine, histidine, aspartate, glutamate,
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serine and threonine) that interact readily with water?2926°, These differences reduce the
likelihood of stable adsorption between biochar and CA'822', However, these factors can be
overcome with the introduction of carboxylic acid SFGs onto biochar, which increase surface
polarity and hydrophilicity?°. Further, if adsorption is undertaken at neutral pH or slightly basic
pH, these carboxylic acid groups impart a negative surface charge which can induce strong
electrostatic attraction (AG = 12.5 - 25 kJ/mol) with positively charged amino acid residues
(e.g. lysine, arginine and histidine) within the CA structure®??¢', Though weaker than
electrostatic interactions (AG = 2.0 - 7.5 kJ/mol), carboxylic acids can also provide
opportunities for H bonding by acting as H electron donors and acceptors'99.260.261 Considering
this, the presence of carboxylic acids on the surface of biochar may present a means of
facilitating bonding between the enzyme and the surface, without altering its structure.
Therefore it has been postulated that enzyme immobilisation onto a biochar framework may

provide enzyme stability and activity, with minimal cost to its activity'°.

Figure 18. Scanning electron micrograph of biochar derived from pine wood, taken from 252,

In addition to its physio-chemical attributes, biochar’s widespread availability and renewable
nature, as well as the relative ease in which it can be made also lend it the potential to serve
as a comparatively economical and sustainable alternative compared to other immobilisation
materials such as conventionally manufactured silicas like SBA-15'%. It should be noted
however that these favourable features of biochar have been cited to be deeply dependent on
the type of feedstock and the process conditions, pyrolysis temperature, feedstock, activation
treatment, used to create it'°. Therefore, a careful understanding of the effect of these
parameters on resultant biochar porosity is required to select a framework which falls within

the optimal porosity range identified for enzyme immobilisation.
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1.12 Study Rationale

Careful selection of biochar feedstock and manufacture conditions may result in a sustainable
framework with ideal porosity characteristics and surface chemistry for enzyme immaobilisation.
However, prior to its use, a full understanding of the influence of feedstock, pyrolysis conditions
and activation treatments on this porosity is required to select a candidate with ideal porosity

for enzyme immobilisation.

In addition to biochar, through the careful selection of specific additives and post-synthesis
treatments, could result in a green BIS framework with ideal porosity for CA immobilisation.
Informed by the literature, it was decided that immobilisation of CA via both entrapment and
adsorption should be investigated, given their ability to immobilise CA without interfering with
the enzymes molecular structure. A further justification and rationale for these methods will be

discussed in greater detail in Chapter 4.

1.13 Conclusion

There is major concern over the issue of climate change and whilst methods for removing and
preventing CO;, emissions are being rolled out at scale, there are still issues with cost and
delays in the transition. This is particularly prevalent for struggling high - CO; emitters such as
the transport sector and heavy industry. CCC technologies could assist these industries in
their transition to low carbon technologies by capturing CO, emissions and transforming them
into valuable fuels and chemicals such as CH3OH. Production demand for CH3OH is currently
being met using fossil-fuels, resulting in further CO2 emissions. Many novel methods of
creating sustainable CH3;OH by transforming waste CO, are under investigation. The main
alternative method for generating CH3;OH is rare-metal catalysis, but this has cost and

sustainability concerns.

Enzymatic conversion using dehydrogenases presents an alternative, renewable method.
However, the technology is very much in its infancy. Immobilisation of the enzymes are
essential for their recovery from the reactor to improve the economics of the process.
Immobilisation can also enhance enzyme stability against pH and temperature fluctuations
outside of the enzymes optimal range. Studies into immobilisation of dehydrogenase enzymes
thus far have used a wide variety of frameworks and significant leaps have been progressively
made over years of research. Particularly in the integration of co-factor regeneration systems,
and later in the inclusion of CA to speed up CO; hydration. As part of reviewing studies for this

project, a link was noticed between successful enzyme systems and framework porosity.

This trend was further explored in CA studies, which were far more numerous owing to its own

importance as an agent for CO; sequestration. Following evaluation of the most successful
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CA systems, it was found that the highest-performing systems in terms of efficiency and w/w
loading of CA used the silica material SBA-15; with PV and PD characteristics that fell within
the ideal range. However, SBA-15 is a high-resource material in its manufacture and produces
a significant amount of toxic waste. More recently, a sustainable form of silica with tuneable
porosity in the form of BIS has emerged. Most recently, a cutting-edge method [redacted]
promises to yield BIS with porosity which falls within the ideal range required for enzyme

immobilisation.

Finally, biochar has also been the object of intense investigation for enzyme immobilisation.
This is due to its regenerative and economical nature, purported high SA and tuneable porosity
through careful selection of feedstock and manufacture conditions. Therefore, a deeper
investigation into its applicability for CA immobilisation seemed worthwhile. By developing
sustainable frameworks with optimal porosity and evaluating them for enzyme immobilisation
and activity, this investigation aims to advance the use of CA immobilisation to enhance CO,
conversion. Ultimately, it seeks to contribute to enzyme-mediated carbon capture and
conversion (CCC) toward the production of valuable fuels and chemicals, such as methanol
(CH3O0H).

1.14 Thesis Aims and Hypotheses

The overarching aims of this thesis are:

1. To conduct an in-depth desk-based analysis of the applicability of biochar as an
enzyme immobilisation framework based on whether its porosity can be intentionally
tuned through choice of feedstock, pyrolysis conditions and activation treatment.

2. To characterise commercial biochar samples informed by the desk-based analysis for
porosity, stability and presence of SFGs.

3. To examine whether the activity of CAimmobilised onto BIS, | [redacted]
achieves activity efficiency comparable to the best performing frameworks discussed
in Section 1.9.

4. To compare the activity of CA adsorbed onto BIS against the activity of CA encapsu-

lated during BIS formation.
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Hypothesis 1: The extensive SA of biochar makes it a suitable framework for enzyme
immobilisation and this SA can be selected for based on feedstock, manufacture conditions
and activation treatment.

Biochar has often been reported to be porous and possess a large SA. As such, it has been
cited to be a sustainable and potentially effective enzyme immobilisation framework. This has
led to 43 studies using it in enzyme immobilisation trials. The extent of SA and the porous
nature of biochar have been linked by many studies to the influence of pyrolysis temperature,
feedstock and activation treatment. Therefore, for Chapter 3, porosity and manufacture data
from 52 biochar studies was collated and the link between manufacture conditions and
resultant porosity was explored in-depth to see if any trends between feedstock, pyrolysis
temperature, activation treatment and PV, SA or PD could be discerned. Porosity data was
also evaluated to see if any biochar candidates fell within the ideal SA, PV and PD parameters
for enzyme immobilisation. This work was also supplemented with further data analysis and

discussion into the application of N2 gas adsorption for biochar analysis.

This hypothesis is explored in Chapter 3

Hypothesis 2: Selection of biochar informed by trends cited in the literature between

feedstock, manufacture conditions and activation treatment and SA, PV and PD outcomes
will produce a material with porosity features which will be suitable for immobilisation. This
biochar will also be chemically stable and possess SFGs favourable for CA immobilisation.

It is claimed in the literature that the properties of biochar are dependent on pyrolysis
temperature, activation treatment and feedstock. Therefore, three commercial biochars were
selected based on their feedstock origins and manufacture conditions. Their porosity
characteristics were then analysed using N2 gas adsorption and mercury intrusion porosimetry
(MIP). These porosity outcomes were informed by earlier findings from Chapter 3 and their
suitability as an enzyme framework evaluated according to the ideal porosity zone identified
in Chapter 1. Additional analyses in the form of FT-IR and CHNS and O analysis were also
undertaken to see if favourable biochar SFGs were present and whether biochar was
chemically stable enough to withstand an aqueous reaction system. In the case of FT-IR, in
addition to possible enzyme binding sites, the presence and absence of certain SFGs also
gave some indication of chemical stability. For CHNS and O, total C, C:O ratio and H:C ratio
was each evaluated against published guidelines for biochar chemical stability. Results from
the porosity analyses, FT-IR and CHNS and O were all informed by the chemical changes
which occur in biochar, such as a reduction in total O and aliphatic groups and increases in
total C and aromatic groups, depending on the pyrolysis temperature and lignocellulosic

composition of the feedstock.

This hypothesis is explored in Chapter 3.
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Hypothesis 3: CA and BSA loading success is influenced by temperature during adsorption
and, by reactant concentration during entrapment.

Two immobilisation routes for CA on BIS were tested: temperature-dependent adsorption onto
BIS post-synthesis and Syloid 244 and reactant concentration-dependent entrapment during
BIS synthesis. An increase in adsorption temperature has been linked to an increase in
enzyme immobilisation onto the framework, this is attributed to an increase in the number of
potential interactions between the enzyme and BIS SFGs in which bonds such as van der
Waals forces and hydrogen bonds can occur. Increasing the concentration of template
molecules and silicate precursor in the reaction will lead to greater amounts of silica matrix
forming per mL of reaction solution, giving greater opportunity for CA entrapment during
particle aggregation. Bovine serum albumin (BSA) was also used as a model protein during
entrapment to see if uptake varied between protein types. Outcomes from both hypotheses
will be reported as enzyme loading success (%) and in w/w loading in terms of mg of CA per

mg of framework.

This hypothesis is explored in Chapter 4.

Hypothesis 4: Protein immobilisation during BIS synthesis is influenced by protein

concentration and pH at time of addition.

This hypothesis was tested using BSA as a model protein, with outcomes described similarly
to CA as enzyme loading success (%) and in w/w loading in terms of mg of CA per mg of
framework. BIS polymerisation is triggered when the pH of the basic reaction solution
drops >10 due to the change in charge in the solution. As the pH continues to fall, dimer
species join to form trimer, tetramer and oligomer molecules and eventually colloids which
aggregate together to form the final matrix at pH 7. Addition of protein before this process
begins may increase enzyme loading success by greater entrapment of the enzyme as
oligomers come together and trap enzymes within their matrices. However, charges on the
outer surface of the protein may interfere with aggregation, leading to poor immobilisation and
non-optimal porosity. There is also the risk of enzyme denaturation when they are exposed to
pH beyond their optimal range. The impact of pH addition point on protein loading was also

tested at three different enzyme concentrations.

This hypothesis is explored in Chapter 4.
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Hypothesis 5: CA and BSA entrapped in BIS with ‘ideal’ porosity features facilitates good CA
and BSA loading, leads to activity close or equivalent to that of the free enzyme and is
comparable or better than other leading frameworks.

The synthesis of BIS with optimal porosity should result in a material with PDs large enough
for enzymes to pass through and occupy the inner SA of the particle, resulting in high loading
due to greater access to the available SA. PVs should also be spacious enough to
accommodate multiple enzyme units. Post-synthesis elution of the framework further removes
the additives used during synthesis, resulting in even greater porosity. In response, enzyme
activity should increase due to reduced mass transfer limitations leading to greater contact

with the substrate and better diffusion of products from the matrix.

This hypothesis is explored in Chapter 4

2 Chapter 2: Materials and Methods

2.1 Chemical Reagents

Biochar pyrolysed at 700 - 800°C in the gasification system at the Translational Energy
Research Centre (TERC) in Sheffield in the United Kingdom was obtained. The feedstock was
wood pellets derived from an unknown mixed feedstock. The second biochar was sourced
from WoodTek Ltd (WT) in Welshpool in the United Kingdom. It was derived from high lignin
feedstock consisting of willow, alder, hazel, hawthorn, and chestnut materials and pyrolysed
at 700 — 800 °C. The final biochar was hydrothermal char (HTC) obtained from Coal Products
Limited (CPL) Industries and consisted of an unknown wood feedstock. It was pyrolysed at

temperatures 170 — 300 °C under pressure using steam.

All deionised water used for these experiments was 18 m Q. p - nitrophenol acetate (p - NPA)
(299.0%) was used as a dissolution in ethanol, p - nitrophenol (p - NP) (299%) and used as a
dissolution in pH 7 phosphate buffered solution (PBS) at 10 - 500 mM concentrations (>99%),
both were obtained from Sigma Aldrich. CA from bovine erythrocytes =23, 500 and =2, 000 U /
mg lyophilised powder (295%) were obtained from Sigma Aldrich and used in DIW or PBS,
sodium phosphate dibasic heptahydrate (98 — 102%) and sodium phosphate monobasic
monohydrate (298%) were obtained from Sigma Aldrich and used to create PBS solution. 37%
hydrochloric acid was obtained from J. T. Baker and diluted to 0.1, 0.5, 1 and 2 M solutions
accordingly. Trizma® base (299.9%) was obtained from Sigma Aldrich and used with DIW to
create Tris buffer. Technical grade PEHA was obtained from Sigma Aldrich and diluted with
DIW to a 1 M concentration solution. Anhydrous sodium metasilicate was obtained from Sigma

— Aldrich and dissolved in DIW to create a 1 M solution.  [redacted]
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Bovine serum
albumin (BSA) (296%) was obtained from Sigma Aldrich and dissolved in DIW at various

concentrations. Syloid 244® was obtained from W. R. Grace Ltd (USA) and used as received.

2.2 Biochar Characterisation

2.2.1 Porosity Analyses

2.2.1.1 Sample Preparation

Sample homogeneity for biochar was ensured according to a reference protocol from?2%,
Following that protocol, portions of the samples were taken and dried at 40 °C overnight. The
first set of dried, uncrushed sample was stored in an airtight container with desiccant and used

for porosity analyses using gas adsorption and mercury intrusion porosimetry analysis.

2.2.1.2 N2 Gas Adsorption

Gas adsorption was selected for biochar characterisation because it is a well-established
method for characterising the microporous and mesoporous fraction of solid carbon
materials?®3. It works by adhering gas molecules to the surface of a material under pressure?54.
The pressure ranges can be as low as ~0.00001 to ~760 torr, and are adjusted based on what
information is required from the material?®*. As the pressure is escalated, the pores begin to
fill, beginning with small pores and filling progressively larger ones at the material becomes
saturated?®4. This uptake of gas into the material forms an isotherm curve, which is expressed
as pressure and the amount of gas adsorbed?64. As gas is desorbed from the material, the two
isotherms will often not coincide, forming a gap between adsorption and the desorption curve
called a hysteresis?®3. Mathematical models such as Barrett Joyner and Helenda (BJH) , t-plot
and Brunauer, Emmett and Teller (BET) were then used to explain the isotherm and determine
the SA, PV and PD of the material?%4.

2.2.1.3 Micromeritics Tristar Porosimetry

Porosity determination of biochar was initially carried out using a Tristar Il Plus analyser from
Micromeritics, USA according to a protocol by?®5. In the case of TERC biochar, N2> gas
adsorption revealed a high concentration of pores at ~2.5 nm which suddenly fell away

<2.5 nm (Figure 1).
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Figure 1. Pore size distribution for TERC and biochar from N2 gas adsorption using a
Micromeritics Tri-Star analyser.

Informed by Figure 1 and findings from Chapter 3, a high degree of microporosity in the TERC
biochar was suspected. Therefore, all three samples were subsequently analysed using a 3 -
Flex analyser (Micromeritics, USA) which has a superior capability to accurately measure
adsorption at low partial pressures, where micropore filling takes place?®®. The same
methodology from 26% was followed, with each biochar sample being degassed for two hours
at 100°C. Adsorption of N2 was then performed at 77K. At the end of the analysis time, only
one of the biochar samples had a complete isotherm. This was suspected to be due to a high
quantity of micropores in the material, which warrant longer degassing periods to completely
remove any adsorbed H>O. The degassing time was therefore increased from two hours to
overnight ( ~12 hours). Results from both Tri-star and 3-Flex samples were analysed using
the Micromeritics’ MicoActive (version 4.06) data analysis software. For Tri-Star data, SA was
calculated using the BET isotherm, and mesopores (>2.5 nm) were assessed using the BJH
model. For 3-Flex data, BET was used for SA, BJH for mesoporous samples like HTC, and

the t-plot model for microporous samples like TERC.

2.2.1.4 Mercury Intrusion Porosimetry

Macropores can constitute up to 95% of a biochar’s total porosity?>® and gas adsorption is
limited to pores of ~0.3 to 100 nm?¢’. Therefore, Mercury Intrusion Porosimetry (MIP) was
selected to characterise the macroporous faction of biochar, owing to its ability to accurately
characterise porosity at a wide measurement range from 0.003 — 600 um?2%8 (Figure 2). Unlike
gas adsorption, mercury does not wet the surface of the material and thus must be forced into
pores at considerable pressure?®’. The intrusion and extrusion of mercury occurs over several

cycles, with isotherms generated from intrusion at lower pressures corresponding to



48

macropore filling and emptying. Conversely, lower pressures correspond to mesopores filling

and emptying. In this way, MIP can measure pore sizes over a wide range of distributions2°.

Biochar samples were analysed with a Micromeritics Pore Sizer 9600 (Micromeritics, USA). A
penetrometer with a 5 cm? bulb volume and 1.13 cm? capillary volume was used. Both the
penetrometer and sample were evacuated prior to the measurement to reach 25 mmHg
vacuum pressure prior to filling with Hg. The measurements consisted of two measurement
cycles, one intrusion and one extrusion. Intrusion and extrusion were conducted in the high-
pressure measurement range - from 7 kPa up to 414 MPa. Data was generated during the
intrusion cycle after 345 kPa. The extrusion cycle was conducted from 413.7 MPa down to
atmospheric pressure. This difference in pressure was then used to calculate a corresponding
pore size, assuming a surface tension of 0.485 N/m and a contact angle of 130°. Data was

analysed using the Micromeritics’ MicoActive (version 4.06) data analysis software.
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Figure 2. Pore size measurement range capabilities for various methodologies, taken from 269,

2.2.2 Ash Determination, CHNS and O and ATR-FTIR

2.2.2.1.1 Biochar Sample Preparation
The second set of samples was ground using a pestle and mortar followed by further

homogenisation according to the protocol by?%® before being divided into sample pots for
CHNS & O, ash determination and FT-IR analysis.
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2.2.2.1.2 Ash Determination
Ash content is influenced by the composition of organic matter to inorganic matter in the

feedstock?>® and was carried out as part of CHNS and O analysis according to a protocol by
258 _Briefly, prior to ash determination, biochar was dried at 105°C. Then biochar was sieved
before being placed in a crucible. The biochar was then weighed, placed in a furnace (Thermo
Scientific Heratherm™ OGS60) and programmed to heat from ambient temperature to 750°C
at a rate of 5°C per minute and then held at 750°C under air for 6h before cooling to 105°C.
Samples were then removed, covered and allowed to cool to ambient temperature before

being weighed?8. Ash weight was determined according to E. 2.1 below.

weight resid ter 750°C
(2.1) Ash% = restdue after 750°C 510
weightiosec dried

2.2.2.1.3 C,H, N, S and O Analysis
Elemental analysis was carried out in order to determine the C content of the biochars and the

C:0 and H:C ratio all of which can provide information relating to biochars chemical
stability?’%27", CHNS analysis works by introducing a precisely weighed sample to a
furnace >1000 °C under a constant stream of high-purity helium?58. Oxygen is then suddenly
introduced resulting in near-instantaneous combustion of the sample?%. The resulting gases
are then passed through a quartz column with various metal catalysts to ensure complete
oxidation of elements such as S, C and H to CO,, SO, and H.O2?%. The gas is then passed
through a reduction column to remove unreacted O and reduce nitrogen species to N.. Gas
separation then occurs via a chromatographic column, with each species picked up by a signal

from a detector2s8.

CHNS and O analysis was performed using 1.8 — 2.2 mg of sample in an Elementar Vario
Micro Cube (Elementar Analysensysteme GmbH). Samples were carried out in triplicate. The
instrument used sulphanilamide and acetanilide for calibration and sulphanilamide as the
correction factor. Samples underwent combustion in a pure oxygen environment at 1150 °C
which then increased to 1800 °C owing to the exothermic reaction. Helium was used as the
carrier gas. Once the C,H,N,S proportions were obtained, the O% was determined according
to 272 as the residual value from the total C, H, N, S and ash in the sample subtracted from
100%3272. H:C and O:C ratios were calculated at the % amount of H divided by the % amount

of C and the % amount of O divided by the % amount of C respectively.

2.2.2.1.4 FT-IR Analysis
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) was used as

a semi-quantitative analysis of biochar formation and comparison of SFGs on the biochar
surface. ATR FT-IR subjects a chemical substance to infrared radiation, which is absorbed at

specific adsorption bands, leading to vibrations between their bonds which are specific to that
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functional group?”3. These vibrations are detected as light signals by a detector and translated
into units of absorbance, with the wavenumber spectrum (cm') on the x-axis?%8. Biochar
commonly absorbs radiation between the 4000 - 2700 cm™* region and the 1800 - 1000 cm’
region%8.273, Strong adsorption tends to occur with polar groups such as carboxylic acids,

which occur >1,680 cm™' (owing to the v(C=0) mode) and of particular interest to this study?73.

ATR FT-IR was performed on each sample using a ‘single bounce’ Perkin ElImer Spectrum 2
instrument. The sampling protocol began by cleaning the sample stage using dichloromethane,
followed by a background scan. Sample homogeneity was then ensured by inverting the
sample several times before transferring it to the sampling stage and applying pressure to
yield a 70% transmittance for the strongest spectral bands. The scan range was set to between
400 to 4000 cm', 16 scans were performed in total and background subtraction was included.
Resolution and temperature were set at 4 cm™' and 20 °C respectively. The peak picking
threshold was 0.8%. Spectral analysis was then performed, followed by baseline correction
and application of an algorithm with 2% threshold for picking prominent peaks. Baseline
correction was performed using OriginPro’s 2024b baseline-correction tool with a “user
defined” mode and “Adjacent-Averaging” smoothing. The tool was used initially to find anchor
points automatically and then additional points were manually added where needed. A straight

baseline was selected, which was set to connect by interpolation.

2.3 BIS Synthesis and Protein Entrapment
[redacted]

[redacted]
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Once the reaction was complete, the solution was then centrifuged for 5 minutes at 5000 rpm
in a centrifuge with a rotor size of 18 cm to separate the BIS-protein complexes from the
solution. The remaining supernatant containing unbound silica oligomers, colloids, amines and
sometimes unbound protein was then separated from the pellet. In the case of protein
immobilisation, this supernatant was kept for quantification of unbound protein using UV-Vis
spectroscopy. A portion of control solution without protein was also kept for use as a

background blank.

The silica pellet was then washed with DIW, and the centrifugation process was repeated
twice. In the case of protein immobilisation, these supernatants and their controls were also
kept for unbound protein quantification. Once washed, the solid residue was then dried in an
oven at 40°C overnight in the case of no-enzyme BIS. For CA entrapment, falcon tubes were
filled with desiccation crystals, separated from the BIS by filter paper, and placed in the fridge.
Equal removal of H,O was confirmed via a comparison assay between the two drying methods
(Figure 3).
1.6
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Figure 3. Impact of drying method on BIS yield. Expressed per mL of reaction solution. Error bars

are the standard deviation between experimental replicates, where N = 3 and n = 3.
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2.3.1 Quantifying Protein Entrapment

UV-Vis spectroscopy was used for the detection of unbound protein leftover in the reaction
solution. Modern UV-Vis spectrophotometers such as the ones used for this experiment
consist of a light source, monochromator, sample holder, detector, and signal processor. The
light source illuminates a sample from a light range between 190 (UV) to 900 nm (visible
wavelength)?’®. In some molecules and atoms, the photons from this light source cause
electrons to be transferred from a lower energy level to a higher energy level?’®. This leads to
the creation of a narrow band of absorbance for a particular wavelength which is specific to
certain molecules. The instrument then measures the absorbance at each wavelength. The
quantification is based on the Beer-Lambert Law. Which operates on the principle that
absorbance (A) is proportional to molecule concentration (c), the sample path length (I) and
the molar absorptivity (€) of the molecule. This is expressed as A = €lc?’5. If wavelength and
absorbance at a particular concentration for that instrument is known, they can be identified

and quantified?’>.

UV-Vis was used to detect unbound BSA and CA in the supernatant and rinsing solution. All
UV-Vis analyses were carried out using two different ThermoFisher Genesys 150
spectrophotometers. Initially, this was attempted using the Bradford protein quantification
technique according to a protocol by?74, with experimental replicates (N) and sample replicates
(n) performed in triplicate (Figure 4). However, this failed to produce a calibration curve with

precise enough equations of a straight line (Figure 4).
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Figure 4. First and second attempt at a CA calibration curve using Bradford reagent. Error bars
represent sample standard deviation, where N = 3 and n = 3.

According to a protocol by?7¢, CA could be detected in solution based on its own capacity for
UV absorbance. This is owing to the presence of the amino acid tryptophan within its

structure?’’, which absorbs light at the 279 nm wavelength?’>. This was also found to be the
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case for BSA?’8. Therefore, full-wavelength scans were performed to investigate if the
presence of CA and BSA protein could be detected in solution without Bradford reagent

(Figure 5).
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Figure 5. Full wavelength scans for 0 - 2 mg/mL CA (left) and BSA (right). Samples were diluted
1:1 with DIW prior to analysis. Selected wavelengths were 290 nm and 280 nm for CA and BSA
respectively.

These wavelengths were then used to generate calibration curves (Figure 6), with equations
of a straight line for a known amount of protein in solution which would be used for
quantification of CA and BSA in the supernatant throughout the experiments (Table 1). Two
different spectrophotometers located in E55 and C10 laboratories were used throughout these
analyses. Variations in design, age, instrumental noise, cell positioning and surrounding
environment conditions such as temperature can lead to differences in absorbance between
instruments?7°. Therefore, standard curves were generated using both instruments (Figure 6).
These curves were then used to calculate protein concentrations throughout the subsequent

experiments.

e C10 3, 500 U.mg pH 2 =061
/E\14_ ’ -mg p E
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Figure 6. Calibration curves used for CA (top) and BSA (bottom) throughout experiments. CA
quantification was performed on two different instruments “C10” and “E55”. BSA quantification
was only performed using the E55 instrument. Error bars represent the standard deviation, with

N=3andn=3.
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Table 1: Calibration curve IDs for the different CA reagents, instruments and solutions used for CA
quantification, along with the R? value and equation of the line.

Calibration Curve ID Equation R?

C10 3, 500 U.mg pH2 y =0.73278x - 0.01161 0.998
E55 3, 500 U.mg pH 7 y = 0.60634x - 0.00485 0.997
E55 3, 500 U.mg pH 2 y =0.54212x - 3.2726E-4 0.999
E55 2,000 U.mg pH 7 y = 0.58093x - 0.00606 0.998
C10 3,500 U.mg pH 7 (PBS) |y =0.5444x - 0.00935 0.999
E55 2, 000 U.mg pH 2 y = 0.4581x + 1.47598E-4 0.999
C10 3,500 pH 7 y = 0.53978x - 0.00691 0.998

BIS samples were centrifuged quickly (using an optimised centrifugation time to separate BIS
containing entrapped BSA or CA from unbound BSA or CA in the supernatant. This
centrifugation time was optimised using a brief trial using reactant solution containing no
protein (Figures 7 and 8). In Figure 7, some absorbance occurs without centrifugation in the
supernatant solution at pH 7, this may be from residual unbound silica oligomers, colloids and
amines. However, after 1 minute of centrifugation, the absorbance of these molecules and
particles is reduced and equivalent to that of DIW. Meanwhile, CA remained suspended in
solution at both pH 7 and 2, as indicated by the lack of change in absorbance. Therefore, it
was determined that the remaining reactants could be effectively removed from the solution
following centrifugation at 10, 000 for 1 minute (Figure 7). The same centrifugation procedure

was then confirmed for BSA for 2 minutes (Figure 8).
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Figure 7. Testing CA separation via centrifugation at 10, 000 rpom using ~2mg/mL CA DIW
solution at pH7 and pH 2 and BIS reaction supernatant. Error bars represent the standard
deviation of experimental samples, where N = 3 and n = 3.
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Figure 8. Confirming BSA separation via centrifugation at 10, 000 rpm after 2 minutes using
~2 mg/mL BSA solution in DIW at pH7 and pH 2 and BIS reaction supernatant. Error bars
represent the standard deviation of experimental samples, where N = 3 and n = 3.

2.3.1.1.1 Measurements of Protein Immobilisation
Protein immobilisation for CA or BSA was determined using the equation of the line generated

from calibration curves in Figure 5. This was used to determine the concentration of protein in
solution. This was then multiplied by the reaction volume, which was repeated for subsequent
rinsing stages. The amount of immobilised protein on the BIS was then calculated as E. 2.2

shows below.

(2.2) Initial Protein (mg) — Unbound Protein (mg) = Immobilised Protein (mg)

Loading success was then calculated as E. 2.3 describes.

Immobilised Protein (mg)

x 100

(2.3) Loading success (%) =

Initial Protein (mg)

The total yield of BIS in mg was then calculated (E. 2.4):

(2.4) BIS and protein weight (mg) — Immobilised Protein (mg) = BIS yeild (mg)
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This value was then used to determine the w/w loading of protein to support (E. 2.5):

Immobilised Protein (m

BIS Yield (mg) = weight protein (mg) per weight BIS (mg)

The BIS yield per mL of reaction solution was calculated as below (E. 2.6).

( ) BIS Yield (mg)
Reaction Volume (ml)

= mg BIS per ml of Reaction Fluid

2.3.2 Porosity Analyses

N2 gas adsorption was performed at 77 K using a Tristar instrument (Micromeritics). Samples
were degassed at 120 °C for 4 hours prior to analysis. Isotherms were analysed using
MicroActive software (Micromeritics). SA was calculated using BET models and PD and PV

size distributions were obtained from BJH models.

2.3.3 Statistical Analyses

To determine if there were statistically significant differences between entrapment experiments
and between reactant concentrations for CA and BSA, a one-way analysis of variance
(ANOVA) was used in Origin 2024b Software alongside a Tukey test to identify values
responsible for significance and a Brown-Forsythe test to test if the variances were normally

distributed. Significance was reported at p <0.05.

2.4 CA Immobilisation by Adsorption

The adsorption of CA was carried out by dissolving CA into 6 mL of 0.1 pH 7.5 PBS solution
to obtain a final concentration of 2 mg/mL. To this, 100 mg of Gen 2, Gen 3 or Syloid 244 silica
was added. These were then placed in a water bath at 37 °C, placed in the fridge at 4 °C or
left in a water bath at room temperature (21 °C) for 24 hours. Experiments for each
temperature were carried out in replicates of three. The interference of Gen 2 and Gen BIS
silica had been discounted during entrapment reactant separation trials. However, the
potential for interference of Syloid 244 had not. Therefore, another centrifugation analysis was

performed, and separation via centrifugation was reached after 3 minutes (Figure 9).
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Figure 9. Testing CA separation from Syloid 244 via centrifugation at 10, 000 rpm using
~2mg/mL CA solution in 0.1 M PBS at pH 7.5. Error bars represent the standard deviation of
experimental samples, where N = 3 and n = 3.

All silica was then separated from the supernatant using this method and the supernatant was
tested using UV-Vis spectroscopy at 290 nm. Protein quantification was then performed using
a CA and PBS specific calibration curve (Figure 9). CA loading, total BIS, and w/w loading was

calculated according to equations 2.2 to 2.6.

2.4.1 Statistical Analysis

To determine if there were statistically significant differences between two independent
variables (silica type and adsorption temperature) and whether temperature causes CA to
behave differently across materials, a two-way analysis of variance (ANOVA) was used in

Origin 2024b. For these experiments N = 3 and n = 3. Significance was reported at p <0.05.

2.5 Assays for Free and Immobilised Carbonic Anhydrase
2.5.1 p-nitrophenyl acetate hydrolysis

CA can catalyse the cleavage of p-NPA to p-NP and acetate acid (Figure 10). This results in a
colour change from colourless (p-NPA) to pale yellow and then yellow at >pH 7 (p-NP), which
can be detected using UV-vis spectroscopy and therefore can be used as a proxy
measurement of CA activity. It was selected because it is a simple and highly - time sensitive
assay, thus allowing for more direct observation of the impact of free and immobilised CA

activity20,
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Figure 10. The hydrolysis of p-NPA to p-NP and acetate, catalysed by CA. Taken from 281,

Figure 11 shows the wavelength scans performed on both spectrophotometers used during
experiments to identify the wavelength at which p-NP was best detected. Experiments began
using the C10 instrument and the highest peak was at 405 nm; this was used alongside the
324 nm peak to create a calibration curve. The 324 nm peak showed less sensitivity at higher
concentrations of p-NP in the calibration curve (Figure 12). Therefore, the 405 nm wavelength
was selected for all experiments performed on this instrument. In later experiments, a more
convenient instrument became available. Wavelength scans revealed a slightly higher
sensitivity at 322 nm. However, when tested for CA activity it was found that range detection
of p-NP was far narrower. Therefore, the higher peak (398 nm) was also selected in the E55
spectrophotometer in later experiments (Figure 11). Calibration curves for these instruments
are displayed in Figure 12. All calibration curves were created via serial dilution using 0.1M

pH 7.5 PBS solution as the solvent.
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Figure 11. Full wavelength scans for 0 - 2 mM p-NP for C10 (left) and E55 (right)
spectrophotometers with assigned optimal wavelengths in 0.1M pH7 PBS.
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Figure 12. Calibration curve for p-NP dissolved in 0.1M PBS at pH 7.5.

Free and immobilised CA were tested according to the protocol by 276, with some adjustments.
The first adjustment was that the rate of p-NPA hydrolysis for immobilised CA was tested only
using a 50 mM dissolved in ethanol. In accordance with the protocol, this was added in a
30 pl volume to 3 mL of pH 7.5 0.1 M PBS solution containing 15 pl of 1 mg/mL free CA or
immobilised CA. In the case of immobilised CA, an amount of BIS with immobilised CA
equivalent to 1 mg was suspended in pH 7.5 0.1 M PBS and a 15 pl volume of this solution
was then added to the reaction solution. It should be noted that in later experiments, the CA
reagent used for immobilisation analyses needed to be changed from 3500 to 2000 U / mg.
This would have made cross-comparisons between the first and latter experiments difficult,
therefore the amount of CA added to each reaction was adjusted to give the equivalent units
of 3500 U. Furthermore, the rate of free CA was tested in every batch, which still enabled

comparisons between the free and immobilised system for each experiment.

The reaction was initiated with the addition of p-NPA reagent. The breakdown of p-NPA to
p-NP can occur in the absence of CA, but at a lower rate. A parallel experiment was therefore
run in the absence of CA to determine the reaction rate in its absence; this rate was then
subtracted from the rate of hydrolysis from the CA experiments. Unlike 278, experiments were
able to be performed using self-stirring thermostatically controlled heating module inserted
into the spectrophotometer (Peltier Thermostatted single cell holder for ThermoFisher
Genesys 150). This reduced human error from the sampling process and allowed for more

frequent sampling intervals to capture a faster rate of the reaction. Therefore, experiments
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were able to be performed at CA optimum temperature (37 °C) instead of 25 °C as described
by Forsyth and Patwardhan?7¢. Absorbance data was then collected and processed according
to Forsyth and Patwardhan to find the rate of the reaction (VO), with the difference that

Michaelis-Menten analyses for Vmax and Km were not produced?’6.

To determine whether rate variation between samples was due to experimental variation or
the influence of the immobilisation material, a free CA analysis was performed 15 times using
15 different 50 mM p-NPA and CA solutions. This was then analysed using a One Sample t -

test to determine if any of the rates varied significantly from the sample mean.

2.5.2 CaCOs Formation for CA Sequestration

Whilst p — NPA hydrolysis can give some indication of enzyme reaction kinetics, it was
important to measure the actual capacity for free and immobilised CA to catalyse CO.
sequestration. This can be performed using the principle of CaCOs mineralisation. When
dissolved in a buffer at pH 10, CA can catalyse the interconversion of CO; to HCOs (E. 2.7).

CA

As the pH of the solution increases, the bicarbonate ions deprotonate to form CO3% ions, which

in the presence of calcium will react to form CaCO3 (E. 2.8)
(2.8) Ca?* + C0O%~ - CaCO0y

When used alongside a control containing no CA, the formation of CaCO3 can serve as a
proxy measurement of CAs ability to sequester CO,. The protocol for this experiment was

performed exactly according to 276,

2.6 Leaching Examination of Immobilised CA

In order to determine the amount of enzyme loss from the framework, examination of was
carried out according to a protocol by?’¢, with some adjustments. A mass of BIS containing
immobilised enzyme was added to 0.1 M pH 7.5 PBS solution to create a final concentration
of 1 mg CA/ mL. This was then placed in a shaking incubator for 24 hours, with samples taken
at 0, 8 and 24 hour time points. Absorbance was measured at 290 nm using UV - Vis
spectroscopy and the concentration of CA was quantified based on the calibration curve in

Figure 12. Total leaching of the enzyme was then expressed as mg of free CA per mL solution.
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3 Chapter 3: Exploring Biochar for Enzyme
Immobilisation

This chapter builds on the discussion in Chapter 1 by examining how biochar manufacture

conditions influence porosity characteristics relevant to enzyme immobilisation. The stability
and porous structure of biochar (commonly described in terms of SA, PD and PV have made
it an attractive candidate for this application. However, clear guidance on how to reliably
produce biochars with suitable properties remains limited. This uncertainty largely arises from
the strong interdependence between porosity and factors such as feedstock type, pyrolysis

temperature, and activation treatment.

To address this, Chapter 3 first presents a meta-analysis of published biochar studies that
used N, gas adsorption to characterise porosity. Data relating to SA, PD, and PV were collated
alongside reported manufacture conditions, allowing trends and correlations to be explored
where sufficient information was available. In total, 56 studies were reviewed. Of these, 15
reported all three porosity parameters, while a further 28 reported at least two, enabling partial
comparisons across feedstocks and processing conditions. Gaps in reporting, particularly
around feedstock specification, pyrolysis temperature, and activation protocols, limited the

inclusion of some studies in specific analyses.

Based on insights from the literature review, three biochar candidates were then selected for
experimental investigation. These materials were chosen to reflect contrasting feedstock
origins and manufacture conditions. Their porosity was characterised using both N, gas
adsorption and mercury intrusion porosimetry (MIP). Additional characterisation, including
CHNS and O analysis to assess chemical stability, and ATR-FTIR to confirm biochar formation

and compare functional features, was also undertaken.

The chapter concludes by evaluating the suitability of both literature-reported and
experimentally produced biochars for use as enzyme immobilisation frameworks. Although
many porosity trends aligned with established theoretical expectations, notable deviations
were observed. Interpreting these discrepancies proved difficult due to confounding factors
such as methodological variability and incomplete reporting. Overall, none of the biochars
examined met the porosity requirements of an ideal enzyme support. The final section
therefore outlines recommendations for improved experimental design and reporting in
biochar engineering studies, with the aim of enabling more robust comparisons to aid the

future development of biochar-enzyme systems.
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3.1 Introduction

In recent years, CA has been recognized as a potential aid to enzymatic upgrading of CO; into
valuable fuels as chemicals'2. The progression of research into enzymatic conversion of CO;
could develop into a less energy-intensive alternative'®? to inorganic heterogeneous catalysts
which avoids the use of rare-metal catalysts, which have sustainability concerns'%. Compared
to inorganic catalysis, CA reactions are also able to take place under relatively mild
conditions'52282, However, CAis also required to sustain high stability and activity over multiple
cycles, often under adverse temperatures and pH and in the presence of solvents'®5. CA also
needs to operate efficiently and cost-effectively in high-throughput industrial applications 9153,
Whilst many enzymes are extremely economical as a single-use reagent?83284) CA is relatively
costly?'® and could create unfeasibly high operational costs if is not able to resilient, reused or
recovered in meaningful amounts'54283.285  As discussed in Chapter 1, efforts towards
overcoming these challenges have been diverse, widespread and well documented in many

in-depth reviews'60.185,201-210,193,211-218,194-200 bt can be classified into two main themes:

1. Protein engineering, in which CA is altered through techniques such as site-directed
mutagenesis and directed evolution?22.286,

2. Immobilisation, with or without chemical modification of the enzyme and / or sup-
port185,219,220_

Of these two themes, immobilisation has the potential to address all of the limitations cited
with the use of CA in industrial processes: it can have a stabilizing effect on enzymes'®3,
enhance their activity'®® and lower process costs by enabling re-use and recovery's"2%7. A
dynamic range of substances have been explored for their use as enzyme immobilisation
frameworks, ranging from natural polymers, synthetic polymers, carbon structures, minerals
and synthetic materials'®5288, Enzymes have also been immobilised to other proteins in the
form of cross-linked enzyme crystals (CLECs) and to each other via crosslinked subunits to
form crosslinked enzyme aggregates (CLEAs)'. Many beneficial features of these different
materials have been reported, such as a large SA available for catalysis in addition to better

tolerance to adverse temperatures and pH2®3 as a result of a shielding effect?"’.

Despite the diverse range of enzyme immobilization frameworks that have been reported over
the past 50 years?®, only a few have reached commercial scale??®. Researchers often cite
issues with engineering immobilised enzyme systems, namely that they are expensive,
complicated and time consuming to produce?8%2%, Many frameworks are also chemically inert,
requiring functionalisation to make them compatible for enzyme immobilisation®®. As
discussed in Section 1.9, amines have been reported as some of the most successful

functionalisation molecules in terms of CA immobilisation. In some cases modification of the
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enzyme molecule is also required to compliment the functionalisation'®6286, A common
modifier is glutaraldehyde, which interacts with primary amino groups within the enzyme
protein structure or groups such as thiols, phenols and imidazoles?®®. This results in a Schiff
base interaction in which a primary amine within the protein reacts via a condensation reaction
with an aldehyde group in the glutaraldehyde molecule, leading to covalent binding between
the enzyme and glutaraldehyde?®®. An additional aldehyde within the glutaraldehyde is then
able to interact with an amine which has functionalised the framework surface. In addition to
taking advantage of the SA and porosity of a previously unsuitable framework, studies have
reported enhanced activity as a result of binding?°®. However, modifications can also lead to
loss of enzyme activity due to alteration of an enzyme structure, which can affect the active
site’®6285. To overcome these limitations, an ideal material should possess the following

features:

o Possess a large SA to improve immobilisation efficiency, PDs that enzymes can per-
meate, and large PVs for enzymes to function68,

e The surface allows enzyme binding without denaturation?,

e Is chemically, thermally, and mechanically stable?60.288,

e Protects the enzyme during use?%.

e Sustains efficient catalysis for multiple cycles without leaching or degradation?%”.

e |s easy to generate and cost is effective?®.

3.2 Biochar as an Immobilisation Framework

Biochar is formed in an anoxic or low stoichiometric oxygen environment as a consequence
of the thermochemical conversion (pyrolysis) of organic material using
temperatures >300 °C2%-301 The result is a lightweight material with high refractory stability?72.
Depending on the pyrolysis temperature, residence time and heating rate, energy-rich liquid
(bio-oil) and gas (bio-syngas) (CO, CO2, Hz and C4-C;) can also be produced®%-301, Aside from
enzyme immobilisation, more established applications for biochar are as a sall

amendment302:303 gnd for pollutant removal3%4.

In recent years, researchers have explored biochar as a potential enzyme immobilisation
framework (Table 1 Appendices). This is due to its stability, regenerative nature and
economical production'®. Researchers also hope to utilise biochar features such as SFGs
and its porosity to better accommodate enzymes and maximise their activity'®. However,
selecting an appropriate biochar for enzyme immobilisation is nuanced and complex. This is
because biochar features are highly dependent on various pyrolysis conditions, feedstock

choices and activation treatments (Figure 1)'%0.
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Biochar as an Enzyme Immobilisation Support
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Figure 1. Key requirements of an enzyme immobilisation framework and the manufacture
conditions which influence these requirements in biochar. Taken and adapted from .

The multi-parameter nature of biochar manufacture conditions makes drawing insights into its
selection difficult. Therefore this report takes an inverse approach by focusing on porosity
because it is foundational to enzyme immobilisation?%6:3%, Biochar PDs serve as the gateway
for enzymes to access and take advantage of the inner SA of the biochar particle'®®. This
depends, however, on whether the PD is large enough to allow enzymes into them (Figure 2).
It has been found that protein loading is lower in materials with average PDs <10 nm'68. Once
inside, the capacity provided by the PV must be large enough to accommodate enzymes and
any movements associated with their activity3%® (Figure 2). A minimum total pore volume of
0.3 cm?® g has been linked to successful enzyme immobilisation'®®. The SA must also be
present in sufficient quantities to facilitate good enzyme loading and therefore high activity
efficiency’®®. The ideal SA range has been identified as 25 - 500 m? g '8, |t is hoped that
evaluating biochar samples solely on these factors will better focus the search for an
appropriate candidate. If one exists, other essential criteria such as beneficial enzyme-surface
interactions via SFGs, chemical stability within the reaction system and environmental impact

can then be considered.
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Figure 2. Qualities of an immobilisation material which contribute to material porosity and
subsequent enzyme immobilisation. Created using Biorender.

The following sections analyse the relationship between biochar processing conditions,
feedstock properties, and activation treatments on porosity using N> gas adsorption data
gathered from enzyme — biochar immobilisation and wider biochar characterisation studies.
The outcomes of this porosity data will then be used to determine biochar’s suitability as an
immobilisation framework using the optimal range, in terms of PD, PV, and SA, identified in
Chapter 1. Porosity analyses of biochars selected from the literature, based on information
deduced from the literature on which feedstock origins and manufacture conditions should
give rise to a framework with ideal porosity. This porosity of these samples will then be
analysed using N2 adsorption and MIP, in addition stability assessments using CHNS and O
analyses and FT-IR analyses will also be conducted. Finally, the impact of N> adsorption

methods on the reporting of biochar porosity will be discussed.
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3.3 Engineering Biochar via Feedstock and Processing
Conditions Selection for Enzyme Immobilisation

The following section focuses on identifying any trends found in the data between causal
factors such as feedstock choice and pyrolysis conditions and their effect on PD, PV, or PD.
These features will then be considered individually for their suitability for enzyme
immobilisation. It is hoped these summaries may help to inform researchers for future attempts
in engineering a biochar with suitable porosity features for enzyme immobilisation. Of the
56 studies which conducted N2 gas adsorption, data from 43 studies was able to be extracted.
In many cases, data was only provided for two of the three criteria. This has been applied in
different ways in Figures 3 - 6 to provide the richest-possible detail relating to the impact of
feedstock and processing conditions on biochar SA, PD and PV. Ultimately, 15 studies
provided adequate processing details and data for all three criteria. These outcomes are
depicted in Figure 6 alongside the ideal PD, PV and PD parameters as outlined by Bayne et

al. for comparison'66,

3.4 The Influence of Biochar Production on PD

3.4.1 Influence of Pyrolysis Temperature

Pyrolysis is cited as a critical process for pore formation in biochar and is comprised of two
discrete stages known as the primary and secondary phases's37, During primary pyrolysis,
the feedstock is cleaved and devolatilised into its main constituents and (depending on the
conditions and feedstock) forms carboxyl, carbonyl and hydroxyl groups3’. In secondary
pyrolysis, the feedstock converts into char as a result of the cracking and repolymerization of
heavy compounds™93%7  According to Gray et al., the pyrolysis process leads to the
development of porosity, with micropores comprising the predominant fraction3%. Further,
higher pyrolysis temperatures lead to an increase in the formation of micropores3®. To
investigate this pattern, PDs and pyrolysis temperatures from eleven studies which
investigated different feedstocks were compared (Figure 3). Contrary to Gray et al., biochar
with average PDs in the micropore range were not concentrated at higher pyrolysis
temperatures, suggesting that engineering the average PDs of biochar is influenced by more

than pyrolysis temperature alone (Figure 3).

3.4.2 Influence of Feedstock

In addition to pyrolysis, feedstock type has also been cited to influence PDs30%3'0, During
pyrolysis, the three natural polymers of biomass: cellulose, hemicellulose and lignin undergo

cross-linking, depolymerisation and fragmentation. Cellulose and hemicellulose thermally
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decomposes between 200 - 350°C, leading to a rapid release of volatile gases and the creation
of porosity®®®. Therefore, the greater the proportion of cellulose and hemicellulose in a
feedstock, the greater the degree of pore formation. Lignin degradation is slower and occurs
between 400 - 1200°C3". Lignin comprises the larger and more dense cellular framework and

the extent of its degradation determines the extent of macropore formation3°.

When the influence of feedstock is accounted for in Figure 3, there are instances where the
resulting PDs are consistent with how different types and quantities of plant tissues respond
to pyrolysis temperature. For instance, in the case of rubber wood sawdust, average mesopore
diameter rose in accordance with increasing temperature from 7 nm at 300 °C to 16 nm at
700 °C (Figure 3). This outcome is consistent with the proportion of hemicellulose and
cellulose (~60 — 70%) and high content of lignin (~20%) reported for this feedstock 3'23'3 (Table
1). High proportions of lignin in the feedstock leads to greater framework degradation as
temperatures escalate beyond 400 °C, leading to the formation of macropores and an increase

in average PD.
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Figure 3: Biochar PD with respect to pyrolysis temperature, feedstock and activation treatment.

Data was collated from multiple studies which reported these manufacture conditions and PD.
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Conversely, wheat straw possessed similar proportions of hemicellulose and cellulose (~60%)
and lignin (~25%) compared to rubber wood sawdust (Table 1). However, average PD instead
decreased from 11.1 to 2 nm over a similar temperature range of 350 to 650 °C (Figure 3)3'3-
315 This study suggests significant micropore formation occurred beyond 350 °C, contradicting
the literature which states that the majority of micropore formation should occur between
200 - 350 °C due to hemicellulose and cellulose decomposition®®®. Another study which
investigated bamboo reported no change in PD, despite having a similar pyrolysis temperature
(700 °C) and lignocellulosic content to rubber wood sawdust®'331¢ (Table 1). Highly variable
PDs (0.5 and 9.5 nm) were also reported for the same waterweed feedstock, all of which were
pyrolysed at 500 °C3'4,

Table 1. Lignocellulosic compositions of feedstocks analysed as part of this study.

Feedstock Hemicellulose % | Cellulose % | Lignin %
Sugarcane bagasse®'’ 20-32 32-45 17 - 32
Rice straw3'® 12-32 28 -45 5-24
Pupunhapalm?'® 25 41.2 7.70
Chlorella®?° 26 46 15
Peanut shell3?! 15.6 36.3 25
Wastepaper®?? 25-35 40 - 45 1-20
Cow manure323 21.3 20.4 1.4
Common reed3* 20.1 51.2 12.34
Corn stalk3?2 20.4 36.8 17.3
Yellow  mombin  fruit | 8.2 14.8 9.4
stones®?

Rice husk3'® 12 - 32 28 - 45 5-24
Bamboo®'® 23.9 47.2 23.8
Wheat straw3'5 25.2 35.5 25.1

Pig manure3? 22.1-26.6 7-127 3.8-87
Rubber wood sawdust®'® | 25 - 30 40-44 20-22
Pine bark3?’ 15 25 45

Oat hull®?® 35 23 25

3.4.3 Influence of Activation Treatment
According to the literature, PDs in biochar have been further increased following pyrolysis
through physical and chemical activation3?°. This is a process in which volatile compounds

which have re-condensed back onto the char following pyrolysis are removed, increasing the
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size of biochar pores or unblocking them3?°. No cases were identified in this study in which
chemical activation increased average PDs. However, the absence of controls for non-
activated samples in some studies limited comparisons, allowing only for the assessment of
activation effects of biochars produced at different pyrolysis temperatures®?533° (Figure 3). In
studies which did use a control, a reduction in average PD was observed (Figure 3). Corn
stalk biochar pyrolysed at 600 °C and activated using potassium carbonate (KCO3) reported
a PD reduction from ~4 to ~2 nm compared to the non-activated control (Figure 3)33'. KCO3
treatment was used on chars pyrolysed at other temperatures, however no control values were
reported thus limiting further comparisons3*' (Figure 3). Another study which used corn-straw
biochar produced at 300 and 500 °C reported ~10 to ~8 nm and ~14 to ~11 nm reduction in
PDs following activation using a formulation of HCI, HNO3 and H2SO43%2. An explanation for
this could be that activation unblocked smaller pores, causing a reduction in average PD. In
addition, margins of error were not included for values in either study, giving rise to the

potential that differences in PD may be due to sample variations.

3.5 The Influence of Biochar Production on SA

3.5.1 Influence of Pyrolysis Temperature and Feedstock

According to the literature, SA formation is governed by pyrolysis temperature through the
determination of the extent of cellulose, hemicellulose, and lignin decomposition in feedstocks.
For example, at pyrolysis temperatures of ~350 °C, all cellulose and hemicellulose within a
feedstock should have degraded, leaving behind more mesopores and micropores compared
to a pyrolysis temperature of 200 °C. The extent of this pore formation has been cited to
contribute to final SA'™0. At temperatures >400 °C lignin present within the feedstock will
degrade, leading to the potential for macropore formation as lignin structures which separated
pores degrade to form larger pores which reduces SA?%8. Feedstock is therefore another factor
behind SA formation. Hemicellulose and cellulose proportions influence the extent of micro
and mesopore formation, which contributes to SA development3°°. Lignin proportions influence

macropore development and the degree to which SA development may be reversed?.

To inspect this relationship, N2 adsorption data from biochar studies which reported PD and
SA, were compiled (Figure 4). The low SA range of 0 - 25 m? g-! contained all samples (n = 8)
pyrolysed at temperatures <350 °C (Figure 4). At this SA range, materials have been classified
as non-porous by the literature?®’. This contradicts the notion that temperatures up to 350 °C
would have an increased SA due to micropore and mesopore formation from cellulose and

hemicellulose degradation.
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Figure 4. A) Biochar SA vs. feedstock with label colour representing pyrolysis temperature and

labels denoting activation treatment. B) Biochar SA vs. pyrolysis temperature with label colour
representing feedstock type and labels denoting activation treatment.
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Biochars within the 0 - 25 m? g' range were from a diverse range of feedstocks, suggesting
little relationship between the proportions of hemicellulose and cellulose with SA development
(Figure 4). This range also contained biochars pyrolysed at >400 °C, which is the point
according to the literature at which lignin degradation can occur?®®. This perhaps explains why
24 out of 25 of PDs within this SA range were mesoporous (Figure 4), as lignin degradation
could have caused greater amounts of macropore formation, which cannot be detected using

N2 adsorption methods, leading to reduced SA and an increase in average PDs333.

3.5.2 Influence of Activation treatment

As discussed in Section 5.1.3, studies have indicated a positive relationship between the use
of activation treatment and the removal of condensed volatile compounds, which can lead to
the unclogging of smaller pores and therefore an increase in SA3%8:333_ For example, corn straw
biochar activated using HCI, HNO3 and H>.SO4 and pyrolysed at 300 °C and 500 °C increased
SAfrom~1.8to 5m?g'and 5to 9 m?g'respectively (~170% and ~70%) relative to inactivated
controls33? (Figure 4). This SA increase coincided with a reduction in average PDs, from 10.5
to 7.95 nm and 14 to 11.5 nm for 300 and 500 °C pyrolysed biochars, respectively3*? (Figure
4). In another instance, the SA of corn-stalk biochar pyrolysed at 600 °C was also increased
from ~87 to 542 m? g”' (~530%) following potassium carbonate (K.CO3) activation treatment,
while average PDs reduced from 3.79 to 2.38 nm33' (Figure 4). In addition, the reduced degree
of SA development for biochar produced at higher temperatures is consistent with the concept
that higher pyrolysis temperatures during biochar manufacture prevents the recondensation
of volatile compounds'®®, leaving less available for removal via activation treatment. This
mechanism may explain why there was up to a 115% increase in SA for specific biochars
when pyrolysed at higher temperatures (450 — 700 °C) despite no change occurring in average
PDs (Figure 3). Notably, when these biochars were subjected to increasing concentrations of
activation agent, further gains in SA reduced dramatically (<2%), suggesting that the low
amounts of condensed volatile compounds present were able to be removed sufficiently using

lower concentrations of activation agent.

3.6 The Influence of Biochar Production on Pore Volume
3.6.1 Influence of Pyrolysis Temperature and Feedstock

Volatile compound release during feedstock pyrolysis is concentrated between temperatures
of 300 - 500 °C and according to the literature a large increase in biochar PV also occurs
within this range333. Beyond 500 °C, volatile release diminishes, along with its impact on
PV334335  As previously discussed in Section 5.2.1, lignin is a large, dense, and complex
polymer333, Depending on pyrolysis temperature and lignin content, lignin degradation may

not completely occur; resulting in a network of preserved lignin-structures which once served
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as vascular and support tissues for the feedstock333. Greater pyrolysis temperatures lead to
greater degradation of this lignin network, resulting in larger PVs as shared lignin walls
between voids collapse3'0333, Studies have reported greater SAs and porosity in feedstocks

with greater lignin content333.336-338,

When PVs and pyrolysis temperatures from six reports were examined for this study, a similar
pattern was found. Temperatures between 300 - 500 °C were linked to a 30, 82, 250, 33, 213
and 100% increases in PV in feedstocks derived from corn straw, wheat straw, pine bark, oat
hull, pig manure and rubber wood feedstocks, respectively (Figure 5)2%6:312314331 |n the case
of two studies which also pyrolysed samples of rubber wood sawdust and pig manure
feedstock >500 °C, the extent of PV growth decreased in line with the end of the volatile
release phase?'23'4 (Figure 5). However, in the case of wheat straw biochar PV increased from
0.093 t0 0.808 cm3 g (768%) when samples were pyrolysed at 650 °C compared to 500 °C3'4
(Figure 5). Therefore, whilst PV development mostly behaved in accordance with the literature,
it is not guaranteed. This continuation in PV development suggests that the presence of lignin
may continue to influence PVs beyond the volatile compound release phase?®'43% (Figure 5).
Notably, samples of corn straw, pine bark and oat hull were not pyrolysed beyond 500 °C, so
the impact of higher pyrolysis temperature on PV formation was unable to be observed. This
may also explain why Zhao et al. observed low porosity of <0.150 cm?® g for diverse
lignocellulosic feedstocks such as cow manure, pig manure, wastepaper, sawdust, grass,
wheat straw, peanut shell, and waterweeds pyrolysed at 500 °C; lower pyrolysis temperatures
(<500 °C) may have caused less lignin degradation, indicated by the resultant low PVs3'4
(Figure 5). Finally, when pine bark feedstock with greater lignin content ( ~37%) was pyrolysed
at 300 and 500 °C, PVs increased by from 0.093 to 0.808 (250%) between temperatures,

evidencing a link between high lignin content and greater PV (Figure 5)2%.
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Figure 5: The distribution of biochar samples as a function of PV according to pyrolysis
temperature and activation treatment.

3.6.2 Influence of Activation Treatment

Chemical and physical activation treatment (Section 3.5.2) following biochar synthesis has
also been purported to increase PV in biochar. In the case of bamboo biochar pyrolysed at
700 °C, PVs increased from 0.35 to 0.5 cm?3 g (42%) in response to increased concentrations
of ZnCl; activation agent from 1 to 3 g (Figure 5)34°. Beyond 3 g no further increase in PV size
was observed (Figure 5)34°. Common reed biochar was pyrolysed at 500, 600, and 700 °C and
then activated with various concentrations of diammonium hydrogen phosphate (NH4),HPO4
(Figure 5)%3°, PVs increased from 0.225 to 0.275 and then to 0.4 cm® g (22 and 45%) but
unlike ZnCl; this correlated more with increasing pyrolysis temperatures instead of increasing
(NH4)2HPO4 concentration (Figure 5)339340, In the case of both ZnCl, and (NH4):HPO,
activation, these differing outcomes for PV enlargement may be explained by a single
mechanism: that higher pyrolysis temperatures lead to increased prevention of volatile
compound recondensation. In the case of ZnCl,, biochars produced at higher pyrolysis
temperatures had fewer volatile compounds for removal by ZnCl, which were adequately
removed using lower ZnCl, concentrations (<3 g)3*°. For (NH.);HPO4, higher pyrolysis
temperatures completely prevented volatile compound recondensation, rendering the

application of increasing concentrations of (NH4);HPQO4, ineffective3¥®. In the case of both ZnCl;
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and (NH4)2HPO, activation control values for non-activated samples and margins for error
were omitted, making it impossible to attribute PV growth solely to activation treatment,

pyrolysis temperature or sample variation.

In a study which included controls, corn straw biochar pyrolysed at 300 and 500°C was
chemically activated using HCI, HNO; and H,SO,; PVs increased from 0.00064 to 0.014 cm?
g’ (2087%) and from 0.013 to 0.018 cm® g*' (38%) compared to the control33? (Figure 5). In
another study, corn stalks pyrolysed at 450, 600, and 750 °C showed significant increases in
PV from 0.081 to 0.339 and then 0.478 cm® g' (318 and 41%) following K.CO3 activation
(Figure 5). In this case a single control value was provided for 600 °C biochar, which was able
to show that K2COs treatment led to an increase from 0.079 to 0.339 (250%) in PV compared
with 600 °C untreated samples33? (Figure 5). Since margins of error were also absent for both
studies, it is possible smaller differences in PV may be due to sample variation. However, the
inclusion of control values for these studies along with those of bamboo and common reed
enables some important observations. Firstly, that activation treatments can be highly effective
for increasing PVs for biochars produced at low temperatures. Such information is useful if
biochar is produced as a waste-product from low temperature pyrolysis and requires
modification of PVs for re-purposing as an enzyme framework. Secondly that if biochar is to
be manufactured solely for the purpose of enzyme immobilisation, evidence suggests that
using activation treatments for higher temperature biochars largely results in lower gains in
PV, which may be explained by lower amounts of volatile compound re-condensation. This is
particularly evidenced by comparison of PVs obtained for corn straw at 300 and 500 °C, which
suggests that similar volumes (+/- 0.001) can be attained without chemical activation by

instead increasing pyrolysis temperature during synthesis332.

3.7 Section Summary: Linking Biochar Porosity to Enzyme
Immobilisation

Pores are responsible for biochar’s internal SA and can serve as a matrix-like structure for
enzymes to occupy'50-2%, As outlined in Chapter 1, a study by Bayne et al., analysed data from
182 immobilised enzyme studies'®. It was found that protein loading was lower in materials
with average PDs <10 nm - this has been cited to be due to the enzyme’s diameter surpassing
the diameter of most pores in the material, thus restricting enzyme access. If some enzymes
can enter, their number may be restricted due to limited PDs and capacity (Figure 2)'68.
Additionally, PDs >100 nm reduced enzyme loading due to a “concomitant reduction in surface
area”'®®. The optimum PD range for enzyme immobilisation was in the mesoporous range,
between 10 - 100 nm (Figure 6). This was determined based on the observation that enzyme

loading was unaffected by the PD of the material'®.
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If enzymes can enter the pores of biochar, sufficient space within the pore in relation to the
size and movement range of the enzyme is also required?®® (Figure 2). To put this into context,
CA has a size of 5 x 4 x 4 nm but requires an operational space of 3 - 9 times its molecular
diameter3%. This corresponds to 8 x 10-2° cm? for the physical bulk of a single enzyme and a
requirement of up to 7.2 x 10-'® cm? for its operational space. An effective enzyme matrix
should be able to accommodate the bulk and catalytic activity of multiple enzyme units. When
these requirements are considered per gram of material, Bayne et al. concluded that a
minimum total pore volume of 0.3 cm? g is required for successful enzyme immobilisation68
(Figure 6).

As with other immobilisation frameworks, SA is cited as an integral feature to the success of
biochar-supported enzyme catalysis. SAs for biochars can range between 2 and 1200 m? g
(Figure 4). It has been shown that a greater SA is conducive to greater adsorption capacity of
chemical compounds?%°34!, However, this logic cannot necessarily be applied to enzymes
because they are often large molecules with greater potential for their molecular diameter to
surpass the PD of the material'®®. This can restrict access to portions of the framework and
limit loading. According to the study by Bayne et al. enzyme loading increased as SA rose
from 25 up to 500 m? g’ %8, However, beyond 500m? g' enzyme loading plateaued which
corresponded with a reduction in pore size and a thus a restriction of enzyme access to many

pores and the surface area within them?68 (Figure 6).

Of the 65 different feedstocks assessed from 43 studies, 16 (24%) possessed PDs sufficient
for enzyme immobilisation (>10 nm). Some studies reported PDs consistent with the
relationship described in the literature between lignocellulosic degradation and pyrolysis
temperature. However, an equal number of examples demonstrated that this relationship is
not a predictable way of selecting for a material with minimum PDs to suit enzyme
immobilisation. It should be acknowledged that this sample size was small, owing to few
studies reporting consistent data. Consistency with regards to biochar manufacture conditions
and PD data reporting would help to define these relationships further. In addition, providing
the proportions of cellulose, hemicellulose and lignin in feedstocks would also help to gauge

the influence of plant tissue type on PD outcomes.

Regarding SA, the 0 - 25 m? g' range contained all biochar samples with mesopores suitable
for enzyme immobilisation (>10 nm). According to Bayne et al., this SA is inadequate as pores
wide enough for enzyme access would not have sufficient SA to create an extensive catalytic
surface'®®, whereas, biochar enzyme loading would be optimised within the 25 - 500 m? g

range (Figure 6).
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Despite the increases in pore volume achieved in some studies, 19 out of 21 feedstocks did
not possess PVs large enough (>0.3 cm? g') for enzyme immobilisation, suggesting neither
pyrolysis temperature nor feedstock were effective for achieving useable PVs for enzymes
(Figure 6). The exception was wheat straw biochar, which obtained a PV of ~0.8 cm3 g' when
pyrolysed at 650 °C3'# (Figure 5). Two studies — bamboo and corn stalk - produced activated
biochars with PVs large enough (>0.3 cm? g-') for enzyme immobilisation. Unfortunately, none
of the chars possessed adequate PVs which met the substantiated threshold (>10 nm)

required for enzyme access into the inner SA of the biochar framework'6® (Figure 6).
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discussed in Section 1.7 outlined by 66
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3.8 Biochar Characterisation

3.8.1 Section Overview

In this section an assessment of three biochar candidates was conducted to determine
porosity, SFGs and chemical stability to inform suitability as a support material for enzyme
immobilisation. Biochar selection was informed by trends between feedstock type and
manufacture conditions and resulting porosity from previous sections in this chapter. MIP and
N2 gas adsorption using Micromeritcs 3-Flex and Tri-Star equipment was used to characterise
biochar porosity. It was hoped these characterisation techniques could provide a complete
picture of biochar porosity for biochar pores ranging from 0.1 up to 500 nm. Chemical
composition and stability of the biochars were further determined using CHNS elemental
analysis. O composition was determined by deduction of these values in addition to ash
composition. Results from C, H, N, S and O analysis for TERC, WT and HTC biochars all

exhibited suitable chemical stability characteristics required for an enzyme reaction system.

Semi-quantitative analyses of biochar SFGs were conducted using ATR FT-IR spectrometry.
Carboxylic SFGs - which are favoured for enzyme immobilisation - were identified on TERC
biochar, however this was in a single replicate and in low amounts. WT and HTC biochars
possessed carboxylate anions, which hold potential for upgrading into carboxylic acid SFGs
following further treatment. However, significant issues with ATR FT-IR analysis were also
identified. Firstly the potential presence of sorbed water in HTC samples indicating improper
handling or drying and secondly low signal transmittance and a high degree of noise for TERC

samples, reducing confidence in these results.

3.8.2 Selection of Biochars for Porosity Characterisation

As part of its role in facilitating BECCS research, the TERC has installed a gasification system.
Virgin or waste-derived wood pellets are gasified at temperatures, with TERC biochar
produced as a bi-product of this reaction'®. Flue gas is then captured via integration with an
amine capture plant, to achieve BECCS. The other two biochars used were those described
in section 2.1 and Table 2, WT and HTC.

Table 2. A comparison of the biochars analysed in this chapter, their feedstock and processing
conditions and other beneficial credentials.

Biochar Feedstock and Processing | Other Credentials
Conditions

TERC High lignin content from wood | Carbon savings from using a bi-
pellets and pyrolysis | product of bio-oil and bio-gas
temperatures 700 — 800 °C. production




78

WT High lignin content from willow, | Sustainably harvested UK feedstock
alder, hazel, hawthorn, and | near pyrolysis plant, thus low transport
chestnut feedstocks. Pyrolysis | carbon footprint?6.

temperatures 700 — 800 °C.
HTC High lignin feedstock. Pyrolysis | Low specific energy input and thus

temperatures 170 — 300 °C, | lower carbon manufacturing footprint®.
under pressure using steam?’!. | Commonly possess favourable SFGs

such as carboxylic acids?’%:342

3.8.3 Results and Discussion

3.8.3.1 Porosity Analyses
According to MIP results, TERC biochar had the highest SA (75 m? g-') and one of the smallest

PDs (200 nm) (Figure 7). WT contained the next highest SA (30 m? g') and intermediate PDs
(300 nm) (Figure 7). Finally, HTC possessed the smallest SA (21 m? g') and the largest
average PDs (500 nm) (Figure 7). It should be noted however due to the cost of analysis, the
availability of only single batches of biochar samples and limited equipment availability only
single sample repeats of each biochar were subjected to MIP testing. This limitation was
partially addressed by ensuring large samples of each biochar were mixed, dried and ground
to ensure sample homogeneity, however further testing with greater sample replicates would
help to increase the reliability of these results. In the case of TERC and WT, the macroporous
aspects of biochars may serve as a suitable site for enzyme immobilisation. However, SAs are
towards the lower end of the ideal range (25 - 500 m? g') therefore any catalytic surface
created may have comparably low enzyme loading and subsequent system efficiency

compared to other commercially established frameworks such as Syloid 2442 or MCF - 33568,
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Figure 7. MIP values for PD and SA for HTC, WT, and TERC, where (N=1and n = 1).



79

MIP analysis was unable to provide data for PV, making it impossible to know if biochar PVs
are suitable for accommodating multiple enzyme units as well as any spatial movement
required for substrate interaction’. Finally, MIP may not be able to probe the mesoporous
and microporous aspects of biochar, therefore these PDs may not have been accurately
accounted for. If pores <10 nm are present in significant quantities, there is a danger of

enzymes becoming lodged in biochar pore openings, potentially leading to loss of activity 8.

To quantify PDs in the lower ranges of the biochars and any additional SA associated, N2 gas
adsorption analysis suitable for microporous and nanoporous aspects of biochar was
conducted. N2 gas adsorption also provided values for average pore volumes. According to
the results in Figure 8, TERC biochar had the largest PVs and SAs of all the biochar samples,
with SAs of 793 and 975 m? g' and PVs of 0.31 and 0.4 cm?® g for 3-Flex and Tristar
instruments respectively. Data revealed PD readings of 5.6 and 3.8 nm for 3-Flex and Tristar
instruments, which are not large enough to be considered suitable for enzyme
immobilisation'®® (Figure 8). In addition, whilst SAs up to 1000 m? g! are not deleterious to
enzyme immobilisation, SAs >500 m? g-' are not considered ideal since enzyme immobilisation
has been found to plateau beyond this point’. Readings for both 3-Flex and Tristar analyses
for SA of HTC biochar were 12 m? g, with PVs of 0.02 and 0.08 cm?® g-! respectively, which
did not meet the minimum criteria for enzyme immobilisation (Figure 8). Despite multiple
attempts, it was not possible to characterise WT biochar using 3-Flex analysis. Based on data
from TriStar analysis, WT had suitable SA (70 m? g), but did not have sufficient PVs
(0.03 cm? g') or PDs (3.2 nm) for enzyme immobilisation (Figure 8). Contrary to what was
expected, greater SA and PV readings for TERC biochar and greater PD (25 nm) for HTC
biochar were observed by the Tristar analyser. This may be explained by the superior accuracy

of 3-Flex, which is able to analyse PDs down to 0.3 nm? leading to measurement variations.

(wy) Ad

QHTC {3-Flek]

@HTC (Fri-Star
S (o etk

@TERC (3-Flex;
@TERC (Tri-Star)

Figure 8. The relationship between SA, PD and PV for HTC, TERC and WT samples measured
using N2 gas adsorption on 3-Flex and Tri-star instruments.
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3.8.4 Chemical Stability

The results from C, H, N, S and O analysis are presented in Figure 9. C in biochar has been
cited to be highly stable and intrinsically chemically recalcitrant?”'343, Therefore, the total
fraction of C presentin a biochar can provide a rudimentary indication of a biochar frameworks
resilience to degradation in aqueous reaction systems3*2. TERC biochar had the greatest
carbon content (89%), followed by WT (63%) and then HTC (49%) (Figure 9).
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Figure 9. (Left)C, H, N, S and O content, (right) the O:C ratio and the H:C ratio (below) for TERC,
HTC and WT biochars. Error bars represent the standard deviation of experimental samples,
where N=3andn = 3.

Greater pyrolysis temperatures have often been linked to greater biochar stability due to an
overall increase in the proportions of C2’°. TERC and WT biochars were both created at
similarly high pyrolysis temperatures (700 — 800 °C) and had the highest (TERC) and second

highest (WT) proportions of C. These outcomes were therefore consistent with the literature.
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In addition to C, higher pyrolysis temperatures have also been linked to reductions in total O
content?’0. This pattern was consistent with TERC biochar, which had the lowest proportion of
O (3%) out of the three candidates (Figure 9). Lower O proportions are favourable because O
- associated SFGs have been linked with increased reactivity of biochar constituents with the
surrounding environment?’°. The O content for WT was zero, this was suspected to be due to
the high ash content reported for WT, which is known to cause inaccuracies in O calculation?72.

O results were therefore omitted from consideration.

A more precise indicator for biochar stability is the molar ratio of O to C (O:C)?7%27", According
to Spokas et al., “the O:C ratio is related to the number and composition of substituted
functional groups™?°. The less oxygen-containing functional groups attached to hydrocarbon
chains or rings, the less reactive that biochar will be to chemical compounds in the surrounding
environment?’?. Lower O:C ratios are also associated with a higher incidence of fused aromatic
rings3+4:34% which are highly stable molecules due to their molecular geometry345346 and so are
also less likely to react with molecules in the surrounding environment. Lower O:C ratios can
indicate low polarity, which is linked to increased hydrophobicity and therefore decreased
water solubility, which is important for a biochar framework operating in an aqueous medium3#4,
Based on these principles, O:C ratios can therefore serve as an indicator for biochar stability
against chemical degradation?’°. As a rule, a molar O:C ratio <0.2 indicates a minimum half-
life of 1000 years in terms of biochar stability in the environment. A molar ratio between
0.2 — 0.6 indicates a half-life of 100 - 1000 years and a ratio >0.6 indicates a half-life <100
years?’%, According to Figure 9, HTC biochar was the least stable, with a O:C ratio of 0.4 and
therefore a half-life of 100 - 1000 years. TERC was the most chemically stable, with an O:C
ratio of 0.04 and therefore would be the biochar most resistant to chemical weathering an

enzymatic reaction system.

H:C ratio can also be used as an indicator of stability and aromaticity34°. H:C ratio is preferred
as a stability measure by academic organisations such as the International Biochar Initiative
(IBI)?72. This is because H content in biochar is determined experimentally whereas O is
content is calculated by subtracting all other values for C, H, N, S and ash from 100, and has
led to inaccuracies in data reporting for biochars with high-ash content?’2. Decreasing H:C
ratio correlates to increasing incidence of aromatic ring structures, which are another indicator
of C stability in biochars?”2. In the H:C framework, a lower ratio of H to C equates to greater %
of C within biochar?”!. A H:C ratio of <0.4 is equivalent to 70% of carbon within the biochar
being highly stable and likely to remain so for 100 years?’!. HTC, TERC and WT all surpassed
this stability threshold, with values of 0.1, 0.008 and 0.047 respectively (Figure 9).
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3.8.5 Surface Chemistry Analyses Using FT-IR

FT-IR spectra for HTC, WT and TERC biochars are shown in Figure 10. The HTC samples
contained bands within the range 4000 - 2700 cm" and 1650 - 1610 cm' and the absorbance
can likely be attributed to v(OH) from sorbed water and hydrogen-bonded biochar O-H groups
and H — O — H bending for water respectively?®®. This indicates that the samples may not have
been adequately handled or dried prior to analysis. With regards to SFGs for enzyme
immobilisation, HTC contained bands between the 1280 - 1200 cm™" and 1740 - 1650 regions,
which are associated with C-OH stretches and v C=0 bonds from carboxylic acids?%8. WT and
HTC also had adsorption in the 1000 - 1140 cm" region, which is associated with v(Si-O) from
clay minerals which is often linked to ash deposits and the 1590 - 1520 cm-' region, which
could indicate the presence of v(COO-) carboxylate anions (a negatively charged form of
carboxylic acid)?%8. The presence of carboxylate anions is encouraging, since its treatment
with a strong acid such as HCI, H.SO4 and HNOs or gas such as CO; could protonate this
carboxylate anion, leading to the formation of carboxylic acid®” SFGs desired for enzyme
immobilisation. The evidence of carboxylic acids and carboxylate anions is encouraging for
enzyme immobilisation; however, it is worth noting that potential contamination with water may

call the validity of these results into question.

In the case of HTC aliphatic structures were also observed between 2920 and 2848 cm™ as
asymmetric and symmetric stretching vibrations between C — H atoms3#. In the case of HTC
this was expected since aliphatic structures are normally present for low temperature
(170 - 300 °C) biochars?58349 Aliphatic structures arise is due to the avoidance of the
temperature point at which thermal cracking is induced, which initiates the release of volatile
organic matter and a proliferation of chemically stable aromatic structures*° such as benzene
rings33® and graphitic sheets3®. These structures also arise “by condensation after
dehydrogenation of carbohydrates”4°, Which removes hydroxyl groups (-OH), hydrogen (-H)
atoms and H>O molecules from aliphatic structures and enables the formation of conjugated
double bonds, leading to ring formation. Therefore, as the incidence of chemically stable
aromatic rings increases, aliphatic group incidence decreases®*°. Their presence in HTC could

indicate a lower degree of chemical stability.
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Figure 10. IR Spectrum of TERC, HTC and WT biochars.

TERC biochar transmittance was significantly lower and featured a significant amount of noise
compared with HTC and WT samples (Figure 10). This could be due to the carbonaceous
nature of TERC biochar, which has been found to limit FT-IR analysis due to enhanced optical
absorption?%8. It could be the result of contamination of the ATR crystal or diamond from the
environment (air-borne dust particles), or inadequate cleaning between runs or from laboratory
reagents. Another cause could be not enough sample or not enough IR interactions. As such,
it is difficult to draw any reliable inferences from TERC data. Carboxylic acid groups, which
are favoured for enzyme immobilisation, were observed on the surface of the TERC biochar,
however, this only occurred in one of the replicates and not in large amounts (Figure 10 and

Table 2).

3.9 Section Summary

A summary of results outcomes for biochar analyses performed in this chapter is presented in
Table 3. In conclusion, none of the biochars tested met the porosity requirements outlined by
Bayne et al. for an ideal enzyme immobilisation framework (Table 3)'%8. MIP results for WT
and TERC samples both met the minimum SA and PD requirements, however PVs were not
provided (Table 3). This would mean that enzymes may have a suitably extensive SAto occupy

and PDs large enough to access the SA but have potentially inadequate PVs, which are a vital
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aspect of successful enzyme-substrate interactions. HTC biochar did not possess adequate

SA according to MIP analysis (Table 3).

MIP porosimetry is limited to mesopores >4 nm, leaving a large potentially large portion of
porosity data unquantified. Therefore PDs, PVs and SA for mesopore regions 2 - 100 nm were
analysed using a Micromeritics Tristar N2 gas adsorption instrument. TERC biochar had
sufficient SA and PV for enzyme immobilisation but did not have sufficient PDs for enzyme
access into the inner SA. WT had sufficient SA, but not sufficient PV or PDs and HTC did not
meet any porosity criteria (Figure 2; Table 3). The meso and microporous fraction (0.3 - 15 nm)
was characterised using a Micromeritics N> gas adsorption 3-Flex instrument. TERC biochar
far surpassed the minimum SA requirements and PV requirements but did not meet the
minimum PD threshold (Table 3). HTC only met minimum PD requirements and microporous
analysis of WT samples failed after two attempts. In summary, whilst MIP data may indicate
that a portion of TERC and WT biochar may be suitable for enzyme immobilisation, N> gas
adsorption results reveal a significant portion which may be inaccessible to enzymes or

impede enzyme activity (Table 3).

The high stability of TERC biochar - as indicated by low O:C and H:C ratios and absence of
aliphatic groups - may make it a structurally viable candidate for enzyme immobilisation. Whilst
carboxylic acids groups and carboxylate anions may be present for WT and HTC biochars,
characterisation of SFGs was insufficient and all biochars would benefit from repeated ATR -
FTIR analysis or diffuse reflectance FTIR?%. Diffuse reflectance FTIR may be particularly
useful for biochar analysis because it aligns with biochars physical and chemical properties.
Biochar is an opaque, highly porous, and irregular material that can scatter infrared radiation,
limiting the representativeness of SFGs detected via ATR-FTIR. Diffuse reflectance FTIR
instead exploits this scattering behaviour by allowing infrared light to penetrate and interact
with a larger volume of sample, resulting in spectra that are more representative of the biochar
sample bulk chemistry than just the outer surface3®'. Biochar samples for diffuse reflectance
FTIR are diluted in KBr solution, which has a wide spectral range with no peaks in the middle
infrared region, whilst preserving the biochar structure®'. If SFGs were favourable following
these analyses, other findings have described studies which have attempted to enlarge
biochar PDs through activation techniques. Such techniques may increase the PD of TERC
biochar sufficiently for enzyme immobilisation. However, outcomes for activation treatments
have been mixed and can often be counterintuitive due to the removal of volatile compounds
which leads to the unblocking of smaller pores. Activation treatments have also been shown
to be ineffective for chars produced at high temperatures, which often prevents volatile

compound recondensation.
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Table 3. Summary table of results for TERC, HTC and WT biochars. Text is coloured to indicate
suitability for enzyme immobilisation. For porosity measurements, red indicates unsuitable and
green indicates suitable. For CHNS and O, red is worst-rated, yellow is intermediate and green is
best-rated. For FT-IR green indicates suitable and yellow indicates suitable with modification and

additional testing.

Biochar | MIP N2 Gas | N2 Gas [C, H, N, S| FT-R
Sample Adsorption | Adsorption | and O
(Tri-star) (3-Flex)
TERC SA=75m2g | SA=975m? | SA =793 m? | C % =89% Results failed.
" PDs = 200 | g g’ 0:C=0.04
nm PV values | PV =04 cm® | PV = 0.31| H:C=0.008
absent. g’ cmig’
PD=3.8nm | PD=5.6 nm
HTC SA=12m?g | SA=12m?g | C % =49% Aliphatic groups = lower
SA=21m’g | ! 0:.C=04 chemical stability.
' PDs = >500 PV = 008|PV = 0.02|HC=01 Carboxylic acid groups
nm. cmd g’ cmd g’ and
a values PD =5nm PD =25 nm carboxylate anions -
absent. could be changed to
carboxylic acid groups.
WT SA=30m?g | SA=70m? g | Results failed | C % = 63% Carboxylate anions -
"PD = 300 | O:C = Result | could be changed to
nm. PV |PV = 0.03 failed carboxylic acid groups.
values cmi g™ H:C =0.047 | No aliphatic groups =
absent. PD =3.2nm chemically stable.

3.10 Impact of Gas Adsorption and Results Processing
Methodology on Biochar Surface Area and Porosity
Reporting

3.10.1 Choice of Adsorbate

The choice of adsorptive gas can be highly important for obtaining accurate measurements of
the SA, PD, and PV of biochar. This is because certain molecules can be restricted from
accessing all spaces within a material if the diameter of the molecule is too wide to fit through
a materials pores and passages?%3. This can lead to inaccurate measurement of SA and PVs
due to selective filling instead of even mono or multi-layer coverage?63352353_ |f options of
adsorbate are limited, these restrictions can be overcome in certain instances by varying
adsorptive gas pressure during analysis and through careful selection of temperature?.

According to IUPAC guidance, the distribution of pore sizes for carbon materials such as
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biochar can lie in the microporous to mesoporous range?%3. Therefore, an adsorptive gas with
a molecular diameter small enough to access micropores would be most appropriate for
biochar analysis. In this regard, CO, has been considered a more favourable choice of
adsorbate for biochar since its molecular diameter of 0.33 nm?3%* is smaller compared with the
molecular diameter of N2 of 0.364 nm?335 and argon 0.363 nm3%. This has been confirmed in
practice: a study compared the performance of CO2 and N2 adsorption in carbons and found
pores with PDs of 0.7 nm could be filled using CO2 and as a result, PD distribution was more

accurate compared to N, adsorption3%7.

Polarity of the adsorptive gas molecules and adsorbent surface chemistry also affects the
orientation at which common adsorptive gas molecules, such as N2 and COs, interact with the
surface of the adsorbent. The properties of biochar can range from polar to non-polar
depending on pyrolysis temperature?%83%8, Both N, and CO; possess quadruple moments
which may interact selectively with polar sites on the surface, leading to variations in pore
filling pressure and inaccurate surface area and porosity measurements?63.3%8.3%_ Therefore,
the choice of adsorptive gas, its pressures and temperature should also be informed by the
expected porosity and surface chemistry of the biochar?%3, Further helpful in-depth technical
information relating to the appropriate application of gas adsorption analyses for material
characterisation have been extensively covered by Silvestre-Albero et al., 2012, Brewer et al.,
2014, Ambroz et al., 2018, Kim, Yoon and Bae., 2016; Bae, Yazaydn and Snurr, 2010 and,

Hassan et al., 202(352:353:358,360-362,

In reviewing studies for this report, we found only one study used CO, and N3%3 as the
adsorptive gases, while 36 used N, and six did not report the adsorptive gas?59.341:364-366_|n
addition only two studies®7:3¢8 provided the pressures used and only eight provided the
temperature of N,305:329.367.369-372 | Jltimately, the choice of gas used for these studies and the
omission of methodology details for gas adsorption analyses could reduce confidence and the

accuracy of porosity reported in many studies.

3.10.2 Porosity and Isotherm Analysis

The correct computational modelling method is essential for calculating accurate SA, PD and
PV in biochar samples. Of the 56 studies reviewed in this report, only 12 studies elaborated
on the type of computational modelling used. The methods used were non-localised and
localised density functional theory 329.341.371.373 ' Barrett-Joyner-Halender (BJH)325:331.374.375  the
t-plot method33".372 and BET?3':371, In some cases, the procedure was inappropriate for biochar.
For example, the non-localised density functional theory model is only accurate for
microporous materials and “assumes a smooth and homogenous carbon surface”?3, which

could be inappropriate for biochar as its surface structure can range from heterogeneous to



87

homogenous depending on pyrolysis temperature3%. In other cases, a single model was used
for determining multiple aspects of porosity. This approach could lead to errors since most
computational models only provide information relating to a certain aspect of porosity. For
instance BJH is only used for obtaining information relating to PDs in meso- and macro-
pores®® and t-plot models are used for assessing micropore volume and external SA. In
relation to this study, two cases were found in which BET was used for analysing PD and PV

but should only be used for obtaining information relating to SA263.376,

3.10.3 Section Summary

To accurately measure biochar porosity, deeper consideration must be given to the choice of
adsorptive gas as well as its pressure and temperature. Whilst many studies have undertaken
biochar analysis using N> gas adsorption, there is potential that N> may not be able to
completely penetrate microporous materials, and CO, has been explored as an alternative
given is smaller molecular diameter. However, neither N> nor CO, may be appropriate given
the often-polar nature of biochar, which could lead to uneven adsorption and inaccurate
measurements. Overall, methodological details such as adsorptive gas type, pressure and
temperature were inconsistently reported in the studies reviewed. In addition, results in the
form of isotherms and hysteresis were often omitted, removing an opportunity for researchers
to compare biochar material properties with what is expected in the general literature and
decide whether the choice of computational method for analysing data was appropriate. Finally,
in certain cases the misuse or overgeneralisation of computational models may have led to
inaccuracies in porosity measurements. In summation, the cumulative impact of these factors
could reduce overall confidence in the strength of the dataset obtained for this study, which
may compromise conclusions drawn pertaining to whether the porosity of biochar is suitable

as an enzyme support.

3.11 Chapter 3 Summary

In this chapter, published data from studies which undertook gas adsorption analyses to
determine characterise biochar porosity were reviewed. Data relating to manufacture
conditions and material properties was collected and evaluated to discern the effect of
pyrolysis temperature, feedstock, and activation treatment on porosity characteristics. No
biochar candidate met the minimum PD, PV and SA requirements for an effective enzyme
immobilisation framework. In some cases, wide enough PDs and sufficiently extensive SAs
were present. These features might have allowed enzymes to penetrate the inner biochar
matrix and form an effective catalytic surface, but candidates did not possess PVs large

enough for enzymes to operate. These outcomes contradict the prevailing justification for the
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transformation of lignocellulosic feedstock into biochar for its application as an enzyme

immobilisation framework.

The data also indicates that whilst in many cases porosity features of biochar developed
according to the prevailing literature, there are many instances where they did not. Inspection
of these instances to understand these deviations were often curtailed by a lack of inclusion
of controls for data and a lack of consistency in sample treatments. This analysis was further
hindered by incomplete or inappropriate methodologies for gas adsorption and computational
modelling. These factors have reduced confidence that a trend could exist between selecting
an appropriate feedstock and its pyrolysis conditions and the development of material with

critical quality attributes within the correct range for enzyme immobilisation.

Future investigations into biochars use as an immobilisation framework may be aided by a
Quality by Design framework, which takes a more intentional and systematic approach
towards engineering bioinspired solutions. A recommended resource for Quality by Design is
“Introduction to Quality by Design (QbD): From Theory to Practice”¥””. To put the Quality by
Design approach into the context of biochar engineering for enzyme immobilisation, it would
begin by understanding biochar as a material for enzyme immobilisation®””. This would be
followed by understanding the process requirements for developing a biochar material with
these desired characteristics. Achieving these characteristics in practise would be achieved
by employing design solutions to reduce the potential of producing a biochar with porosity

characteristics which are undesirable for enzyme immobilisation®7".

To begin along this pathway, sufficient and consistent information relating to biochar
manufacture conditions and porosity must be available to researchers. This can be achieved
through extensive and systematic campaigns into biochar manufacture using greater
diversities of feedstocks created using standardised process conditions. If post-synthesis
treatments such as activation are used, a non-activated control should always be included for
direct comparison. Lignocellulosic analyses of each feedstock would also be a useful addition,
so that lignocellulosic content can be directly compared with pyrolysis and subsequent porosity
outcomes. This approach could increase researcher confidence in identifying critical process

parameters for adapting biochar porosity for enzyme immobilisation.

Results from the laboratory analyses indicated that whilst high chemical stability was
evidenced in samples such the TERC biochar. Ultimately, none of the biochars tested met the
porosity requirements outlined by Bayne et al.'®®. Therefore, based on findings from this
chapter, biochar was abandoned as a potential framework for enzyme immobilisation and
investigations were re-focused on the application of highly ordered mesoporous bioinspired

silica.
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4 Chapter 4: Investigating the Immobilisation of
Bovine Serum Albumin (BSA) and CA on Novel
BIS.

4.1 Introduction

4.1.1 Overview

This chapter begins by discussing the impact of additive selection on BIS porosity followed by
an overview of the impact of conditions temperature, pH and protein concentration on enzyme
adsorption. Based on these outcomes, each section will then justify the conditions used for
CA adsorption for these analyses. Entrapment of proteins into BIS will then be discussed,
followed by a summary of the methods. Finally, the section will discuss the risks and benefits
associated with both of immobilisation techniques and present an overview of the intended

work for this chapter.

The next section will begin by examining the results of both CA and BSA enzyme entrapment
trials. Following these discussions, porosity data from N, gas adsorption analyses from
synthesis [redacted]  with and without entrapped enzyme is then presented and the
suitability for enzyme immobilisation and the impact of the enzyme on BIS formation is
discussed. Temperature dependent adsorption of CA is then investigated onto [redacted]
BIS and commercially available Syloid 244 silica. The degree of immobilisation onto each
material is reported as immobilisation success (%) and protein loading (mg CA/mg BIS). Free
and immobilised CA activity is then assessed using both p-NPA hydrolysis and CO:
mineralisation to CaCO3, with the outcomes for these studies being reported as rates (Vo) and,
CO. sequestration (mg) and CO; yield (%). The presence of CA for CO2 mineralisation is
confirmed using XRF analysis and both the adsorbed and encapsulated enzyme retention was
characterised via a leaching assessment. Results from the pH dependent immobilisation by
entrapment of BSA at pH addition points from 7 - 11, are then presented and described. An
assay involving exposure of CA to pH conditions (7 - 11) for one minute is also performed to

judge the prospective impact on CA activity on addition at pH >8.

Finally, this chapter concludes with a discussion of the findings from this research, which
materials show promise for future investigations and how they may fit into the landscape of
CA applications for carbon capture. It finishes with future questions and directions for this

material.
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4.1.2 The Impact of Additive Choice on BIS Porosity

Section 1.9.3. discussed the role of conventional silica materials and the intrinsic role of
template molecules in the manufacture of many commercially available mesoporous silicas.
In the case of SBA-15 for instance, template molecules guide assembly of silica monomers
around them resulting in a spherical micelle, with the template molecule in the centre and silica
monomers surrounding it?*6237. When precipitation is finished and the surfactant is removed
via calcination, the result is a highly ordered mesoporous structure??”. Some of the most
successful forms of framework for CA immobilisation have been achieved using SBA-15 silica,
functionalised using silver, gold or amines to enhance the adsorption potential of CA onto the
framework?'%, CA has also been successfully covalently bonded to SBA-15 using the amine
octa(aminophenyl)-silsesquioxane (OAPS)®8. SBA-15 has also acted as a successful
framework for CA cross-linked enzyme aggregates (CLEAs)??”. Unfortunately, the
manufacture of these conventional silicas such as SBA-15 is not considered to be

sustainable379.380,

BIS could be an alternative sustainable framework for immobilisation, which achieves its
porosity differently to conventional silicas. During aggregation of primary particles (10 - 30 nm)
to form secondary particles (200 - 400 nm), additives act as a bridge between these primary
particles, with the gap roughly equating to the length of the additive molecule?%®. Primary
particles are not the same size, which unlike SBA-15 results in a disordered material as gaps
between particles occur during their aggregation. In the case of PEHA, the final material is
pre-functionalised due to the presence of PEHA, microporous (PD = 2 nm), and has a low SA
(~15 m? g') and PV ( ~0.01 cm?® g')?® (Figure 1). Materials which are made in this way
[redacted] are termed Gen 1 BIS. Following Gen 1 BIS synthesis it has been found that
removing the PEHA via a post-synthesis elution using HCI has further increased microporosity

and SA by up to 300 m? g-' and resulted in a pure, non-functionalised material?®> (Figure 1).

—~~~ PEHA
Silica monomers
SRS
HC(
pH 12 Hel ~ ’
- ‘ pH7 Oy pH2
N SO0 )
yof ey O QG
1 ( Post-synthesis
- — — g Treatment 9
N AR Dy
PEHA and silica Gen1BIS Gen3BIS
monomers PD =~2nm.SA=15 m*g* PD=~2nm. SA =300 m’g?

Figure 1. BIS synthesis begins with PEHA and NaSiO; forming primary silica particles as pH
decreases. PEHA guides aggregation between particles, and an optional post-synthesis elution

step removes the additive.
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4.1.3 BIS Synthesis and Enzyme Immobilisation

Many previous studies have harnessed the mechanism of Gen 1 BIS formation to entrap
enzymes during particle aggregation. One notable study used PEHA and amine additives such
as tetraethylenepentamine, triethylenetetramine and diethylenetriamine to synthesise BIS for
lipase entrapment®'. This study reported PVs of 0.04 - 0.06 cm® g and SAs of 12 - 15.6 m?
g with PDs in the mesoporous range (13 - 22 nm) regardless of the additive®'. Despite these
porosity characteristics being too low, in terms of SA and PV, for enzyme immobilisation
according to criteria outlined by Bayne et al., high activity and low enzyme leaching was
reported for all four materials'68381, Additionally, a w/w loading between 0.15 - 0.25 mg lipase
per mg BIS was achieved across the four materials3®'. Despite efforts to increase
immobilisation by increasing the total concentration of lipase in the reaction solution, the
authors concluded that there was a maximum loading capacity where total immobilised

enzyme did not increase further38’,

In another more direct example, immobilisation of CA was investigated using Gen 1 BIS
entrapment with the amine additive diethylenetriamine. This resulted in the formation of a
material with low SA (17 m? g*) and PV (0.06 cm?® g') but high PD (22 nm)?'2. Despite the low
SA and PV, CA still displayed a high CO, sequestration activity of 86%, which was getting
close to the higher 90% activity seen in free CA enzyme?7®. Similarly to lipase immobilisation,
the authors also reported low leaching and a w/w loading of 0.23 mg CA per mg BIS.
Interestingly, N> gas adsorption measures were performed with and without CA entrapment,

finding that that the addition of CA did not appear to have any adverse effect on porosity.

4.1.4 Improving Immobilisation | [redacted]
Recently, a highly novel [redacted] method of BIS production has been developed

[redacted] . to generate a mesoporous framework. | [redacted]

N2 adsorption analyses without CA have reported porosity values for this new material of ~16
nm for PDs, SAs of 365 m? g' and PVs of 0.79 cm?® g-!, which are well within the desired

porosity for an enzyme immobilisation framework. The synthesis of this material  [redacted]
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is referred to as Gen 2 BIS. Like [redacted]BIS, porosity can be enhanced further
[redacted] . to create a pure, non-functionalised
material (Figure 2)?%%. Materials which have had additives removed in this way are termed
Generation 3 (Gen 3) BIS (Figures 1 and 2).

[redacted]

Figure 2. [redacted]

Based on the porosity outcomes of this material it was determined that further exploration of
enzyme immobilisation on [redacted] Gen 2 and 3 materials was worthwhile. Due to the
high novelty of these materials and the fact that they were developed within the Green
Nanomaterials Research Group at the University of Sheffield in the UK, their application for

the immobilisation of CA is unreported in the literature.

4.1.5 Research Questions

Based on the information in Section 4.2, the following chapter focuses on investigating
whether the entrapment of CA into Gen 2 BIS leads to an improvement in CA activity. Activity
could increase with entrapment due to several factors. Firstly, confinement of the CA molecule
within the matrix, instead of binding the CA to the framework, may decrease the risk of CA
denaturation and subsequent loss of activity. Secondly, the improved SA, PD and PV could:
increase total loading of CA, improve activity by providing additional space for the enzyme to
interact with the substrate, and enhance mass ftransfer of the substrates through the
framework. Chapter 4 will also explore the use | [redacted] to create
CA entrapped Gen 3 BIS. The removal of additives should increase BIS porosity factors even
further through potentially improving mass transfer and increasing CA operational space, both
of which could improve CA activity. Alternatively, the effect of HCI during elution could lead to

loss of CA activity from protein denaturation due to pH exposure far below its optimal range.
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Finally, the Gen 2 and 3 BIS will be tested to determine if they are able to retain the CAenzyme

effectively within the framework.

Adsorbed CA onto mesoporous silica has had some success in the literature. Therefore
Chapter 4 also aimed to test whether Gen 2 and 3 BIS, which offer optimal porosities and are
both sustainable, could successfully support CA adsorption relative to the non-sustainable
Syloid 244 framework. Two things will be tested, firstly whether Gen 2 and 3 porosities facilitate
CA adsorption and whether its loading is comparable to Syloid 244, and other CA frameworks
found in the literature. Secondly, Gen 2 and 3 BIS will be compared to investigate whether the
additives | [redacted] affect CA adsorption, stability and activity. Chapter 4 will conclude
with comparing how Gen 2 and 3 entrapped and adsorbed frameworks to identify the best

candidate for CA immobilisation.

4.2 Experimental Strategy
4.2.1 Adsorption

In addition to the research questions posed in Section 4.1.5 and informed by the literature

review carried out in Chapter 3. Further experimental parameters will also be investigated.

4.2.1.1 Impact of pH, Temperature and Protein Concentration
The adsorption was conducted at pH 7.5, as this is close to the reported optimum pH for CA

activity and is expected to support preservation of its catalytic function®83. The isoelectric point
for CA from bovine erythrocytes is approximately 5.4382. At this pH, which is above the
isoelectric point of CA, the enzyme is anticipated to possess a net negative charge3®. This
charge state may facilitate electrostatic interactions with the positively charged functional
groups of PEHA and L-arginine, potentially promoting favourable adsorption while maintaining

enzymatic activity (Figure 3)2°5:384,

[redacted]

Figure 3. Adsorption of CA | [redacted] (Gen 2) and  [redacted] (Gen 3) BIS.

Higher adsorption temperatures have been linked to increasing amounts of enzyme

adsorption on mesoporous materials35. Whilst the adsorption process is exothermic and
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hence it should decrease with increasing temperature; higher temperatures help to overcome
initial molecular interactions between an enzyme and the framework, allowing them to move
deeper into the pores and access the full SA available3®. Enzyme movement by breaking
surface interactions is endothermic and therefore requires greater thermal energy to occur,
leading to an increase in adsorption with increasing temperature3®. However, temperatures
beyond CAs optimal range may lead to denaturation and loss of activity. The first temperature
selected was 4 °C since a low temperature can help to preserve the protein, the second was
21 °C and the third was 37 °C, which is the enzymes optimal operational temperature, beyond

which there is a risk of enzyme denaturation.

Protein concentrations can significantly impact the enzyme loading success of a framework
and the expectation is that an adsorption isotherm for loading should be developed to identify
optimum enzyme loading concentrations®°. However, this approach would require multiple
trials, and the cost and unpredictability of CA sourcing made these unfeasible. Previously, the
concentration of CA and the model protein BSA in mg/mL of reaction volume has been
optimised for BIS?76:386_ Both studies recommended 2 mg/mL of reactant volume as the ideal
concentration for maximum immobilisation. It should be noted that this was for an
encapsulation procedure for BIS frameworks with different porosities, however it was
determined that this concentration could serve as a baseline from which researchers could

base future investigations if Gen 2 or 3 BIS shows promise.

4.2.2 Entrapment [Jenny’s redactions start here]

The entrapment of CA occurs as BIS particles aggregate (Figure 4). Therefore, increasing the
concentrations of additives and silicate should lead to greater amounts of BIS yield and
potentially greater opportunity for CA uptake, therefore the impact of increasing silicate and
additive concentrations (30, 50 and 100 mM) was tested. While higher reactant concentrations
could lead to more CA immobilisation, the amount of CA immobilised per mg BIS (w/w) may
not increase due increased yields of BIS. It may however improve overall loading success (%)

and reduce enzyme waste.

[redacted]

Figure 4. Encapsulation of CA into Gen 2 BIS
[redacted]
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As part of this investigation into CA entrapment, experiments were interspersed with BSA
entrapment assessments as a trouble-shooting measure, the outcomes of all these trials were

also subject to statistical analysis.

4.2.2.1 Impact of the pH Point of Protein Addition and the Effect of Protein Concentration
on Immobilisation and BIS Synthesis.

According to a published protocol for protein immobilisation in BIS, an optimal protein
concentration of 2 mg/mL has been documented for enzyme encapsulation3®. However, the
enhanced porosity of Gen 2 BIS may accommodate a greater enzyme loading. Therefore, an
analysis using BSA was included to determine the effect of increasing protein concentration
on immobilisation success and BIS formation. In the literature the timing of protein addition
during BIS synthesis has varied. Some research papers suggest adding proteins at neutral
conditions?76:381 while others recommend adding them under more alkali conditions (around
pH 10)38. Because of these differences, the protein concentration study was expanded to
examine the impact of pH on BSA immobilisation and BIS synthesis. In parallel, the CA
catalytic activity was evaluated using p-NPA hydrolysis following exposure to solutions ranging
between pH 7 - 10.

4.2.3 Section Summary

It is hoped that the topics discussed in this section have helped to justify the approach towards
immobilising CA and testing its activity. Temperature - dependent adsorption of CA onto silica
materials will be explored using Gen 2 and 3 BIS and Syloid 244 substrates, using a PBS
solution adjusted to pH 7.5 to preserve optimal CA activity (Figure 5). Entrapment of CA into
Gen 2 BIS will be performed using a range of reactant concentrations (30, 50 and 100 mM)
(Figure 5). Following entrapment, half of the samples were|  [redacted]  resulting in Gen
3 BIS containing entrapped CA (Figure 5). As part of this investigation into CA entrapment,
experiments were interspersed with BSA entrapment assessments as a trouble-shooting
measure, the outcomes of all these trials were subject to statistical analysis and a referral
guide for these experiments is listed in Table 1 in the experimental section. Protein
immobilisation is reported in two ways, as loading success (%) and as the mg protein to mg
BIS weight per weight ratio (w/w) (Figure 4). CA activity is then tested using p - NPA hydrolysis
and CO, mineralisation via CaCOs3 formation. Activity assessments are then followed with a
leaching analysis. At the end of this chapter, BSA is also used as a model protein to determine
whether adjustments in total protein concentration or the pH at which protein is added can

increase protein loading into the framework.
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[redacted]

Figure 5. Chapter 4 Experimental Overview

4.3 Results

4.3.1 BIS Formation in the Absence of Protein

The amount of BIS formed in the absence of protein (mg/mL reaction solution) can provide
insights into the consistency of background BIS formation across Gen 2 and Gen 3 entrapment
reactions and indicate whether variations in CA immobilisation were due to differences in the
amount of BIS formed per mL (Table 1). For Gen 2 BIS, the yield in terms of mg per mL was
not significant across experiments (p >0.05), indicating that no variation occurred in the

amount of BIS formed in the absence of protein (Table 1).

For Gen 3 BIS synthesis, statistically significant differences in BIS formation (p <0.05) were
observed across all three experiments (E2, E3, and E6) (Table 1). However, rather than
reflecting insufficient BIS formation, these differences are more likely attributable to reduced
BIS recovery in these experiments. The reasons behind low recovery are twofold. Firstly, due
to limited CA availability, reaction volumes were decreased, resulting in lower total BIS yields.

Yields were further diminished during the [redacted]

. These lower yields made it

harder to recover and accurately weigh the amount of Gen 3 BIS formed from the synthesis.

Table 1. BIS formation at 30 mM in the absence of protein for Gen 2 and 3 BIS over experimental
campaigns. Values with (+) represent standard deviation between experimental replicates.

BIS type | Experiment Number mg BIS/mL Equal Variance
E2 1.09 (£ 0.16) Yes
Gen 2 E3 0.96 (+ 0.13) Yes
E5 1.25 (£ 0.20) Yes
E6 1.11 (£ 0.16) Yes
Gen3 E2 0.7267 (£ 0.0321) * Yes
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E3 0.3917 (£ 0.09) * Yes

E6 0.7433 (£ 0.21) * Yes
* Indicates the value which caused significance (p <0.05) according to the Tukey test output.

4.3.2 BSA Entrapment on Gen 2 and Gen 3 BIS.
No significant variation occurred for BSA entrapment across experimental trials for both Gen
2 and 3 BIS during synthesis (p >0.05) (Table 2). However, loading success was far greater in
Gen 2 (25 - 33.5%) compared with Gen 3 (0.1 - 4%) which suggests that BSA was removed
from the framework [redacted] (Table 2).
The use of [redacted] from BIS frameworks, whilst retaining entrapped BSA,
has previously been recommended for low SA Gen 138. Therefore, the high amount of BSA
removal observed for Gen 3 BIS contrasts significantly with current expectations of how BSA
should respond to [redacted] . Gaining a true understanding of the
mechanisms which lead to this difference in BSA retention is beyond the scope of this project.
However, a difference in BSA retention between Gen 1 and 2 BIS may have been the
enhanced porosity of Gen 2 BIS, facilitated by the | [redacted]

Gen 2 BIS synthesis. The larger PVs and PDs
between these particles may have allowed BSA to leave the framework through these spaces

[redacted] during Gen 3 BIS creation.

Despite the reduction in BSA loading observed for Gen 3 BIS, w/w loading of Gen 2 BIS was
consistently high across experiments, between 0.9 — 1.2 mg protein per mg of BIS (Table 2).
Previous studies which have immobilised protein on Gen 1 BIS using various additives have
reported values of 0.15 — 0.25 mg enzyme per mg BIS?12:246.386  therefore these results are
consistent with prevailing literature. In the wider context of enzyme immobilisation, w/w loading
of enzymes onto a carrier are more typically around 0.02 mg/mg carrier, which is insufficient
when scaled to industrial applications??6. Therefore, loading of BSA for this Gen 2 BIS far
surpasses this threshold and thus offers a promising increase on the potential w/w loading of
protein which can be achieved. However, it should be noted that whilst the differences between
these values was not significant, there was between 34 to 64% variation between experimental
replicates across experiments E1, 4 and 5 for Gen 2 (Table 2). This indicates that while high
protein loading can be reached, there is scope for further investigations into reducing w/w

loading variability.

Another important observation for Gen 2 BIS is that whilst there was no significant difference
in the mg of BIS formed per mL across experiments, the average amounts of BIS were notably

lower (0.53 - 0.68 mg BIS/mL) compared to the BIS formation per mL during control
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experiments (0.96 - 1.11 mg BIS/mL). Therefore, whilst high BSA immobilisation looks to be

achievable in Gen 2 BIS, it also appears to come at the cost of total BIS yield.

Table 2. Statistical analyses for BSA-immobilisation consistency (mg BIS/mL; mg BSA/mg BIS
and immobilisation efficiency (%)) between experimental days onto Gen 2 and 3 BIS at 30 mM
reactant concentration. Values with (+) represent standard deviation between experimental
replicates.

oS | Eogment | Lowng | moSSAm | gosm | S
E1 25.52 (£ 10.09) | 1.17 (£0.76) | 0.53 (+0.27) Yes

Gen 2 E4 28.70 (£3.52) | 0.93 (+0.44) 0.69 (+ 0.3) Yes
E5 33.53 (+3.81) | 1.05(+x0.34) | 0.68 (+0.16) Yes
E1 4.08 (+7.83) 0.11(£0.24) | 0.74 (+0.42) Yes

Gen 3 E4 0.11 (+ 7.81) 0(") 0.60 (+ 0.66) Yes
E5 2.82 (+ 2.81) 0.04 (£ 0.01) | 0.87 (+0.25) Yes

* Indicates the value which caused significance (p <0.05) according to the Tukey test output. (*)
Indicates average negative value and so was adjusted to zero prior to significance testing.

In an experiment where the impact of reactant concentration (30, 50 and 100 mM) on Gen 2
BIS formation and BSA entrapment was investigated, it was found that BIS formation per mL
increased significantly with increasing reactant concentrations (Table 3). Significance occurred
between 30 - 50 mM (p = 0.002) and then increased further between 50 - 100 mM
(p = <0.0001).This is in line with what was expected since higher concentrations of additive
and silica precursors should lead to higher amounts of primary particle aggregation to from
BIS Gen 2243, Greater precursor and additive concentrations can also lead to higher chances
of collision with other particles and thus faster aggregation rates?*3. Therefore, as reactant
concentrations increase, BSA may have less time to become trapped between primary
particles during aggregation. However, despite this narrower window for entrapment, it was
found that BSA loading success (%) increased with increasing reactant concentration (Table
3). A significant increase of 22% (p = 0.03) and 38% (p = 0.002) in BSA loading success was
seen between 30 to 50 mM and 50 to 100 mM reactant concentrations respectively. These
increases were not significantly (p >0.05) reflected however in the w/w loading of BSA to BIS
per mg (Table 3). This indicates that whilst greater amounts of BSA become entrapped
because of increased precursor and additive concentrations, resulting in less BSA wastage in

the reaction solution, this is reflected in reduced w/w loading in the final BIS product.
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As expected, a highly significant increase in BIS formation per mL occurred with increasing
reactant concentrations for Gen 3 BIS (p <0.0004) (Table 3). However, unlike Gen 2 BIS, this
increase did not lead to a significant increase in BSA loading success (p >0.05) or w/w loading
(p >0.05). This outcome is consistent with experimental outcomes thus far, in that despite
higher reactant concentrations leading to increased amounts of BSA immobilisation, the w/w
loading of BSA per mg of BIS reduced due to increasing overall BIS formation. As outlined in
Section 4.3.2, it appears that these lower amounts of BSA are then removed from the
framework [redacted] to produce Gen 3
BIS.

Table 3. Statistical Analyses for BSA-immobilisation consistency (E1) (mg BIS/mL; mg BSA/mg

BIS and immobilisation efficiency (%)) between reactant concentrations onto Gen 2 and Gen 3
BIS. Values with (t) represent standard deviation between experimental replicates.

BIS Reactant Loading Success | mg BSA/mg mg BIS/mL Equal

Type | Concentration (%) BIS Variance
30 mM 25.52 (+10.09)* | 1.17 (+0.76) 0.53 (£ 0.27) * Yes

Gen 2 50 mM 4793 (£7.15)* 0.40 (x 0.09) 2.21(x0.15)* Yes
100 mM 85.37 (£5.71)* | 0.30 (+0.04) 5.47 (+ 0.48) * Yes
30 mM 4.08 (+ 7.83) 0.11 (£ 0.24) 0.74 (£ 0.42)* Yes

Gen 3 50 mM 0.03 (+ 0.98) 0 (#) 2.84 (£ 0.29) * Yes
100 mM 12.26 (£ 8.05) 0.03 (+ 0.02) 594 (£ 0.17)* Yes

* Indicates the value which caused significance according to the Tukey test output. (#) Indicates
average negative value and so was adjusted to zero prior to significance testing.

4.3.3 CA Entrapment in Gen 2 and Gen 3 BIS.

4.3.2.1 Experimental Variation During 30 mM Reactions

For CA loading onto Gen 2, both loading efficiency (%) and w/w loading exhibited a decrease
from E3 to E6 (Table 4, Figure 6). Whilst these reductions were not statistically significant
(p >0.05), it is worth noting that this decline occurred alongside a statistically significant 34%
reduction (p = 0.003) in the total mg of BIS formed per mL in E6 relative to E3 (Table 4).
Similarly to the trend found with BSA (Section 4.3.2), in which increased reactant
concentrations led to greater immobilisation efficiency CA loading at 30 mM may therefore
also be sensitive to the quantity of available BIS matrix formed in solution, where reduced BIS

formation constrained overall loading capacity.
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In the case of Gen 2 30 mM BIS formation in the absence of protein, there appeared to be no
difference in the amount of BIS formation per mL between the no protein and CA - entrapment
trials across either E3 or E6 experiments. Therefore, while some variation in CA loading may
be occurring between experiments, unlike BSA it appears to be unlikely that the presence of

CAis interfering with the formation of BIS during the reaction (Table 4).

Despite variations in w/w loading between experiments, Gen 2 BIS from E3 and E6 had w/w
loadings of ~0.29 and 0.16 respectively. This is consistent with the values for previous BIS
studies which immobilised enzyme on Gen 1 BIS and reported w/w loading values of
0.15 - 0.25 mg enzyme per mg BIS?12246.38 E3 and E6 samples both surpassed the minimum
w/w enzyme loading of 0.02 mg enzyme per mg carrier, making it suitable for potential indus-

trial applications?26.

Table 4. Difference Between CA Entrapment Experiments for Gen 2 and Gen 3 BIS at 30mM and
50mM Reactant Concentrations. Values with (z) represent standard deviation between
experimental replicates.

Exp. | Loading mg CA/mg BIS | mg BIS/mL Equal

Ref. | Success (%) Variances
Gen230mM | E3 19.38 (+ 5.29) 0.29 (+ 0.10) 1.20 (£ 0.09) * yes

E6 11.86 (+ 3.02) 0.16 (+ 0.04) 0.79 (x0.11) ~ yes
Gen330mM | E3 1471 (£2.67)* |0.34(£0.13)* | 0.74 (£ 0.23) yes

E6 0*#) 0* (#) 0.89 (+ 0.22) yes
Gen250mM | E3 23.01 (+ 5.68) 0.15 (+ 0.03) 2.72 (+0.06) yes

E6 15.09 (+ 5.62) 0.07 (x 0.03) 2.42 (£ 0.38) yes
Gen350mM | E3 22.89 (+ 4.55) 0.22 (+ 0.04) 1.72 (£ 0.2) yes

E6 2.31 (£ 15.9) 0.03 (x 0.11) 1.93 (+ 0.55) yes

* Indicates the value which caused significance (p <0.05) according to the Tukey test output. (#)
Indicates average negative value and so was adjusted to zero prior to significance testing.
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Figure 6. E3 results: loading success in response to reactant concentration for entrapment of CA
in Gen 2 and Gen 3 BIS. Error bars represent the standard deviation of experimental samples,
where N =3 and n = 3.
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Figure 7. E6 results. Loading success in response to reactant concentration for entrapment of CA
in Gen 2 and for a single sample in Gen 3 BIS. Error bars represent the standard deviation of
experimental samples, where N = 3 and n = 3.

In contrast to Gen 2 BIS, CA loading onto Gen 3 BIS at 30 mM reactant concentrations
decreased significantly between E3 and E6, from ~14 to ~0% (p <0.005) (Table 5, Figure 7).
This decline was paralleled by a significant reduction (p <0.005) in the w/w ratio of CA to BIS,
decreasing from 0.34 to ~0 (Table 4, Figure 7). Importantly, BIS formation per mL for Gen 3
did not significantly decrease between these experiments. In reactions conducted without CA,
BIS formation remained stable between E3 and EG6, ranging from 0.39 to 0.74 mg/mL
(p = 0.79) (Table 1). The absence of a significant change in BIS formation, both in the CA -
containing reactions and in parallel control experiments, indicates that reduced BIS formation

per mL does not account for the marked decrease in CA loading.

Instead, consistent with observations for BSA, it is plausible that | [redacted]

However,
the effect of [redacted] appears to differ between BSA and CA. For BSA, [redacted]
consistently reduced immobilisation efficiency from 25 - 33% to 4 - 2%. In contrast, the effect
on CA was variable between experiments. In E3, [redacted] had no significant impact on CA
loading, with reductions in loading percentage remaining within the variability observed across
experimental replicates. Conversely, in E6, CA loading decreased from 11 to ~0% in several
samples, with a single replicate reporting ~2% loading efficiency, as shown in Figure 7 (without
error bars). This variability is also reflected in w/w loading values. Gen 3 BIS produced in E3
achieved an average w/w loading of 0.34 mg CA per mg BIS. This exceeds values of 0.15 -
0.25 mg previously reported for Gen 1212246386 gg well as the minimum 0.02 mg enzyme
loading for industrial applications??6. However, this loading did not appear to be reproducible.
In E6, w/w loading decreased to ~0 mg CA per mg BIS, indicating substantial variability in

loading outcomes under identical reaction conditions (Figure 7; Table 4). E6 findings indicate
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a need for further troubleshooting to understand the cause of this variation so that CA loading
can be achieved consistently before Gen 3 BIS loading with CA can be utilised in industrial

settings.

4.3.2.2 Experimental Variation During 50 mM Reactions

Similarly to the 30 mM reactant concentration outcomes the 50 mM Gen 2 BIS also showed a
reduction in loading success (%) and w/w amounts of CA between E3 and 6, which declined
from 23 to 15% and from 0.15 to 0.07 mg CA to mg BIS respectively. However, these changes
were not statistically significant (p = 0.2) (Table 4) and therefore any variation in w/w loading
of CA was less cause for attention for the 50 mM reactant concentrations compared with 30

mM experiments (Table 4).

For Gen 3 there was no statistically significant difference in enzyme binding between E3 and
6 in terms of CA loading success (%) and w/w amounts (p >0.05) (Table 4, Figures 6 and 7).
However, this lack of statistical significance may be attributable to the large standard
deviations found in E6 for loading success (x 15.9%) and w/w loading (+ 0.11). When
comparing the actual values between E3 and 6, a mean difference of 20% is seen for loading
success (%) and 0.19 in w/w loading. Given that many of the most successful CA reaction
frameworks on SBA-15 have w/w loading of 0.3 mg CA/mg support, the variation in w/w
loading in these samples is therefore considerable®’. When these samples are compared to
Gen 2 BIS created at 50 mM reactant concentrations, the variation for Gen 2 BIS samples
was smaller. This indicates that whilst the process of [redacted] for CA frameworks may not
lead to the complete removal of CA as was the case with 30 mM, the amount of CA that is left

in the framework can vary significantly between experiments.

4.3.2.3 Experimental Variation and Reaction Concentrations for Gen 2 BIS
Unlike BSA, no significant difference for E3 and 6 was observed between increasing reactant

concentrations from 30 to 50 mM and increased CA loading success (%)
(Table 5, Figures 6 and 7). This lack of increase in CA immobilisation in accordance with BIS
formation resulted in no significant difference in w/w CA loading for E3 and E6 (p >0.05) (Table
5, Figures 6,7). This was despite the yield of BIS in mg per mL significantly increasing in
accordance with reactant concentration across both experiments, for E3 (p = 0.00012) and E6
respectively (p = 0.002) (Table 5). This suggests that unlike BSA, CA is unable to take
advantage of the increased opportunities for entrapment offered by the greater concentration

of particles aggregating in the solution?*3.
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Table 5. Statistical analyses for reactant-concentration dependent entrapment of CA for Gen 2
BIS. Values with (z) represent standard deviation between experimental replicates.

Reactant . mg CA/mg .
Exp. Ref. Conc. Loading Success (%) BIS mg BIS/mL Equal Variance
30 mM 19.38 (£ 5.29) 0.29 (x0.1) 1.20 (£ 0.09) * Yes
E3
(22.1.25)
50 mM 23.01 (£ 5.68) 0.15 (£ 0.03) 272 (£ 0.06) * Yes
30 mM 11.85 (£ 3.02) 0.16 (£ 0.04) 0.79(x0.11)* Yes
E6
(10.3.25)
50 mM 15.08 (£ 5.62) 0.07 (£ 0.03) 242 (£0.38)* Yes

* Indicates the value which caused significance (p <0.05) according to the Tukey test output.

Similarly to Gen 2 BIS, the concentration of Gen 3 BIS per mL of reactant solution significantly
increased with increasing reactant concentrations (30 and 50 mM) for each experiment
(p = 0.03) (Table 6) but had no significant impact on CA immobilisation. For E3, [redacted]
appeared to have no significant impact on CA loading for BIS created at 30 and 50 mM
reactant concentrations. However, for E6, [redacted] led to the complete removal of CA for
certain experimental replicates at 30 mM concentrations. For 50 mM, all replicates contained
some CA within the framework, but it was significantly reduced to ~2%, with a w/w loading of
0.03 mg CA per mg of BIS which is considered to be too small an amount for industrial
applications??8. This variability was similar to what was observed in BSA entrapment.

Table 6. Statistical analyses for reactant-concentration dependent entrapment for Gen 3 BIS.
Values with (+) represent standard deviation between experimental replicates.

Exp. Ref. | Reactant | Loading Suc- | mg CA/mg mg BIS/mL Equal
Conc. cess (%) BIS Variance
E3 30 mM 14.71 (£ 2.67) 0.34(£0.13) | 0.74(£0.23)* Yes
(22.1.25)
50 mM 22.89 (£ 4.55) 0.22(£0.04) [1.72(x0.2)* Yes
E6 30 mM 0 (%) 0 0.89 (£ 0.22) * Yes
(10.3.25)
50 mM 2.31 (£ 15.98) 0.03(£0.11) |[1.92(£0.55)* Yes
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* Indicates the value which caused significance according to the Tukey test output. (*) Indicates
average negative value and so was adjusted to zero prior to significance testing.

4.3.2.4 Section Summary
Based on the outcomes described in this section, it appears that protein entrapment in Gen 2

and 3 BIS can lead to different outcomes in terms of loading success (%), w/w loading and

BIS formation per mL depending on the type of protein.

In the case of BSA, loading success in Gen 2 BIS was higher compared to CA, remained
consistent across trials and increased with increasing reactant concentrations. Another
interesting note is that BSA appeared to reduce BIS formation in mg per mL. When it came to
post-synthesis treatment to create Gen 3 BIS, elution consistently resulted in a significant

removal of BSA from the BIS across experiments.

For CA, the amount of loading for Gen 2 also remained consistent across experiments for both
30 and 50mM reactant concentrations. However, unlike BSA, CA loading success % and
w/w loading did not increase with increasing reactant concentrations. Furthermore, the impact
of [redacted]appeared to have a far more variable effect on w/w loading and loading success %

compared to BSA.

4.3.3 Porosity Results for BIS without CA Immobilisation

Results for Gen 2 and Gen 3 BIS without CA are depicted in Figure 8, along with the porosity
values and standard deviations in addition to the known porosity of Syloid 244 as described
by Kostelanska et al. 202238 (Table 7). Figure 8 demonstrates that the use of [redacted]
for generating mesoporous Gen 2 and 3 BIS results in porosity within the ideal zone for
enzyme adsorption and has comparable porosity to commercially available Syloid 244 in terms
of PD and PV (Figure 8). The impact of [redacted] also produced some key
differences between Gen 2 and 3 BIS. Gen 2 BIS had significantly lower SA (119.2
m?g ') compared to Gen 3 BIS (358 m?g-") (Figure 8 and Table 7). This increase is consistent
with other outcomes for Gen 1 BIS, | [redacted]  has been found to significantly increase

porosity in Gen 1 BIS created using additives such as PEHA from ~30 m?g-' up to 300 m?g-"
255

Table 7. Porosity values for Gen 2 and 3 BIS and Syloid 244 with standard deviations
represented in brackets.

Silica Type SA (m?g™) PD (nm) PV (cm? g”)
Gen 2 30mM 119 (£ 21) 25 (£ 1.6) 0.82 (+ 0.23)
Gen 3 30mM 15 (+ 3.8) 0.73 (+ 0.16)

358 (+ 134.7)

i 388
Syloid 244 189 17 0.8
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A notable observation is that Gen 2 had significantly less variation in SA (+ 21 m? g') between
replicates compared with Gen 3 (+ 134 m? g') (Table 8). There is yet no published information
in the literature regarding the variation that can occur following additive removal of BIS using
[redacted], so it is difficult to know what variation can be expected. Gen 2 had larger average
PDs (25.8 nm) compared to Gen 3 (15.6 nm), but unlike SA both materials showed only small
PD variation between replicates (Table 7). Both materials also possessed similar PVs of 0.82
cm?® g'and 0.73 cm? g for Gen 2 and Gen 3 respectively with only small replicate variation
(Table 7). These outcomes demonstrate the potential of | [redacted] for creating a
pre-functionalised mesoporous material. If functionalisation is less of a concern and greater
SAis desired, the use of | [redacted] also appears to be an effective means of creating further

porosity within the material to enhance SA.

() ad

Figure 8. Porosity results for Gen 2 and Gen 3 BIS in the absence of protein taken from N2 gas
adsorption analyses along with the porosity values of Syloid 244 taken from 38,

4.3.4 Porosity Results for CA Entrapped in Gen 2 and 3 BIS

When looking at the porosity for Gen 2 and 3 BIS at 30, 50 and 100 mM reactant
concentrations, neither CA immobilisation or reactant concentration appeared to significantly
impact PD, PV and SA compared to the control no-protein samples synthesised at 30 mM
(Table 8). Most importantly, both Gen 2 and 3 porosities remained in the ideal zone for enzyme
immobilisation (Figure 9). However, suitable PVs >0.3 cm® g' and SAs 50 - 500 m? g' for Gen
2 should provide space for greater enzyme interaction with the substrate and reduce internal
mass transfer limitations'%®. Enhancement of porosity further via | [redacted] to create

Gen 3 should lead to even greater operational space and less mass transfer resistance .
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Table 8. Porosity values for Gen 2 and 3 BIS, with standard deviations represented in brackets.

Silica| Reactant Concentration 2 4 3
Type (mM) SA (m*g™) PD (nm) PV (cm’g™)
30 125 (+ 65) 25 (+0.4) | 0.76 (+ 0.49)
Gen 2 50 291 ( 83) 20 (£ 2) 1.61 (£ 0.5)
100 165 ( 16) 17 (£ 2) 0.84 (+ 0.06)
348
30 (+ 198) 18 (1) 0.87 (+ 0.06)
Gen 3 403
50 (+ 158) 15 (£ 3) 0.9 (£ 0.38)
100 484 (£ 38) 13 (£ 6) 0.78 (£ 0.1)

PDs should not be as integral for enzyme entrapment, since it should occur during the
aggregation of BIS primary particles without the need for enzymes to enter the matrix via pore
entrances. However, CA and BSA have molecular diameters of 5 x 4 and 14 x 4 nm
respectively3%6:38% Therefore, PDs of ~22 nm for Gen 2 BIS and ~10 nm for Gen 3 BIS may
be large enough in some samples for BSA or CA to leave the framework following entrapment
[redacted] . This may explain why variable BSA
and CA loading was observed between experiments for Gen 3 BIS, where differences in PD

threshold between experiments determined whether CA or BSA exited BIS via PDs during

[redacted]
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Figure 9. Porosity results for Gen 2 and Gen 3 BIS in the presence of CA taken from N2 Gas
Adsorption analyses along with the porosity values of Syloid 244 taken from Kostelanska et al.,
2022
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Whilst optimal porosity appears to have been maintained following CA entrapment, there were
where instances greater variations in material porosity were observed compared to the no-
protein control. For instance, SA for Gen 2 BIS created at 30 mM had greater variation
(£ 65 m? g') compared to Gen 2 BIS which did not contain immobilised CA (£ 21 m?g™"). This
increase in variation may indicate that the presence of CA had some impact on total SA of the
material. However, this variation may also be due to experimental variation and given the
novelty of this material it is difficult to know which is the case without further material synthesis
and rigorous porosity measurements. In a study which explored enzyme immobilisation on
Gen 1 BIS using diethylenetriamine as an additive and included analysis of the material
containing entrapped enzyme, ~3 m? g of SA variation between the two BIS materials was
observed?'2. However, this material had very low SA and PV by nature and thus using its

porosity as a comparison may not be useful for a material like Gen 2 BIS with greater porosity.

When looking at the impact of increasing reactant concentration on Gen 2 BIS porosity, there
appeared to be no trend between increasing reactant concentration and increasing SA.
Instead, SAs began initially at 125 m? g-! for 30 mM reactant concentrations and increase to
291 m? g' at 50 mM and then decreased to 165 m? g at 100 mM reactant concentrations.
This outcome is unexpected since according to the literature, larger SAs have been associated
with increased ratios of silica and additives?*'. Gen 3 BIS SAs increased from 348 to 403 to
484 m? g' for 30, 50 and 100 mM reactant concentrations, respectively. However, much larger
variations in SA were found within certain concentrations, for instance SA for 30 and 50 mM
varied by ~198 and 158 m? g! (Table 9). Predictable material consistency in terms of porosity
and particularly SA of a material is essential for a material to be manufactured and applied at
scale3®. Therefore, whilst SA increased with increasing concentrations in accordance with the
literature, the high variability obtained between different experiments may be a limitation worth

addressing if it is to be applied in industry.

4.3.4.1 Section Summary

Ultimately, the use of | [redacted] to synthesise a sustainable alternative to SBA-15
with comparable porosity features was successful. Gen 2 and 3 BIS both have porosity
features which fall within the ideal criteria for CA immobilisation; however, they also introduce
greater variation in certain porosity measures. Contrary to what was seen with BSA CA
entrapment during BIS synthesis did not appear to significantly impact the porosity metrics. It
is hoped the creation of these two materials with suitable PVs (>0.3 cm® g') and SAs
(50 - 500 m? g') could offer a greater CA activity. Any increases to activity using the Gen 2
and 3 BIS may be the result of increases to the internal mass transfer, and greater space

within the pores to allow the enzyme to undergo any necessary conformational changes.
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Whilst PDs may not be as essential to enzyme entrapment, variations in PDs which surpass
molecular dimensions of CA and BSA may permit proteins to escape from the framework
during | [redacted] to create Gen 3. Further research could explore reducing PD
variability and PDs during BIS synthesis for entrapment to below the critical size threshold for

protein escape.

In terms of the application of Gen 2 and 3 BIS for CA adsorption, it is hoped the wide PDs will
enable CA to have greater access to the extensive inner SA of the BIS particles. In the case
of the Gen 3 BIS, the enhanced SA may also lead to a greater total immobilisation of CA,
without it being at risk of denaturing during | [redacted] . To test these theories the
capability of Gen 2 and 3 as an adsorption material will be assessed against commercially
available Syloid 244.

4.3.5 Adsorption of CA onto Gen 2, Gen 3 and Syloid 244 Silicas

Results from Figure 10 indicate that the highest immobilisation success (70 - 90%) and w/w
loading (~0.1 mg CA/mg silica) of CA was achieved for Syloid 244. The second highest
immobilisation success was observed for Gen 3 BIS (33 - 45%), with a w/w loading of
~0.05 mg CA/mg silica. In contrast, CA adsorbed onto Gen 2 BIS exhibited the lowest

immobilisation success (1 - 15%) and w/w loading (~0.01 mg CA/mg silica) (Figure 10).

Statistical analysis confirmed that silica type had a highly significant effect on both immobili-
sation success and w/w loading (p <0.0001) whereas adsorption temperature did not
(p = 0.23322). Furthermore, no significant interaction was observed between silica type and
adsorption temperature for either response variable, indicating that the effect of material on
CA adsorption was independent of temperature across the range investigated. These findings
support the observation that temperature exerted minimal influence on enzyme loading

performance.

Based on the porosity values shown in Figure 9, it appears that the functionalising presence
of  [redacted] did not confer any benefit to CA immobilisation. Instead, the
significantly greater immobilisation success observed for Gen 3 BIS suggests that| [redacted]

may have enhanced CA adsorption. Although CA possesses
a net negative charge above its isoelectric point (5.4)%2, the protein contains amino acid
residues that carry both positive and negative charges?®2. For example, arginine residues are
positively charged, whereas glutamic acid residues are negatively charged?®?. Because the
distribution and accessibility of these charges were not explicitly controlled for, electrostatic

repulsion may have occurred between the functionalising groups on the Gen 2 BIS surface
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and charged residues within the CA molecule?®2. This may be one explanation for the reduced
binding observed for Gen 2 BIS.

Increased Gen 3 BIS SA may have significantly contributed to enhanced adsorption capacity.
Thus, it cannot be conclusively stated that | [redacted] directly reduced adsorption;
rather, the improved CA loading may be attributable to the greater accessible SA available in
Gen 3 BIS. Whilst enhanced porosity may have contributed to differences between BIS
materials, porosity alone does not fully explain the observed trends. Syloid 244 did not pos-
sess the highest SA nor the largest PD, yet it significantly outperformed both Gen 2 and Gen
3 BIS in terms of CA loading efficiency. This strongly suggests that surface chemistry plays a
dominant role in governing CA adsorption behaviour. The statistical confirmation that silica
type was the only significant factor further supports the conclusion that intrinsic material prop-
erties, rather than adsorption temperature, are the primary determinants of immaobilisation per-

formance under the conditions studied.
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Figure 10. Loading success for temperature dependent CA adsorption onto Gen 2 and 3 BIS and
Syloid 244. Error bars represent the standard deviation of experimental samples, where N = 3
andn =3.

4.3.5.1 Section Summary
The silica materials tested during these adsorption trials demonstrated significant differences

in enzyme immobilisation performance: Syloid 244 achieved the highest success, followed by
Gen 3 then 2 BIS. Temperature had no significant impact on CA loading, regardless of the

framework. Contrary to the research hypothesis, Gen 2 functionalisation with [redacted]
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did not lead to increased loading success (%) or w/w loading. Instead, Gen 3 exhibited
superior loading over Gen 2 BIS, suggesting that functionalisation with | [redacted]
may have potentially negatively impacted CA binding, although increased SA for Gen 3 BIS
complicates this interpretation. The exceptional performance of Syloid 244, despite not having
optimal porosity parameters, indicates other factors beyond ideal porosity are also important

to consider for successful CA immobilisation.

4.3.6 CA Activity Testing

4.3.6.1 Testing Entrapped CA Activity via the Rate of P-NPA Hydrolysis to P-NP
Figures 11 and 12 depict the catalytic activity of CA immobilised for each successive

entrapment experiment under various reagent concentrations. To assess experimental
variation in CA p-NPA hydrolysis, standard deviations from 15 free CA experiments were
analysed. The results showed no significant differences between experiments. Therefore, any
variation within the range of the error bars for free CA (Figure 11) was considered not

statistically significant.

Surprisingly while free CA exhibited activity for hydrolysis of p-NPA, entrapped CA within both
Gen 2 and 3 BIS exhibited no detectable hydrolytic activity ( ~0 mM / sec) (Figure 11). The
lack of any detectable hydrolytic activity was predicted to be the result of storing samples at
4°C until testing. Following these results, it was decided that following desiccation, samples

should instead be stored in a freezer at -20°C.
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Figure 11. Entrapped CA activity for Gen 2 and Gen 3 BIS for E3. Error bars represent the
standard deviation of experimental samples, where N = 3 and n = 3.
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E6 demonstrated significantly improved activity relative to the E3 experiment (Figure 12). Most
notably, Gen 3 BIS created at 30 mM displayed activity which was equivalent to that of free
CA and even exceeded the free CA activity of other studies for that substrate concentration?'2.
However, due to the total removal of CA following [redacted]for two replicates, the activity of
only one sample for this silica type was able to be tested. This was also the case for the Gen
3 50 mM concentration. It is difficult to know if this outcome is representative of the material,
but if it is it suggests that the additional porosity created from the | [redacted]

led to an improvement in CA activity (Figure 12). The 30 and 50 mM reactant
concentration Gen 2 BIS, also still had significantly higher activity at that substrate
concentration relative to free CA from other experiments?'2. As expected, the no-protein BIS
controls produced no detectable p-NPA hydrolysis indicating that the rate of p-NPA
degradation to p-NP was attributable to CA alone (Figure 12).
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Figure 12. Entrapped CA activity for Gen 2 and Gen 3 BIS from E6. Error bars represent the
standard deviation of experimental samples, where N = 3 and n = 3 except for Gen 3 where N =
1andn=3.

4.3.6.2 Testing Adsorbed CA Activity via the Rate of P-NPA Hydrolysis to P-NP

In the case of adsorbed samples, none of the rates for p-NPA hydrolysis were comparable to
that of free CA, while interestingly there was very little variation in activity seen between
replicates regardless of the BIS framework (Figure 13). A potential explanation for the low
variability could be that all three materials possessed frameworks with PDs and PVs which
enabled good mass transfer of substrates and products to and from CA'8. This could give rise
to similar rates of enzyme activity, regardless of mg CA/mg BIS loading for each framework.
Furthermore, adsorption temperature appeared to have no bearing on the subsequent rate of
enzyme activity. (Figure 14).
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Figure 13. Adsorbed CA activity for Gen 2 and Gen 3 BIS and Syloid 244 samples. Error bars
represent the standard deviation of experimental samples, where N = 3 and n = 3.

4.3.7 Comparing BIS / CA Frameworks to the Literature

When considering the w/w loading of CA adsorbed onto Syloid 244, Gen 2 or Gen 3 BIS or
entrapped in Gen 2 and 3 BIS from E6 against the w/w loading for the most successful CA
frameworks; it can be seen from Figure 14B that none of the frameworks had comparable w/w
loading in terms of mg CA/mg of support. The SBA-15 frameworks therefore still appear to be
the best frameworks in terms of w/w loading of CA (Figure 14B).
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Figure 14. A) A comparison of the w/w loading of CA (mg) to support (mg) for E3 samples and B)
E6 samples within this chapter alongside the most successful immobilised CA studies identified
by 219_

However, it should be noted that these values were taken from E6, which had lower CA loading
success compared to E3. When the w/w immobilisation is considered for entrapment values
for E3, w/w loading of CA onto Gen 3 BIS (30 mM) and Gen 2 BIS (50 mM) surpasses the w/w
loading of CA on the most successful SBA-15 studies (Figure 14A). This indicates that if
immobilisation can be increased in E6 samples by 5 - 10% and the correct drying and
preservation technique is applied, a sustainable CA BIS framework with w /w loading which is

competitive with SBA-15 may be possible.

The highest performing (95 - 99%) materials depicted in Figure 15 are covalently bonded SBA-
15 / TAEA, SBA-15/0APS, iron filings, glass-coated filings, co-polymer beads, TiO-
nanoparticles, and CLEA / SBA-15 (Figure 15). These systems have established a high-
performance benchmark for immobilisation strategies. In comparison, entrapped CA within
Gen 2 and 3 BIS achieved activity efficiencies between 30 - 80%. CA adsorbed onto Syloid
244, Gen 2 and Gen 3 BIS had lower activity efficiencies of ~8% (Figure 15). All values from

materials generated in this Chapter therefore fall below values reported in the wider literature.
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Figure 15: the activity efficiency of CA for (E6) samples within this chapter and the most

successful immobilised CA studies identified by 21°.

4.3.7.1 CA Loading vs. CA Activity

As evidenced by Figure 14 and 15, covalently bonded and CLEA systems (specifically, SBA-
15/ TAEA, SBA-15/0APS, iron filings, glass-coated filings, co-polymer beads, TiO» nanopar-
ticles, and SBA-15 crosslinked enzyme aggregates) consistently demonstrated near-complete
activity retention (95-99%) across a broad loading range (0.0085—-0.291 mg CA per mg sup-
port). This indicates that surface immobilisation in these systems preserved native enzyme
conformation and maintained substrate accessibility, without enzyme crowding or diffusion

limitations168.260,

Amongst the entrapment (ET) systems, Gen 1 BIS achieves a strong balance between w/w
loading (0.23 mg CA/mg BIS) and activity efficiency (93.2%) and came close to the activity
efficiency of covalently bonded systems. This suggests that its internal architecture effectively
supports enzyme confinement without significantly restricting catalytic function. Gen 1 BIS for
this study was reported to have a SA of 17 m? g-'?76. A value as low as this indicates little to

no internal SA and is non-porous. Therefore, it could be that CA was entrapped in pores on
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the outer surface of the BIS particle and benefitted from higher substrate access and greater

diffusional freedom for substrate and product molecules68,

In contrast, whilst Gen 2 BIS showed enzyme loading comparable to the highest performing
systems for both experiments E3 and E6 (0.07 - 0.29), E6 samples indicated poor activity
efficiency (36.7 - 56.3%). Since enzymes are entrapped, its structure should have been
preserved. This leaves reasons such as limited substrate accessibility, enzyme crowding or
diffusion limitations for its reduced performance’®260 and thus suggests that achieving
material porosity within the ranges defined by Bayne et al. did not incur a benefit to enzyme

activity'68.

The Gen 3 tested from E6 demonstrated one of the lowest w/w loading capacities
(0.0 — 0.03 mg CA/mg BIS), despite such low loading the samples which did contain CA
demonstrated relatively strong activity retention (81.8%). This may be due to the increased
porosity observed for Gen 3 BIS which occurred because of the [redacted]

Enhanced porosity may have increased
substrate accessibility and reduced diffusional constraints and enzyme crowding effects within
the framework, resulting in greater CA activity'6826°, This suggests that in the case of CA
entrapment within BIS, greater porosity than that defined by Bayne et al. might be required for
CA enzyme activity'®®. However, these conclusions were drawn from a reduced sample set
since not all experimental replicates contained CA, so further testing would be required to

strengthen this conclusion.

Despite varying success in w/w CA loading (0.01 - 0.1), adsorption onto Gen 2 or 3 BIS or
Syloid 244 exhibited uniformly low activity efficiency (~8%), indicating a substantial disruption
to CA activity across all supports. Since CA w/w loading onto silica supports varied so greatly
between types, it is unlikely that the cause in uniform reduction was due to enzyme
overcrowding, differences in support SA, PV or PD or the presence of additives and SFGs
within the framework. The uniformity of CA activity loss may indicate that the cause is due to
a shared trait between all three BIS types and that physical adsorption alone is insufficient to

preserve enzymatic function.

4.3.8 Sequestration Potential of Free, Adsorbed and Entrapped CA

4.3.8.1 Entrapped CA
To determine the CO, sequestration activity of entrapped CA, the CA catalysis of CO-

conversion to HCOs was tested. Following the catalysis to HCOs- deprotonation of HCOs
occurs to form CO3-under higher pHs, which can then react with Ca?*to form CaCQOj3'82. In this

way, CaCOs; can act as a proxy measurement for CA activity. CO, sequestration analyses for
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entrapped samples were performed using samples from E6. Results from Gen 2 and 3 created
at 30 and 50 mM reactant concentrations were evaluated to determine whether an effect on
CA activity could be seen between the different materials. In the case of Gen 2 BIS, the
difference in w/w loading of mg CA/mg BIS may incur a difference in activity due to more
available space within the framework for CA to operate and reduced mass transfer
resistance’®3%, Observing Gen 3 activity would allow the observation of CA [redacted]

which should enhance framework porosity and increase these
beneficial factors further?68.255.306,

Results from Figure 16 show that Gen 2 and 3 BIS from both 30 and 50 mM reactant
concentrations did not appear to be different for either elevated CO, sequestration activity
(mg CO2 sequestered) and % yield of CO; relative to the no-protein controls. However, it is
important to note that only a single replicate was available in the case of the Gen 3 materials

meaning the outcome may not be representative.

Ultimately, none of the activities from the entrapped samples were equivalent to the CO;
sequestration or % vyield of free CA, which was significantly higher than all other samples
(Figure 16). In the case of % yield, free CA sequestered >110% of CO- present in the solution.
This surplus in CO; yield gives some indication of the potential error associated with this
analysis (Figure 16). In the case of Gen 2 30 and 50 mM concentrations, certain replicates
reached values of 80 - 90%, which is close (~10%) to that of the free enzyme. However, when
considered in terms of activity efficiency and compared to other studies in Figure 15, the
activity of CA on Gen 2 and Gen 3 at 30 mM is ~66%, which is far lower than the best
performing frameworks and within the same value region as no protein controls. It should be
noted however that in the case of Gen 3 this experiment was only performed once due to
limited material.
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Figure 16. Entrapped CA activity towards CO2 sequestration for Gen 2 and Gen 3 BIS from the
final experiment. Error bars represent the standard deviation of experimental samples, where N =
3andn=3.



117

4.3.8.2 Adsorbed CA
Due to time constraints and informed by a lack of difference in immobilisation and p-NPA

hydrolysis activity, the decision was made to assess CO- sequestration at a single temperature
(25 °C) range for adsorbed samples (Figure 17). The values and error variation for the free
CA enzyme in terms of mg CO; sequestered and % yield of CO, was significantly higher than
the rest of the values, except for Syloid 244 which had sample variation within the same value
range as the free enzyme. However, the sample variation observed for Syloid 244 was large,
indicating that this similarity may not be statistically meaningful. When compared to Gen 2 and
3 BIS, Syloid 244 had significantly better activity in terms of mg CO. sequestered and % vyield
of CO. for CA activity. The reason as to why this might be is unclear, Syloid 244 did not have
distinctly different PDs, SA, and PVs to Gen 2 and 3 BIS. However, it was observed that Syloid
244 dispersed well during in the reaction solution, potentially due to its low density and
hydrophilic nature3®'. This may have allowed the immobilised CA more opportunities to interact
with the CO, substrate and convert it to HCOs".
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Figure 17. Adsorbed CA activity towards CO: sequestration for Gen 2 and Gen 3 BIS from the
final experiment. Error bars represent the standard deviation of experimental samples, where N =
3andn=3.
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4.3.9 Section Summary

Statistical analyses of free CA showed no significant differences in experimental variation after
15 runs. Therefore, any variation between replicates within the range of the error bars
produced was considered to not be significant. Ultimately, all activity analysis produced no

variation beyond that expected from experimental variation (p <0.05).

In the case of Gen 2 and 3 BIS entrapped CA systems tested from E3, Gen 2 and 3 BIS
exhibited no detectable hydrolytic activity (~0 mM / sec). Based on these outcomes,
adjustments were made to the storage protocol for samples.
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E6 demonstrated significantly improved activity, indicating that improving the sample storage
protocol had a significant effect on CA activity within the Gen 2 and 3 BIS systems. The most
notable outcome was Gen 3 BIS created at 30 mM, which had an activity efficiency of ~81%
and surpassed the activity in terms of rate of conversion (Vo) of p-NPA to p-NP of free CA
analyses conducted for other studies. However, this analysis could only be performed for a
single replicate and so this limits the inferences which can be drawn from this conclusion.
Meanwhile, adsorbed samples consistently produced low V, for conversion of p-NPA to p-NP,

with absorption temperature and silica type having no significant impact on Vo.

When the systems created for this chapter were compared to the most successful studies in
the literature, Gen 2 BIS exhibited competitive w/w loading across E3 and E6 experiments.
However, this was not the case for activity efficiency which was far below the most successful
studies to date. Gen 3 BIS w/w CA loading did not compare to leading studies but activity in
samples which were able to be tested was far higher than Gen 2 and closer to the best
performing studies. By comparison, adsorbed CA onto Gen 2, Gen 3 and Syloid 244 exhibited
widely varying success in terms of w/w loading that was within the ranges of some of the
best performing frameworks. But CA activity efficiency was far below the best performing
frameworks and did not appear to vary, suggesting that there was a uniform cause for such

low activity across all frameworks.

The ability of CA to increase the hydration of CO: into solution was also tested via formation
of calcium carbonate using E6 samples. Ultimately, none of the activities from the entrapped
samples were equivalent to the CO, sequestration or % yield of free CA. Activity efficiency
values were lower than the best performing frameworks and equivalent to no protein controls.
However, in the case of Gen 3 only single experimental replicates were able to be tested due
to limited replicates and sample volume. When adsorbed CA samples were tested for CA
activity, Syloid 244 displayed results with sample variation which was within the same region
as that of free CA, a potential explanation for this might be its enhanced dispersal in the

reaction solution compared to Gen 2 and 3 BIS.

In addition to CA performance, it is important to consider enzyme retention during reaction, to

ensure CA is not lost from the framework during the reaction.

4.3.10 Leaching Analysis

The risk of CA leaching from the framework of Gen 2 and 3 BIS has not yet been explored and
so the effectiveness of BIS for retaining enzymes is not yet known. Considering this, the
enhanced porosity of Gen 2, Gen 3 and Syloid 244 frameworks may present a particular risk
of leaching for adsorbed samples. Whilst larger PVs and PDs may allow enzymes to enter the

framework of the support material; there is equally a risk of them easily leaving again if only
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weak associations are holding the enzymes on the support which can then be overcome by
pH, ionic strength or temperature changes in the surrounding environment?%*. In the case of
entrapment, low leaching has consistently been reported on Gen 1 BIS frameworks using
various additives?'2246-248 . However, in many of these cases enzymes were entrapped
between particles which were more tightly clustered (PV <0.1 cm?® g), giving rise to the low
SAs (<25 m? g)?12246_ This tight clustering may hold enzymes within the framework more
effectively compared with a more mesoporous framework, with a larger SA open to greater
mass transfer of molecules passing through and larger PDs for CA to potentially exit from168,

Therefore, a test to quantify the potential effect of leaching seems worthwhile

Adsorbed CA materials demonstrated the least amount of leaching over a 24-hour period, with
no significant loss of CA from Syloid 244, Gen 2 or Gen 3 samples (Figure 17). This is the first
outcome for leaching of adsorbed enzyme on Gen 2 BIS and it is encouraging, since it was
anticipated that a more mesoporous framework with PDs >10 nm may give rise to greater
opportunities for a dissociated enzyme to leach away. Instead, it appears that the adsorption
which occurred between the functionalising molecules within Gen 2 BIS or its surface and the
surface of Gen 3 BIS or Syloid 244 was secure enough to resist enzyme dissociation?8?. This
result contrasts with findings from leaching analyses of SBA-15, which found that enzymes
leach from the framework when immobilised directly on the surface?%2. To overcome this issue
for CA, studies which achieved high w/w loading and low leaching have instead employed
various gold and silver nanoparticles on the surface of SBA-15 in addition to functionalising
amines to ensure secure CA adsorption??8387_ When it comes to applying adsorbed enzymes
at scale, industries are drawn to simple, straightforward methods of enzyme immobilisations8.
Therefore, an option for high CA loading success on Syloid 244 without modification may be

a useful option for researchers.

In contrast to adsorbed samples, significant leaching did occur for CA samples with the highest
loss occurring in Gen 2 (50 mM), which lost ~30 - 70% of entrapped CA from its framework
over a 24 hour period (Figure 17). This was followed by Gen 3 (50 mM) and Gen 2 (30 mM),
which lost ~40% and 20% of total entrapped CA (Figure 17). In comparison to BIS enzyme
literature, which has reported negligible enzyme leaching?'%246-248  this loss of enzyme from
the framework represents a significant deviation from previous findings. A key difference
between this study and previous studies is the difference in porosity, which will have greater
mass transfer of molecules running through and wider PDs for enzymes to exit from. This may
explain the difference seen between this result and previous study results. An alternative
explanation is that prior to the analysis entrapped BIS samples were crushed and passed

through a sieve. This was with the aim of breaking up the silica pellet to standardise the
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adsorption and entrapment materials. It may be that this crushing led to the shearing of CA

from within the BIS into the analysis solution.
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Figure 17. Leaching analysis for 1 mg CA/mg framework per mL of PBS for CA from entrapped
and adsorbed samples across a 24-hour period. Error bars represent the standard deviation of
experimental samples, where N = 3 and n = 3.

4.3.11 Exploring Increasing Protein Immobilisation onto BIS

As part of their research into enzyme entrapment within BIS, two studies have previously
conducted optimisation analyses to determine what was the optimal concentration of protein
in the solution to facilitate maximum enzyme entrapment. The first study investigated lipase
immobilisation and found that a final mg/mL concentration of 2.5 achieved ~100%
immobilisation efficiency for a range of different additives?¢. In this case, immobilisation

efficiency was referred to as:

mg protein immobilised
total mg of protein added x

immobilisation ef ficiency = 100

For the purposes of this report, enzyme immobilisation efficiency has instead been referred to
as loading success % to avoid confusion between terminology. Interestingly, the authors
concluded that in relation to these Gen 1 BIS materials, there appeared to be a w/w loading

limit of 0.25 mg per mg of BIS support?*6. In a second report which investigated CA
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immobilisation onto BIS formed using diethylenetriamine as the additive, a different mass of 2
mg/mL in the reaction solution was cited to achieve ~100% immobilisation efficiency?'2.
Similarly, the author reported ~100% protein loading with a w/w protein concentration of 0.23
mg/mg BIS?'2, These reports have provided some detail regarding the maximum amount of
protein that can be added to a solution for 100% immobilisation efficiency?'2246. However,
these protein amounts were used alongside additives to create BIS with low SAs <50 m? g
and PVs <0.1 cm?® g'212246 | arger SA, PDs and PVs have been linked to increased amounts
of enzyme immobilisation'®®. Therefore, the advent of Gen 2 silica with a larger SA
(119 m? g'), PD (25 nm) and PV (0.82 cm? g') of mesoporous framework with larger SA and
PVs could lead to increased opportunities for enzyme entrapment during BIS synthesis.
Therefore, a new exploration into the effect of increasing protein on mesoporous Gen 2 BIS
seemed worthwhile. This investigation uses BSA as a model protein with the aim of applying

the principles of enzyme immobilization to enzymes like CA.

In addition to the effect of BSA concentration, there also appears to be some differences in
approach with regards to the pH point at which the BSA should be added during silica
formation. Some studies have recommended circumneutral conditions (pH ~7)?76:381 whereas
others have recommended adding the protein directly after the reaction has been initiated
(pH ~10)38e,

In the case of Gen 2 BIS specifically, addition of the protein | [redacted]

at the earliest possible moment
that | [redacted] begin to  aggregate
together?'. Therefore, there may be the greatest opportunity for BSA to become entrapped
during BIS synthesis, leading to a potential increase in loading. However, applying this protocol
to enzymes such as CAmay lead to denaturation due their exposure beyond optimal pH (>7.5).
Since Gen 2 BIS synthesis is a novel method, it is also not known whether earlier addition of
protein in a Gen 2 system will in fact lead to greater amounts of enzyme immobilisation. It is
also not known whether the potential loss of enzyme activity will be worth any additional

enzyme loading achieved from higher pH addition.

Therefore, in addition to investigating the impact of protein concentration, it was determined
that the impact of the pH at which BSA is added would also be investigated. If BSA does
significantly increase from addition at a high pH, it would be helpful to anticipate what effect
this might have on CA activity. Therefore, exposure of CA to increasing pH concentrations
would also be performed to determine what effect exposure to non-optimal pH will have on CA

activity and whether addition at a higher pH would be worth a reduction in CA activity.
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4.3.11.1 Influence of Exposure to pH 7 to 10 on CA Activity

To gauge the impact of exposure of CA to non-optimal alkali conditions, an analysis was
carried out in which CA was exposed for 1 minute to various pH concentrations between 7 to
10. It can be seen from Figure 18 that a reduction in CA activity was seen at pHs 29, with a

reduction of ~1.25 x 10-% p-NP activity following exposure at both pH 10 and 11 for 1 minute.
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Figure 18. Influence of pH exposure for one minute using 2000 U / mg free CA. Error bars
represent the standard deviation of experimental samples, where N = 3 and n = 3.

4.3.11.2 Influence of Protein Concentration and pH Addition Point on BSA Immobilisation
Results from Figure 19 indicate that for a BSA concentration of 2 mg/mL in the reaction fluid,

pH of BSA addition had a small effect on immobilisation, with an immobilisation success of 35%
compared to 20 - 30% success for lower pH addition points Figure 18. This culminated
however in no significant difference in the mg BSA immobilised per mg of BIS across the
different pH points Figure 19. For Gen 3, the impact of [redacted]appeared to completely
remove any entrapped BSA from the framework, resulting in an immobilisation success % and

w/w amount of BSA to BIS of ~0, regardless of pH addition time.
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Figure 19. Influence of pH on 2 mg per mL BSA loading success and w/w for Gen 2 and 3 BIS.
Error bars represent the standard deviation of experimental samples, where N = 3 and n = 3.

In contrast to Figure 19, Figure 20 shows a clear pH dependence for BSA immobilisation
following a 20% increase in BSA final concentration (2.4 mg/mL). This is particularly prevalent
for Gen 2 BIS, which has a loading success rate between 55 — 95%, corresponding with
increasing for pH values from 7 — 11 (Figure 20). Whilst there appeared to be very little
difference in loading success between pH 9 and pH 10, both of which had loading success
scores of ~65%, a significant step up in loading then occurred at pH 11 (Figure 20). This
suggests that adding the protein prior to the reaction initiation may be the most effective means
of immobilisation. However, addition of CA at pH 11 would incur a cost to activity as
demonstrated in Figure 18. Despite the high loading success for Gen 2, the actual BSA to BIS
ratio was non-detectable across all Gen 2 samples (Figure 20). This was due to the amount
of immobilised BSA surpassing the total yield of BIS, resulting in a negative value which is

discussed further at the end of this section.

Gen 3 showed a consistently lower loading success (10 - 15%) compared with Gen 2 BIS.
However, all samples returned far higher BSA to silica ratios compared to Gen 2, particularly
pH 11, which had an immobilisation ratio of 3.0 (Figure 20). This implies that while the loading
success may be lower, overall binding capacity was higher. Particularly at pH 11, though no
difference in BSA to BIS ratio occurred at lower pH values (Figure 20). Furthermore, the error
bars for Gen 3 measurements at pH 9 and 7 indicate considerable variability between

experimental replicates at each pH (Figure 20).
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Figure 20. Influence of pH on 2.4 mg per mL BSA loading success and w/w for Gen 2 and 3 BIS.
Error bars represent the standard deviation of experimental samples, where N = 3 and n = 3.

Figure 21 depicts the pH - dependent immobilisation of BSA onto Gen 2 and Gen 3 at final
concentrations of 4 mg/mL in the reaction solution. Compared with 2.4 mg/mL, loading
success for Gen 2 BIS was significantly lower across all pH additions (Figures 20 and 21).
Whereas in Figure 20, loading success was more distinct and ranged from 95 - 55% for pH 11
down to 7 accordingly. BSA loading on Gen 2 BIS also appears to reduce more gradually from
35 - 25% between pH 11 to 7 (Figure 21). Gen 3 BIS continues this gradual reduction in
immobilisation success, with a maximum value of ~30% leading down to ~15% at pH 7 (Figure
21). Whilst some immobilisation success occurred, this was not reflected in the w/w amounts

of BSA to BIS, which consistently remained at zero (Figure 21).
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Figure 21. Influence of pH on 4 mg per mL BSA loading success and w/w for Gen 2 and 3 BIS.
Error bars represent the standard deviation of experimental samples, where N = 3 and n = 3.
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Based on the inconsistent or absent results for w/w amounts of BSA to BIS across experiments,
another analysis was performed to visually inspect the BIS material following immobilisation.
What was noticed upon inspection was that two different layers of material were forming inside
the falcon tube following centrifugation (Figure 22). The first was a BIS-like material and the
second which lay above was a gel-like material (Figure 22). This resuspended into the reaction
medium with little agitation and was easily tipped away following disposal of the supernatant.
It was therefore concluded that the increased concentrations of BSA was interfering with BIS
formation and forming an inferior material, which was then being lost during disposal of the

supernatant following centrifugation (Figure 22).

Figure 22. Three examples of gel formation above the BIS silica pellet from BSA protein
experiments, where the red brackets indicate the gel layer.

4.4 Chapter 4 Summary
This chapter set out to determine what effect CA immobilisation within a framework with ideal
porosity for enzyme immobilisation would have on enzyme immobilisation and activity. It aimed
to do this using a recently developed and highly novel framework made | [redacted]
called Gen 2 BIS. | [redacted] of Gen 2 BIS to [redacted]  resulted in the creation
of a different type of framework with greater SA. This was called Gen 3 BIS.

Results from porosity analyses demonstrated that a Gen 2 framework was able to be
synthesised with porosity values which were fell within the ideal criteria for enzyme
immobilisation which was defined in the literature review. The Gen 3 framework possessed

similar ideal SA, PVs and PDs but had significantly enhanced SA due to | [redacted]

4.4.1 Adsorption Outcomes
These materials with optimal porosities were then used alongside a commercially available
silica called Syloid 244 to see if adsorption of CA would be comparable. Another question was

whether the functionalising capability of | [redacted] , Which remained in Gen 2 BIS,
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also would lead to increased CA adsorption and enzyme activity. Ultimately, Syloid 244
outperformed Gen 2 and 3 BIS in terms of CA loading success and w/w loading onto the
framework. Further Gen 3 BIS outperformed Gen 2, suggesting that the functionalising
features of Gen 2 BIS did not lead to enhanced CA binding. However, the increased binding
seen in Gen 3 BIS, which had a greater SA, may indicate that increased SA between Gen 2
and 3 BIS may have been a factor behind the higher CA binding. No difference was found in
the rates of CA activity in terms of p-NPA hydrolysis, suggesting that despite differences in
loading all enzymes had the same activity once they were within the framework. However, this
activity was not comparable to the free enzyme, suggesting that the enhanced porosity

available in the framework did not improve enzyme activity.

With regards to CO, sequestration, the Gen 2 and 3 BIS samples had CO, sequestration
capabilities which were less than or equal to that of the no-enzyme controls, suggesting that
they were not suitable materials for CO, sequestration. Contrastingly, Syloid 244 displayed
activity which was comparable to that of the free enzyme however the large variation in sample
replicates should be considered. A potential explanation for this may be the lower density and
hydrophilicity of Syloid 244, which may have allowed it to be better dispersed during reaction

mixing. All three silica types exhibited very little leaching over 24 hours.

4.4.2 Entrapment Outcomes

The second type of CA immobilisation was via entrapment during BIS synthesis to create a
Gen 2 BIS with CA immobilised within it. A Gen 3 CA material could then be created by
[redacted]

Results from the CA entrapment trials revealed that w/w loading and loading success for Gen
2 BIS was consistent across experiments for both 30 and 50 mM reactant concentrations.
However, CA immobilisation did not increase with increasing reactant concentrations.
[redacted] CA Gen 3 BIS resulted in highly variable w/w loading and loading
success between different experiments at both 30 and 50 mM reactant concentrations. When
the porosity of Gen 2 with encapsulated BIS was examined, it could be seen that CA
encapsulation had no significant impact on Gen 2 or Gen 3 porosity, and both remained within
the ideal zone for enzyme immobilisation. The rate of CA activity in terms of p-NPA hydrolysis
was tested for samples from two separate experiments. The first experiment produced rates
of ~0 for CA activity. However, after refining the storage method for BIS the second experiment
produced rates of CA activity for a single sample which was comparable to the activity of the
free enzyme. This sample came from Gen 3 BIS created at 30 mM concentration, but
unfortunately due to the impact of[redacted] only one sample was available for testing. Gen 2

BIS created at 30 and 50 mM concentrations also displayed activity which matched that of the
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free activity from previous studies. Therefore, it could be that the enhanced porosity of these
samples did in fact lead to greater CA activity, particularly in the Gen 3 BIS created at 30 mM.
When the w/w loading and loading success was compared to the most successful immobilised
CA frameworks however, none of the samples were high enough. But, when the w/w loading
of previous CA samples was compared to the most successful studies, the w/w values
exceeded those of the most successful studies. This suggests that if CA encapsulation can be
slightly increased and loading stabilised across experiments, a CA BIS framework with good

loading could be achieved.

In terms of CO, sequestration, unlike the p-NPA analysis none of the candidates had activity
equivalent to that of free CA in solution. However, some of the Gen 2 30 and 50 mM replicates
did come close. Combined with the activity demonstrated in the p-NPA analysis and the
potential for greater w/w loading seen in earlier experiments, these candidates may be worth
further investigation to see if their activity can be enhanced. Significant leaching was observed
across all entrapped CA samples for both Gen 2 and 3 BIS; however, it is strongly suspected

that this outcome would be worth re-testing to make sure there was no methodological mistake.
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5 Chapter 5: Conclusion.

5.1 Thesis Summary and Research Motivation

The combustion of fossil fuels has increased CO, in the Earth's atmosphere to 428.01 parts
per million (ppm) globally as of March 2025, the highest concentration in the last 800,000
years'. The iron and steel and cement sectors respectively account for 7 - 9% and 7% of global
CO, emissions and face challenges with decarbonisation due to the inherent CO, emissions

associated with their manufacturing processes?.

Carbon capture, utilisation and storage (CCUS) technologies are one response to these hard-
to-abate emissions, and the conversion of CO, to methanol (CH;OH) has been identified as
particularly promising. CH;OH is a versatile feedstock for thousands of specialised chemicals
and is the second most effective chemical, after urea, for sequestering anthropogenic CO,
emissions34. Global CH3;OH production currently stands at approximately 98 Mt per year and
is predominantly produced using coal (35%) and gas (65%) feedstocks, with only 0.2 Mt
produced renewably®>6. Demand for CH;OH is expected to rise by 50% by 2030 and double
by 2050 and producing it from waste CO, could prevent emissions of >211 Mt CO, per year®’-
910, The most developed route for CO, to CH;OH conversion is hydrogenation via
Fischer-Tropsch synthesis''. The most commercially advanced example, the George Olah
Plant in Iceland, produces 4,000 tonnes of methanol annually’. However, significant
challenges remain including low reaction efficiency, the need for expensive rare metal

catalysts, poor CH;OH selectivity, and catalyst disintegration3-'6.

Enzymatic conversion of CO, to CH;OH has been proposed as a greener alternative and
exploits the ability of enzymes to reduce reaction activation energy, increase substrate
selectivity and avoids the use of expensive and unsustainable rare-metal catalysts'-18.
Research began with Obert and Dave in 1999, using a cascade of formate dehydrogenase,
formaldehyde dehydrogenase, and alcohol dehydrogenase'®20. CA was later identified as a
valuable addition at the beginning of this cascade, aiding hydration of CO, by catalysing its
interconversion with bicarbonate (HCO5") at a rate of 10* to 10° reactions per second?'-23. CA
inclusion has been reported to improve the reaction rate of CO, to formate, since in its
hydrated form the reaction free energy for conversion to formate is much lower (ArG® =
-165.39 kcal / mol at 25°C)'". However, the use of free enzymes creates unfeasibly high
operational costs due to their high initial cost and low recovery?*. Immobilisation of enzymes
by attaching them to a support has been cited to lower process costs by enabling their recovery

and reuse?>?%, This study therefore chose to focus on exploring the immobilisation of CA.
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5.2 Theoretical Background

5.2.1 Enzyme Immobilisation Methods

Enzyme immobilisation methods fall into two broad categories. Chemical methods include
covalent bonding and cross-linking?’. Covalent bonding is favoured by industry but requires
modification of the enzyme's structure, which can interfere with its conformation??.
Cross-linking links enzymes to other enzymes or supports to form aggregates but is difficult to

reproduce and can involve unfavourable interactions?’.

Physical immobilisation occurs by adsorption via van der Waals forces, hydrogen bonds, and
ionic bonds, generally carrying a reduced risk of structural alteration?°3°, However, enzyme
leaching from the framework remains a significant drawback, particularly for industrial
applications requiring recovery and recycling?®®'. Entrapment within a polymer matrix
assembled around the enzyme also suffers from leaching due to the relatively small size of

enzymes.

5.2.2 Performance Criteria for Immobilisation Frameworks

A SA between 25 and 500 m? g™' has recently been identified to be optimal for an
immobilisation framework, with greater protein loading linked to SAs towards the higher end
of this range?®?. PDs must be large enough to allow enzyme access into the inner SA, and PVs
must allow efficient enzyme—substrate interactions32. A meta-analysis by Bayne et al. identified
that SAs of 25 - 500 m? g™', PDs between 10 -100 nm, and PVs >0.3 cm® g™ are key
parameters for a successful immobilisation framework3?. Mesoporous materials with highly
ordered pore structures have also been observed to be effective owing to more even molecular
diffusion®. In relation to CA, SBA-15 silicas displayed good activity efficiency and higher w/w
loading?®3, though conventional ordered mesoporous silica manufacture is currently energy and

resource intensive34.

5.2.3 Candidate Framework Materials

Bioinspired silica (BIS) has emerged as a more sustainable method to produce silicas and are
characterised by comparatively mild synthesis at pH 6 - 7 and <40 °C3**36. However, the
predominant forms of BIS are generally reported to have low PVs and SAs which fall outside
the ideal porosity range for enzyme immobilisation. A novel [redacted] method developed
by the Green Nanomaterials Research Group at the University of Sheffield has produced
Generation 2 (Gen 2) BIS with SA PDs and PVs within the optimal range. | [redacted]

Generation 3 (Gen 3) BIS.

Biochar, produced by pyrolysis of biomass feedstocks, was also investigated as an

immobilisation material due to its purported large SA, chemical stability and naturally occurring
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SFGs that can enable enzyme binding via adsorption'®. However, freshly produced biochar is
widely considered hydrophobic®”%, in contrast to CA, which is a water-soluble enzyme with a
hydrophilic exterior3®4°. The presence or introduction of certain SFGs such as carboxylic acids
can overcome this, imparting a negative surface charge that can induce electrostatic attraction
with positively charged residues within the CA structure*’. However, the physical and chemical
properties of biochar are cited to be deeply dependent on feedstock, pyrolysis temperature,

and activation treatment’8.

The overarching aims of this study:

1. To conduct an in-depth desk-based analysis of the applicability of biochar as an
enzyme immobilisation framework based on whether its porosity can be intentionally
tuned.

2. To characterise commercial biochar samples for porosity, stability, and presence of
SFGs.

3. To examine whether the activity of CAimmobilised onto BIS achieves activity efficiency
comparable to the best performing frameworks in the literature.

4. To compare the activity of CA adsorbed onto BIS against the activity of CA

encapsulated during BIS formation.

5.3 Biochar as an Immobilisation Framework

5.3.1 Meta-Analysis of Biochar Porosity

Similarly to other immobilisation frameworks, biochar SA is considered to be an important
factor in the effectiveness of biochar enzyme systems. This study found that biochar SAs
can range greatly from 2 to 1200 m2 g=*. While greater SA has been associated with increased
adsorption capacity for chemical compounds, this relationship does not translate directly to
enzymes, as the molecular diameters of enzymes may exceed the PDs of biochar, restricting
their access to portions of the framework SA32. Bayne et al. reported that enzyme loading
increased with SA up to 500 m? g™, beyond which loading plateaued, coinciding with a

reduction in pore size that limited enzyme access to the internal SA32,

Of 65 feedstocks evaluated across 43 studies, only 16 (24%) exhibited PDs exceeding the 10
nm threshold defined by Bayne et al. as the minimum required for enzyme immobilisation. All
biochar samples with suitable mesopore diameters (>10 nm) fell within the 0 - 25 m? g™ SA
range, which Bayne et al. considered insufficient to support an extensive catalytic surface.
Regarding PV, 90% of feedstocks failed to meet the minimum threshold of 0.3 cm?® g™,
suggesting that neither pyrolysis temperature nor feedstock type reliably produced adequate
PVs. The wheat straw, bamboo, and corn stalk biochars represent the 10% that did.

Nonetheless, they failed to satisfy the minimum PD requirement, meaning enzymes would be
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unable to access the internal SA. Therefore, no biochar candidates were identified as
suitable frameworks, and hypothesis one was rejected: biochar was deemed unsuitable
for enzyme immobilisation, with porosity features not reliably selectable based on

feedstock, manufacture conditions, or activation treatment.

This metanalysis also identified methodological issues with porosity analysis and reporting.
For instance, the use of N, for gas adsorption has been considered an insufficient adsorbate
for accurately characterising microporosity. In addition, inconsistencies in gas adsorption
methods and computational modelling further limited confidence in the data, and the absence

of controls precluded direct comparisons in some studies.

Future work would benefit from greater methodological standardisation in biochar porosity
characterisation, including careful consideration of adsorptive gas choice, since neither N, nor
CO, may be fully appropriate for microporous, polar biochars. Consistent reporting of pressure
and temperature conditions, alongside inclusion of isotherms and hysteresis data, would allow
more meaningful cross study comparison and better informed selection of computational
models. Together, addressing these issues would improve confidence in porosity datasets and

strengthen conclusions regarding the suitability of biochar as an enzyme support material.

5.3.2 Laboratory Characterisation of Selected Biochars

Laboratory N, gas adsorption and MIP analyses confirmed that none of the selected biochars
met the ideal porosity criteria outlined by Bayne et al. for enzyme immobilisation. The first
part of hypothesis two was therefore rejected: selection of biochar informed by
literature trends between feedstock, manufacture conditions, activation treatment, and
SA, PV and PD outcomes did not produce a material with porosity features suitable for
CA immobilisation. However, CHNS and O elemental analysis showed that higher pyrolysis
temperature biochars (TERC, WT) had lower H:C and O:C ratios, consistent with greater
chemical stability. ATR FT-IR spectra also detected SFGs on WT biochar in the form of
carboxylate anion bands (1590 -1520 cm™), which can be modified to carboxylic acid groups
suitable for enzyme binding. The second part of hypothesis two was therefore accepted:
certain biochars were chemically stable and possessed SFGs favourable for CA
immobilisation. However, given that no biochar met the necessary porosity

requirements, biochar was not progressed to enzyme loading experiments.

5.4 Bioinspired Silica as an Immobilisation Framework
5.4.1 BIS Porosity Characterisation

N, gas adsorption analysis confirmed that Gen 2 and Gen 3 BIS synthesised without CA or

BSA both fell within the ideal porosity zone defined by Bayne et al. Gen 2 BIS exhibited a



132

mean SA, PD and PV of 119 m2 g™, 25 nm, and 0.82 cm? g™" respectively. Gen 3 BIS, produced
by [redacted] , exhibited a substantially enhanced mean SA of 358 m2 g™, with
mean PD and PV of 15 nm and 0.73 cm? g~" respectively. These outcomes are consistent with
the SA increases observed in previous studies for Gen 1 BIS*'. For both generations, neither
CA loading nor reactant concentration impacted PD, PV, or SA relative to no protein controls,

with all materials remaining within the ideal porosity zone.

Gen 2 BIS is therefore a reproducible, green framework within the ideal porosity ranges for
enzyme immobilisation. | [redacted] Gen 3 BIS can enhance porosity further and | [redacted]

However, CA has a molecular diameter of approximately
5 x 4 nm and BSA approximately 14 x 4 nm*243, Therefore, PDs of approximately 22 nm for
Gen 2 and 10 nm for Gen 3 BIS, mean PDs may be large enough for CA or BSA to exit the
framework following entrapment or adsorption. This may explain the variable protein retention
observed for Gen 3 BIS between experiments. Leaching may also have occur during rinsing

and centrifugation following immobilisation via entrapment or adsorption.

5.4.2 BSA Entrapment

BSA entrapment in Gen 2 BIS was reproducible across experiments, with consistent loading
successes of 25 - 33.5% and w/w loading of 0.9 - 1.2 mg BSA per mg BIS, substantially
exceeding the ~0.02 mg/mg threshold for ideal w/w loading onto a carrier. However, studies
investigating CA immobilisation into Gen 1 BIS reported significantly lower overall porosity
(SA14 m2g™", PD 19 nm, PV 0.037 cm® g™") yet achieved comparable loading, indicating that
hypothesis 5 cannot be accepted: BSA entrapped in Gen 2 BIS with ideal porosity did

not facilitate improved loading compared to a BIS with non-ideal porosity.

[redacted] Gen 3 BIS consistently resulted in near-complete removal
of BSA, with loading success of 0.1 - 4.1% and w/w loading of 0 - 0.11 mg BSA per mg BIS.
This contrasts with published findings for Gen 1 BIS, in which protein retention was maintained
[redacted] , and may reflect the larger PVs and PDs of Gen 2 BIS allowing BSA to exit the
framework | [redacted] through interparticle spaces. Hypothesis 5 is

therefore also rejected for Gen 3 BIS.

In the case of Gen 2, increasing reactant concentrations (30, 50, and 100 mM) led to increased
BIS formation per mL, matched by increases in BSA loading success of 22% between 30 and
50 mM and 38% between 50 and 100 mM. Whilst not reflected in w/w loading, this indicates
that higher reactant concentrations could reduce protein wastage, partly confirming
hypothesis 3: that BSA loading success is influenced by reactant concentration during

entrapment.
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5.4.3 CA Entrapment

Similarly to BSA, CAentrapment in Gen 2 BIS was consistent across experiments, with loading
successes of 11 - 19.38% and w/w loadings of 0.16 - 0.29 mg CA per mg BIS at 30 mM
reactant concentrations. Unlike BSA, CA immobilisation did not increase with increasing
reactant concentrations; for instance, at 50 mM, loading success remained between
15.1 - 23.0%, with w/w loadings of 0.07 - 0.15 mg CA per mg BIS. Hypothesis 3 is therefore
rejected for Gen 2 BIS on CA: loading success is not influenced by reactant
concentration during entrapment, and concentration-dependent uptake into Gen 2 BIS

can vary depending on protein type.

CA w/w loading of 0.16 - 0.29 mg per mg BIS compared well with Gen 1 BIS studies
(0.15 - 0.25 mg/mg)*® and surpassed the industrial minimum threshold of 0.02 mg enzyme per
mg carrier’. However, given that Gen 1 BIS had significantly lower porosity
(SA 14 m2 g™, PD 19 nm, PV 0.037 cm® g™")*5 it appears that the enhanced SA and PVs of
Gen 2 did not equate to greater CA entrapment. Hypothesis 5 for Gen 2 BIS is therefore

rejected.

CA entrapment in Gen 3 BIS varied considerably between experiments, ranging between 0 -
14.7% loading success and 0 - 0.34 mg CA per mg BIS, with similar variability at 50 mM. This
likely reflects the larger PVs and PDs of Gen 2 BIS allowing CA to exit the framework
[redacted] Whilst improved loading compared to Gen 1 BIS was
possible in some instances, it was not consistent, and hypothesis 5 for Gen 3 BIS is

therefore also rejected.

When compared against the most successful CA immobilisation frameworks in the literature
(Ag/SBA-15/TEPA, Ag/SBA-15/0APS, Au/SBA-15/MPTES and SBA-15/0APS)* 48 results
varied between experiments. In some cases, Gen 2 and Gen 3 BIS w/w loading surpassed
the best performing studies, but this was not reproducible across experiments. An important

recommendation for future work is therefore to reduce variability in immobilisation outcomes.

5.4.4 CA Adsorption

Temperature dependent adsorption experiments demonstrated that silica type had a highly
significant effect on both immobilisation success and w/w loading (p <0.0001), whereas
adsorption temperature did not (p = 0.233), with no significant interaction between silica type
and temperature observed. Hypothesis 3 is therefore rejected: CA loading success is not

influenced by temperature during adsorption.
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Syloid 244 achieved the highest immobilisation success (70 - 90%) and w/w loading
(~0.1 mg CA per mg silica), followed by Gen 3 BIS (33 - 45%, ~0.05 mg CA per mg silica),
with Gen 2 BIS exhibiting the lowest immobilisation success (1 — 15%) and w/w loading (~0.01
mg CA per mg silica). These values fall far below the best frameworks in the literature, and
hypothesis 5 is therefore rejected: BIS with ideal porosity features does not facilitate

good CA adsorption loading.

The presence of | [redacted] in Gen 2 BIS did not confer any benefit to CA adsorption;
indeed, the significantly greater immobilisation success of Gen 3 BIS suggested that their
absence may have enhanced adsorption. The superior performance of Syloid 244, despite not
possessing distinctly different PDs, SAs, or PVs from the BIS materials, indicates that a

different aspect of silica surface chemistry may govern CA adsorption.

5.4.5 CA Activity
Samples derived from E6 Gen 2 BIS at both 30 and 50 mM exhibited significantly higher

activity than free CA from other experiments. Gen 3 BIS at 30 mM also achieved activity
equivalent to, or exceeding, that of free CA reported in comparable studies. A key limitation
was the complete loss of CA|  [redacted] in two Gen 3 30 mM replicates, meaning
conclusions for those samples are based on a single data point. If representative, this may
imply that the additional porosity generated [redacted] contributed to improved CA
activity, and part of hypothesis 5 may tentatively be accepted. However, further

generation of Gen 3 BIS with consistent CA retention would be needed to substantiate this.

Entrapped CA within Gen 2 and Gen 3 BIS from E6 achieved activity efficiencies of 30 - 80%,
and Gen 3 30 mM achieved 81.8%. By comparison, Gen 1 BIS previously achieved 93.2%
activity efficiency*®, and the highest-performing immobilised CA systems (covalently bonded
SBA-15/TAEA, SBA-15/0APS, iron filings, glass-coated filings, co-polymer beads, TiO,
nanoparticles, and CLEA/SBA-15) have reported activity efficiencies of 95 - 99%. Hypothesis
5 is therefore rejected: CA entrapped in BIS with ideal porosity features did not achieve

activity comparable to the free enzyme or to leading frameworks.

For adsorbed CA, no p-NPA hydrolysis activity was comparable to free CA, with activity
efficiency of around 8% across all replicates regardless of silica type. Whilst silica type
significantly influenced w/w loading, it had no apparent impact on catalytic function, suggesting
a conserved feature amongst Gen 2, Gen 3, and Syloid 244 that negatively impacts CA activity.
Despite all three materials possessing porosities within the ideal zone defined by Bayne
et al., this conferred no benefit to CA activity. Hypothesis 5 is therefore also rejected
for adsorbed CA.
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5.4.6 CO, Sequestration

Despite demonstrating catalytic activity during p-NPA hydrolysis assays, CO, mineralisation
assays for entrapped CA in Gen 2 and Gen 3 BIS displayed sequestration activity equivalent
to no-CA controls. Whilst certain Gen 2 30 and 50 mM replicates reached 80 - 90% of free CA
sequestration yield, overall activity efficiency was approximately 66%, within the value region
of no-CA controls. By comparison, free CA sequestered all available CO, in solution,

suggesting that entrapment within Gen 2 and Gen 3 BIS impeded CA access to CO, substrate.

Similarly, Gen 2 and Gen 3 BIS-adsorbed CA activity was equivalent to no-enzyme controls.
CA adsorbed onto Syloid 244 showed sample variation within the same range as the free
enzyme, though with large variation between replicates. This was attributed to the low density
and hydrophilic nature of Syloid 244, which may have allowed greater CA interaction with

dissolved CO, substrate.

Due to time and material limitations, this analysis was performed only once, with only a single
Gen 3 replicate available for the CO, sequestration assay. Further refinement with full
sample replicates would therefore be needed before hypothesis 5 can be accepted or

rejected with confidence.

5.4.7 Leaching

Adsorbed CA on Gen 2 BIS, Gen 3 BIS, and Syloid 244 demonstrated no loss of CA over a
24 hour incubation period, contrasting with findings from SBA-15 leaching analyses in which
enzymes have been reported to leach from the framework when immobilised directly on the

surface.

Significant leaching was observed from entrapped samples. The highest loss occurred in Gen
2 BIS at 50 mM (30 - 70% over 24 hours), with Gen 3 BIS at 50 mM and Gen 2 BIS at 30 mM
losing 40 and 20% respectively. This deviates substantially from the negligible leaching
reported in previous Gen 1 BIS entrapment studies. Two possible explanations were identified:
the larger PVs and PDs of Gen 2 and Gen 3 BIS may facilitate greater mass transfer of
dissociated enzyme out of the framework compared with more tightly clustered Gen 1 particles
(PV < 0.1 cm?® g™")*°. Alternatively, entrapped BIS samples were crushed and sieved prior to
analysis, which may have released CA into solution. Arepeat analysis without sample crushing

is recommended to rule out this cause before drawing firm conclusions.

5.4.8 Optimisation of Protein Addition Conditions

A separate assay exposing free CA to pH 7 - 11 for one minute revealed a reduction in CA
activity at pH 29, indicating that any gains in CA loading from earlier addition must be weighed

against potential loss of activity due to non-optimal pH exposure.
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Due to limited reagent availability, BSA was selected as a model protein to investigate whether
increasing protein concentration or adding CA at an earlier reaction time point improves
immobilisation. BSA concentrations of 2, 2.4, and 4 mg/mL and pH points between 7 - 11 were
tested for both Gen 2 and Gen 3 BIS.

At 2 mg/mL, pH at the point of addition had little effect on protein loading, with immobilisation
success ranging from 25% at pH 7 - 8 to a maximum of 35% at pH 11. Elution consistently
removed BSA completely from Gen 3 BIS. Hypothesis 4 is therefore rejected at this
concentration: the pH at the time of addition did not influence BSA entrapment at a

protein concentration of 2 mg/mL.

At 2.4 mg/mL, a clear pH dependence emerged for Gen 2 BIS, with loading success increasing
from 55% at pH 7 to 95% at pH 11. Gen 3 BIS loading remained at 10% regardless of pH,
indicating that| [redacted] removes protein to a consistent level regardless of original
loading. Despite high Gen 2 loading success, w/w ratios were non-detectable as immobilised
BSA surpassed total BIS yield. Hypothesis 4 is therefore partially accepted for Gen 2 BIS

only at this concentration.

At 4 mg/mL, BSA loading remained consistently between 25 - 30% for Gen 2 and 15 - 20% for
Gen 3 regardless of pH addition point, and w/w loading remained indiscernible. Visual
inspection confirmed that at elevated BSA concentrations (2.4 and 4 mg/mL), a gel-like
material formed above the BIS pellet which re-suspended easily and was discarded during
rinsing. This indicates that these concentrations interfered with proper BIS formation, distorting

results through reduced final BIS yield.

5.5 Conclusion

This study investigated the feasibility of using biochar and BIS as sustainable porous
immobilisation frameworks for CA, with the aim of advancing the enzymatic conversion of CO,
to CHsOH and overcoming the prohibitive cost of free enzyme systems that currently

undermines the commercial viability of biocatalytic CO, reduction.

The meta-analysis of biochar porosity yielded a clear finding: across feedstocks drawn from
43 published studies, no biochar candidate simultaneously satisfied the SA, PD, and PV
criteria defined by Bayne et al., a conclusion corroborated by laboratory characterisation of
selected commercial biochars. Although certain high-temperature pyrolysis biochars (notably
WT) demonstrated chemical stability and SFGs favourable for CA binding, hypothesis one was
rejected: biochar does not constitute a reliable or tuneable immobilisation framework for CA,
and porosity cannot be intentionally selected for through choice of feedstock, manufacture

conditions, or activation treatment.
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Investigation of Gen 2 and Gen 3 BIS produced mixed outcomes. Both generations exhibited
porosity within the ideal zone defined by Bayne et al., and CA and BSA were reproducibly
entrapped within Gen 2 BIS at w/w loadings consistent with leading studies and exceeding the
industrial minimum threshold. However, enhanced porosity did not translate into improved CA
loading relative to lower-porosity Gen 1 BIS, and | [redacted] to produce Gen 3 BIS
consistently resulted in near-complete protein loss in BSA experiments and variable CA
entrapment outcomes, this has been postulated to be as a result of larger PDs facilitating

protein exit during additive removal.

Activity efficiency for entrapped CAreached up to 81.8% in Gen 3 BIS, though based on limited
replicates, and fell short of the 95 - 99% efficiencies reported for leading frameworks such as
SBA-15 / TAEA, SBA-15/0OAPS, iron filings, glass-coated filings, co-polymer beads, TiO-
nanoparticles, and CLEA / SBA-15. CO, sequestration assays suggested that entrapment
within BIS impeded CO, substrate access to CA, limiting sequestration to levels comparable

with enzyme-free controls.

Adsorption experiments indicated that silica type, rather than temperature, governs CAloading,
with Syloid 244 outperforming both BIS generations. However, CA activity efficiency following
adsorption was unifor mly low (~8% across all silica types, suggesting a conserved and
undefined surface feature may be suppressing catalytic function irrespective of loading

Success.

These findings make a meaningful contribution to the field. They highlight methodological
inconsistencies within biochar literature and the need for standardisation, and challenge
previous assumptions about the direct relationship between framework porosity and enzyme
loading and performance. For adsorption, factors beyond porosity appear to influence CA
loading and activity and warrant further investigation. The comparatively mild and sustainable
manufacture of Gen 2 and Gen 3 BIS may outweigh the additional activity efficiency of
conventional frameworks such as SBA-15 in terms of environmental impact, and pursuing
covalent bonding or functionalisation strategies on these materials may represents a

promising future research direction.

5.5.1 Research Recommendations

e Standardise biochar porosity characterisation: Future research should adopt
consistent gas adsorption protocols, including careful selection of adsorbate gases,
and standardised reporting of SA, PV, PD, manufacture conditions, feedstock controls,
isotherms, and hysteresis data to improve comparability and clarify biochar's suitability

as an enzyme support.
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Investigate CA activity suppression during adsorption: The unifor mly low activity
efficiency (~8%) across all silica types despite markedly different loading outcomes
suggests a undefined conserved inhibitory feature. Future work could characterise the
surface chemistry of Gen 2 BIS, Gen 3 BIS, and Syloid 244 in greater detail to inform

surface modifications that preserve CA conformation and catalytic function.

Reduce variability in BIS entrapment and validate CO, sequestration assays:
Future studies should optimise entrapment protocols to reduce variation and establish
consistent w/w loading values, which would clarify whether the enhanced porosity of
Gen 3 BIS reliably improves CA activity efficiency and | [redacted] is a bene-

ficial or counterproductive step.

Evaluate the full enzymatic cascade using BIS-immobilised CA: Future work
should assess whether BIS-immobilised CA retains sufficient activity to support
cascade reactions with formate dehydrogenase, formaldehyde dehydrogenase, and
alcohol dehydrogenase, and explore co-immobilisation strategies to enhance

multi-enzyme proximity and overall conversion efficiency.
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Appendices

Table 1: A Summary of Studies Which Have Investigated Enzyme Immobilisation onto Biochar

Biochar Source Enzyme Type Enzyme Size
(nm)
Oat Husk®® Lipase (from Candida rugosa) 6.9%%
Pinewood**’ Laccase 6.13%
Pinewood, pig manure, almond shell®%® Laccase 6.1 3%
Pinewood, pig manure, almond shell®% Laccase 6.1 3%
Guava seeds®® Lipase 4 3%
Maple and spruce wood** Laccase 6.1 3%
Pupunha palm?%® Pepsin 6.6 %7
Oat hull and pine bark biochar 2% Lipase (from Candida rugosa) 6.9%%
Caja seeds®® Trypsin 3.33%
Pine white wood, spruce and fir 4% Laccase 6.13%
Pinewood, fir and spruce “*' Laccase 6.1 3%
Granular activated carbon °° Laccase 6.13%
Rice-straw biochar ° Laccase 6.13%
Pine needle biochar Laccase 6.13%
Lemons and limes ** Laccase 6.13%
Holm Oak 4% Laccase from Myceliophthora -

thermophila (MtL) and Pleurotus
eryngii (PeL)

Sugarcane bagasse “% Cellulase 18 -21.547
Bagasse ‘% Tyrosinase 8.3 40
Coconut shell #'° Laccase 6.13%
Avocado seed *'"! Laccase 6.13%
Date stones *'2 Laccase 6.13%
Pomegranate peels Laccase 6.1 3%
Pine needle Laccase 6.13%
Corn straw %% Laccase 6.13%
Rice straw '3 Laccase 6.13%
Corn cob 41 Laccase 6.13%
Rice straw biochar #'° Laccase 6.13%
Not provided 4 Laccase 6.1 3%
Not provided *"7 Laccase 6.13%
Pine wood, pig manure 4 Laccase 6.13%
Not provided #'° Laccase and horseradish 6.1 3% and 5 420
peroxidase
Powdered wood “*' Laccase 6.1 3%
Rice husk *% Lipase 4 3%
Prosopis julifora bark 4% Laccase 6.1 3%
Recyclable textile fibre 42 Laccase 6.1 3%
Pecan shells “*® Laccase 6.1 3%
Pecan shell, peach stone, pistachio shell, pine nut shell Laccase 6.13%

426

Wheat straw 4’ Laccase 6.1 3%
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Sugarcane bagasse “*® Lipase 4 3%
429

Coconut Lipase 4 3%
430

Bagasse Tyrosinase 8.3 40°




