Open Access Article. Published on 23 mart 2024. Downloaded on 30.01.2026 23:21:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY
PPN OF CHEMISTRY

RSC
Sustainability

View Article Online
View Journal | View Issue,

TUTORIAL REVIEW

The Sea's best kept secret: the use of seaweed as
a source of biohydrogen for clean and renewable
energy

i ") Check for updates ‘

Cite this: RSC Sustainability, 2024, 2,
1289

Olivia M. Wyper, ©2 Sohrab Zendehboudi® and Francesca M. Kerton (& *@

Sustainable alternatives to fossil fuels and chemicals are needed. The longer we continue to use petroleum-
derived materials, the greater the detrimental effects of climate change. To this end, this tutorial review
focuses on the use of macroalgae to produce hydrogen as a green fuel and also through third
generation biorefineries to produce a complementary range of high value products compared to land-
based feedstocks. Algae are important renewable feedstocks that can afford degradable polymers,
bioactive compounds (e.g., polysaccharides and polyphenols) and fuels. They also have the potential to
mitigate CO, emissions by acting as a carbon sink. The aim of this review is to show that different pre-
treatment methods and a suite of analytical tools are needed to facilitate effective biohydrogen
production from macroalgae. Consideration of pre-treatment methods has not been reviewed
previously. We also highlight major challenges to its use including variability between species,
environmental conditions, and extraction methods. Understanding macroalgae composition, especially
carbohydrate content, is critical in order to optimize biohydrogen and other fuel yields. A variety of
screening tools, including mass spectrometric methods, can be used to predict the usefulness of

macroalgae species and optimize processing, and thus promote more sustainable research in this field.
Received 20th October 2023

Accepted 21st March 2024 By optimizing pre-treatment techniques (mechanical, chemical, biological and inhibitor removal), and

understanding the composition of algal biomass, hydrogen production from macroalgae can step up and

DOI: 10.1039/d35u00381g play a role in meeting the world's needs for green energy. Strengths, weaknesses, opportunities and

rsc.li/rscsus threats to potential seaweed biorefineries are presented.

Sustainability spotlight

Seaweed is cultivated and harvested around the world to be used as a food and in a wide range of products, such as nutritional supplements, food additives (e.g.
thickening agents), agrochemicals, and cosmetics. However, there is renewed and growing interest in using seaweeds as a source of renewable materials, whilst
capturing CO, via photosynthesis during their growth. One area of exploration is the use of seaweed as a feedstock to produce green hydrogen as a renewable
fuel, amongst other biofuels such as bioethanol and biodiesel. This tutorial review highlights research that has been performed in this area. Cultivation and use
of seaweed may impact many SDGs including SDG 2 (zero hunger), SDG 7 (affordable and clean energy) and SDG 14 (life below water). New uses of seaweed will
also lead to increased opportunities for good employment in rural coastal areas. This is why we ask if seaweed is the sea's best kept secret.

fucoidan (a sulfated polysaccharide) which possesses anti-
bacterial, anti-viral, anti-inflammatory, and anti-coagulant

Introduction

Seaweed, or macroalgae, is becoming more researched due to
its many applications in health, science, and engineering
(Fig. 1). Historically, seaweed has been used in agriculture as
a fertilizer and in Asian cuisine.” Along with being a nutrient-
rich material, traditional medicines have employed seaweed
as a natural drug for centuries due to its bioactive components.
Brown algae, such as Laminaria digitata, is known to contain
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properties.” This has led to applications in dermatological and
pharmaceutical industries.>® The broad range of macroalgae
applications from fertilizers, food, and fuels through to phar-
maceuticals has led to the emergence of sustainable biorefinery
concepts focused on macroalgae as a feedstock.®” As a third
generation feedstock, macroalgae eliminates issues associated
with using first and second generation feedstocks, such as slow
growth rate and land area needed for plant growth. With algae,
large-scale production will occur in the oceans and not lead to
deforestation or competition for habitat that would otherwise
occur if crops such as sugar cane (first generation) and wood
(second generation) are used. As well, macroalgae biomass does
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Fig. 1 Varied uses of seaweed, seaweed extracts and compounds isolated from seaweed including biopolymers (figure made using https://

WWwWw.canva.com).

not require the use of fertilizers to be grown i.e. no added
chemicals are required to facilitate its growth. In fact, it can also
be used to remediate polluted estuaries and coastal areas e.g.
sewage outflow and fertilizer runoff. Its growing speed is
another advantage compared with other crops when consid-
ering its application in production of biohydrogen. It is worth
noting that biorefineries focused on microalgae feedstocks for
the production of biodiesel are at a more advanced stage of
development. This review will focus on macroalgae species as
feedstocks.

Biorefineries were first introduced in the 1990s with the
intention of upcycling low value materials from biomass
resources into commercially desirable goods.® It is only now
that we face a climate crisis that alternatives to petroleum-based
products and extraction procedures for high value products
from biomass are being researched more intensely. The United
Nations report that the largest contribution to greenhouse gas
emissions, and thus climate change, is the burning of fossil
fuels for energy applications with almost 90% of CO, emissions
originating from coal, oil, and gas.” Current biorefineries use
biomass such as starch, sugar crops (e.g. sugar cane), and
grasses.® However, lack of land space and unsuitable growing
conditions for many biomass materials mean that they cannot
be applied globally in biorefineries.* This has led to a greater
shift towards marine-based biorefineries as less land space is
needed and growing conditions can be more varied, and drives
the use of seaweed in this area of research (Fig. 2)."***

When optimizing processes for obtaining materials from
macroalgae, it is imperative that as much information on the
seaweed is collected before extraction and any pre-treatment
methods are employed. There are numerous species of macro-
algae, with all being classed as either brown (Phaeophyceae),
green (Chlorophyta), or red (Rhodophyta) seaweed. Some
researchers have estimated that there are between 300 000 to 1
million species of algae in our oceans, with others claiming
there are around 72500 different varieties.'® Alongside the
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Fig. 2 Simple scheme to represent biohydrogen and biomethane
production from seaweed (figure made using https://
www.canva.com).

enormous number of species to be considered, there are
external factors that influence the chemical composition of
algae. For example, differences in season, depth, nutrient
availability for the plant, wave action, temperature, and salinity
have effects on the composition of seaweed, even in the same
geographic location (Fig. 3).” In addition to this, pre-treatment
and extraction methods can affect what chemicals are obtained
from this feedstock, as will be discussed later, and whether it is
suitable for energy production.

Screening of seaweed suitability via
compositional analysis and
identification of chemical compounds
in seaweeds

Screening of the macroalgae to be used for energy production is

critical for promoting the use of seaweed as a viable alternative
to fossil fuels and other non-renewable sources. When deciding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Factors affecting the chemical composition of macroalgae and its extracts (figure made using https://www.canva.com).

on what seaweed to use, it is important to obtain the concen-
trations of proteins and carbohydrates present. This will
determine if the seaweed being analyzed is a valid option for
biorefinery applications based on the quantity of biofuels it can
potentially produce. In the context of this review, these biofuels
include biohydrogen, biomethane, bioethanol, biodiesel, and
biogas, which is a mixture of biomethane and carbon dioxide."®
We are not considering bio-oil or biogas produced via pyrolysis
methods.

Bulk compositional analysis: carbohydrate, protein, enzyme
levels and ash

Typical methods of analysis for carbohydrates and proteins
include elemental analysis,"” with protein levels typically
measured using the Bradford assay methodology.”® This
involves mixing the Bradford reagent with the algae extract and
then analyzing with UV-Vis spectrophotometry. The use of
a standard bovine serum albumin is typical in this work to
produce a calibration curve for protein content,® and thus,
determining if the seaweed is suitable for biohydrogen
production.

Previous work in this field has observed a significant differ-
ence in carbohydrate content between green, brown, and red
seaweed. It has been shown that brown seaweed, specifically
Laminaria, contained the highest carbohydrate concentration.*
In contrast to high levels of carbohydrate that are critical for
biohydrogen production, research has shown that high yields of
biomethane result from wusing high protein content
biomass.’®** To remove the proteins from algae, Kazir et al.
compared the efficiency of protein extraction using three
different procedures (centrifugation, ultrasound, and dialysis)
with additional compounds such as B-mercaptoethanol or
ammonium sulfate.”® It was determined that suspending

© 2024 The Author(s). Published by the Royal Society of Chemistry

seaweed in sodium hydroxide (NaOH) and treating with ultra-
sound produced the highest purity protein extract from
seaweed. However, it was still noted that extraction of proteins
was difficult to do (10-11%), and further work was needed to
obtain a higheryield. A key point to mention on this work is that
the method that produced the highest purity protein extract was
also the least energy-intensive procedure, as well as being less
complex compared with other procedures performed in their
study. Sustainable procedures like this that have been devel-
oped for food science applications could be extended to energy
uses in the future.

Enzymatic studies employ a pre-fermentation approach to
determine the concentration of two enzymes in the algae:
nitrogenase and hydrogenase. To quantify the amount of
nitrogenase present, Raman spectroscopy and/or an Acetylene
Reduction Assay (ARA) that employ gas chromatography have
been used.> Recently, a new spectrophotometric method to
measure nitrogenase activity has been developed.* Similarly,
quantification of hydrogenase can be done spectrophotometri-
cally via the reduction product of methyl viologen, which is
oxidized by the hydrogenase enzyme.”® These biological cata-
lysts are responsible for the metabolic mechanism associated
with the formation and production of biohydrogen, with bio-
logical engineering required to further optimize the interaction
of the enzymes with the substrate, in this case, organic mate-
rials.”””® However, studies suggest that the hydrogenase enzyme
is sensitive to high concentrations of oxygen (5.0 vol%), which
in turn, directly inhibits biohydrogen production,* and so it is
important to keep conditions anaerobic and monitor oxygen
levels carefully. It is worth noting that bio-engineered enzymatic
treatments, especially when applied on an industrial scale,
might become expensive due to their sensitivity and specificity.
Therefore, Life Cycle Assessments (LCA) and Techno-Economic
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Analyses (TEA) will be important tools to determine if the use of
engineered enzymes are a reasonable addition to the
biorefinery.*®

Ash content present in seaweeds varies significantly
depending on species and geography (~15-49%).*" In the 2015
review by Sambusiti et al, they noted the high levels of ash
produced by brown seaweeds, similar to land-based biomass
such as lignocellulose. The increased level of metals, including
potassium and calcium, in residues left after dark fermentation
of algae have the potential to act as a cheap catalyst for the co-
processing of brown seaweed via gasification.®® A circular
approach within a seaweed biorefinery, where waste from one
process can be used in another, will add to the overall
sustainability of the system.

Water content

Like humans, seaweed is composed mostly of water (~80-
90%)."” However, for biorefinery applications this is a disad-
vantage. For biohydrogen to be produced, seaweed is dried, and
therefore temperatures ranging from 80-120 °C (and more
energy) are needed to dehydrate the feedstock initially. In their
2020 study, Zhang et al. concluded that the conversion of freshly
harvested seaweed to dry seaweed was a carbon-neutral process
with high yields of (bio)hydrogen being observed.*® Seaweed is
able to act as a carbon-neutral material by absorbing CO, from
the atmosphere during photosynthesis, whereby CO, produced
as emissions can be mitigated.** A range of methods have been
explored to dewater and ultimately dry the seaweed feedstock:
osmotic media, organic/mineral acids, screw-pressing, and
conventional drying.*® As seen in other research studies using
seaweed towards biorefinery applications, these processes are
species-dependent. It was reported that to dewater brown
seaweed, required for biohydrogen production, it should be
treated with hydrochloric acid before pressing. However, dew-
atering a red seaweed species, Palmaria palmata, could be done
using screw pressing alone.*

Mass spectrometry, vibrational spectroscopy and other
characterization tools

Analysis of components present within seaweed is often per-
formed via mass spectrometry (MS) and spectroscopy. MS
techniques reported include Quadrupole Time of Flight Mass
Spectrometry (qQTOF MS), Matrix-Assisted Laser Desorption
Ionization Time of Flight Mass Spectrometry (MALDI-TOF
MS),*” Liquid Chromatography Tandem Mass Spectrometry
(LC-MS/MS),*® Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)* and Pyrolysis-Gas Chromatography Mass Spectrom-
etry (Py-GC/MS).* These methods have particular strengths
when determining structure and chemical composition of
carbohydrates in seaweeds. However, due to the complex nature
of the analytes, reproducible results are difficult to obtain, and
fragmentation reported in literature spectra may not be seen for
a multitude of reasons (environmental differences, extraction
technique, genus of seaweed) in subsequent samples. Histori-
cally, spectroscopic data have been obtained through infrared
spectroscopy (IR) including attenuated total reflectance (ATR),
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and Raman spectroscopy.*' Thermal Gravimetric Analysis (TGA)
has also been used to get valuable information on algae feed-
stocks and pre-treatment methods, and shows stepwise
decomposition of bio-polymers present (alginic acid, fucoidan,
and laminarian).** Microscopic analysis such as Scanning
Electron Microscopy (SEM) and X-ray Diffraction (XRD) are also
useful to determine whether pre-treatment methods have
affected the surface structure of the seaweed or the crystallinity
of biopolymers within so it can produce biogas in decent
yields.*

By using various types of analysis, appropriate seaweeds for
biohydrogen analysis can be identified for screening and opti-
mization purposes. This promotes sustainability by limiting the
amount of waste that would be produced if seaweeds were sent
through for pre-treatment, without first determining if they are
suitable for producing biohydrogen.

Pre-treatment (mechanical, biological,
and chemical)

Pre-treatment of macroalgae for biogas production has been
reported as an effective way of increasing the yield for bio-
refinery applications (Table 1). Although there are a wide variety
of pre-treatment processes, there are four major types:
mechanical, chemical, biological, and thermal.*® Inhibitor
removal, also known as detoxification, is also employed after
pre-treatment of seaweed as inhibitors will cause biohydrogen
yields to decrease.**

Mechanical

The main objective of mechanical pre-treatment is to increase
the accessible surface area of the algae to encourage greater
extraction of carbohydrates and sugars that can then ferment to
produce biogas.*> Procedures such as milling, chopping,
microwave, and beating are all examples that lead to increased
surface areas, but not all of them encourage greater fuel
production for all seaweeds (Fig. 4). For example, when the
seaweed U. lactuca was milled using centrifuge apparatus
a decrease in bioethanol yield was observed. On the other hand,
the same procedure performed on C. lineum, a green seaweed,
led to a 64% increase in bioethanol yield compared with
untreated macroalgae.*® Regarding biohydrogen specifically,
a combination of grinding and thermal treatment have shown
H, yields of 158 mL of gas per gram of volatile solid (VS) for
Laminaria japonica.*’

Chemical

Chemical pre-treatment involves the addition of chemicals such
as acids or bases to encourage hydrolysis of carbohydrates
present in seaweeds.*®*® Along with strongly acidic or basic
compounds such as HCl and NaOH, recent literature has
explored the use of ionic liquids (ILs), such as 1-butyl-3-
methylpyridium chloride ([Bmpy][Cl]) and 1-butyl-3-methyl
imidazolium chloride ([Bmim][Cl]), to assist with poly-
saccharide hydrolysis and subsequent bioethanol production.
Use of ILs can promote greener practices in this research field,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Graphic summary of different mechanical pre-treatment
options for enhancing biogas production from seaweed (figure made
using https://www.canva.com).

and in some cases increased sustainability by reducing by-
product formation and they could be recycled and reused
whilst maintaining a high level of efficiency.*

In addition to use of acid or base alone, peroxide treatments
have been used in tandem with enzymatic hydrolysis proce-
dures for bioethanol production, and perhaps this could be
extended to biohydrogen generation. Optimal conditions for
the pre-treatment of Ulva prolifera, green algae, was 0.2% H,0,
at a pH 4.0 for 12 hours at 50 °C on seaweed residue after
carbohydrate extraction.’* The function of peroxide treatment is
to increase cell wall degradation. If the integrity of the algal cell
wall was not destroyed, biohydrogen, bioethanol, and other bio-
derived gases could not be formed.**> However, LCA and TEA
would need to be performed prior to further pursuit of this
method or commercialization. Work from Sivagurunathan and
co-workers showed that dilute sulfuric acid optimized sugar
release from the algae Gelidium amansii compared to other
acids such as HCl and HNO;.>?

Biological

Biological treatments, also known as enzymatic treatments,
look at using specific classes of enzymes to promote degrada-
tion of seaweed such as cellulases. For biorefinery purposes, the
focus is on hydrolysis of polysaccharides into the corresponding
simple sugars that can then be used for biogas production.* We
can compare this approach with land-based bio-feedstocks and
in particular to lignocellulose degrading enzymes, such as
monooxygenases.’ By using an enzyme, less energy, chemicals,
and synthetic steps are needed to obtain the desired result.
Although enzymes, such as cellulases, have often been consid-
ered too expensive for industrial implementation, new tech-
nologies are being developed to produce industrially relevant
enzymes in a low-cost and sustainable way.>>>°

Work conducted by Herrera Barragan et al. investigated the
use of enzyme assisted extraction (using proteases and carbo-
hydrases) for a downstream seaweed biorefinery process.
Additionally, they completed a TEA, which focused on the
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economic performance of using enzymes to obtain alginate and
biological saccharides, such as laminarin and fucoidan. Their
results showed that even using cheaper, more general enzymes,
such as proteases, the enzymes represent 40% of the total cost
of operations with the percentage increasing to 72% with more
specific and, therefore, expensive enzymes.”” In addition,
research seen in literature shows biomethane production using
fungi as a source of enzymes as a renewable and cost-effective
starting material with relatively high biomethane yields.*®
Therefore, further research is needed to reduce enzyme
production costs. Also, this research suggests that high value
co-product extraction will be essential in early generations of
seaweed biorefineries in order to supplement fuel production.

Inhibitor removal

Along with treatments to encourage biogas production by
increasing surface area and the amount of carbohydrate readily
available, there are also processes to remove components from
seaweed that could potentially reduce the yield. Similar to the
procedures above, the removal of such compounds has shown
varied effects, both beneficial or detrimental, toward biogas
production. For example, it was reported by Hierholtzer and
Akunna that salts present in macroalgae found in oceans affect
microbial digestion.” In other words, salts limit the growth of
bacteria that degrade seaweed. In order to optimize yield in
bioethanol, biodiesel, and biomethane production, salts should
first be removed. In addition, metals and phenols sometimes
found in algae can decrease biogas yields. Along with surface
contaminants including salts, products formed during thermal
pre-treatment can inhibit the production of biohydrogen. For
example, 5-hydroxymethyl furfural (HMF) and furfural by-
products can be removed using activated carbon, leading to
an increase in ethanol yields.*® Related to this, the production of
levulinic acid (through decomposition of HMF) has been
determined to also inhibit the production of biohydrogen in
literature works.®* It is worth noting that some by-products, like
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HMF, have potential uses themselves such as in organic
synthesis as a starting material.®*** Using such by-products
would reduce waste overall and would create a process that
encourages circularity.

Product characterization and analysis
using mass spectrometry

Since carbohydrates, whether complex polysaccharides or
simple sugars, are key to biohydrogen production, their
measurement is key to understanding many of the pre-
treatment methods used to increase process efficiency. There-
fore, it is important to understand the different methods
available for their analysis. The most common ones used for
carbohydrate analysis are Electrospray Ionization Mass Spec-
trometry (ESI MS), and Matrix Assisted Laser Desorption Ioni-
zation Time of Flight Mass Spectrometry (MALDI-TOF MS).**
These are often used in conjunction with chromatographic
methods such as Gel Permeation Chromatography (GPC), which
can also provide information on the size of the biopolymer itself
or fragments produced via hydrolysis. Due to the complex
nature of polysaccharides present in seaweed, including fucoi-
dan, mass spectrometric techniques, especially tandem mass
spectrometry MS/MS, tend to give more valuable structural data
(sugars present, degree and position of sulfation) compared
with NMR and IR spectroscopies.

Electrospray ionization mass spectrometry

Electrospray Ionization Mass Spectrometry (ESI MS) is
a common analytical tool used across science and engineering
disciplines to determine structural and side chain functional-
ities present in molecules (Fig. 5). Molecules are ionized and
fragmented to yield a species or fragment with varying mass-to-
charge (m/z) ratios. Depending on how much of the fragment is
present in the mixture and produced during ionization in the
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Fig. 5 Analytical tools used for assessing carbohydrate content in seaweed for biohydrogen production and their respective strengths and
weaknesses (instrument images obtained from https://www.biorender.com).
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instrument, the intensity of the signal in the mass spectrum for
the fragment will vary. Seaweed extracts and other complex
polysaccharide mixtures require additional procedures before-
hand so data can be collected and analyzed. Without prelimi-
nary work, the large size of the biopolymer prevents its
volatilization and subsequent ionization in the mass spec-
trometer's source. Hydrolysis procedures are the most common
method for breaking down the polymer before being subjected
to MS analysis and this hydrolysis can be performed in a similar
way to pre-treatment methods above i.e. acid/base hydrolysis or
enzymes. Identifying fragments, and determining the number
and types of sugars present, are critical steps in the pre-
treatment stage to determine if that seaweed can be used in
biorefinery applications.

Matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS)

MALDI-TOF MS is a common technique used in the analysis of
polymers, both synthetic and natural, as it can provide infor-
mation on molecular weight and end-groups that are present.
When using MALDI-TOF MS as an analytical tool, a range of
factors such as the matrix and cationizing agent can enhance
sensitivity and increase ionization efficiency. Common matrices

Inhibitor Removal

|

Pre-treatment ————— Biological

Macroalgae

View Article Online
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used include a-cyano-4-hydroxycinnamic acid (HCCA) and 2,5-
dihydroxybenzoic acid (DHB), along with sodium tri-
fluoroacetate as a cationizing agent (NaTFA). Cationizing agents
assist, in this case, by protonation of the previously neutral
species to give greater sensitivity. Additives such as HCCA, DHB,
and NaTFA are particularly useful here as collecting complex
structural data will be imperative in determining optimal
extraction and pre-treatment methods for biogas production.®
Previous studies using biological pre-treatment, such as enzy-
matic degradation, helped depolymerize the polysaccharides
and allow the sugar monomers present in the seaweed to be
identified and quantified without needing chromatographic
separation beforehand.®® Within this field, understanding of
the sugars present is the key goal as the sugars are the food for
microbes present in the bioreactor, which produce the biogas
product.

Gel permeation chromatography (GPC)

GPC is sometimes run alongside MS experiments as it can
provide information on the molecular weight of the poly-
saccharides based on their hydrodynamic radius (size in solu-
tion). By using columns to provide separation of the
macromolecules by size, typically larger (and heavier) molecules

Mechanical

Chemical

Treated macroalgae

Biorefinery processing plant

Biochar residue

Biofuels

Nutraceuticals
and cosmetics

Agrochemicals

Ex: hydrogen, methane, ethanol

Fig. 6 General biorefinery process using seaweed as a renewable feedstock.
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are eluted first as smaller molecular weight (MW) structures
diffuse in and out of pores present in the column. For bio-
refinery applications, MW data is crucial to determine the
amount of hydrolysis that needs to occur to obtain simple
sugars, that will be useful for energy applications. Yuan and
Macquarrie investigated the effect of various alginate molecular
weights in alginate for biorefinery use. They showed that using
pre-treatment conditions in a biorefinery, downstream process,
allowed for a lower MW biopolymer to be obtained (75 kDa)
compared with a high MW biopolymer from a regular alginate
extraction (195 kDa). Moreover, extractions using ethanol
beforehand to remove pigments and other co-products, as well
as fucoidan isolation using acidification and centrifugation led
to lower molecular weights being seen.” Lower molecular
weights are preferred for biorefinery processes, as it becomes
easier to break these down into simpler carbohydrates for
biogas production.®®

Product characterization and analysis
using spectroscopy

Due to the complexity of carbohydrates present in macroalgae,
spectroscopic techniques are often performed alongside spec-
trometric and chromatographic methods. These include
Infrared Spectroscopy (IR), Raman Spectroscopy, and Nuclear
Magnetic Resonance (NMR) Spectroscopy. IR is perhaps the
most useful one in terms of allowing product formation to be
monitored. Other techniques like "H-NMR spectroscopy have
shown promise in the area of phenol detection in the algae
feedstock, which has been shown to decrease hydrogen
production.® Phenolics can be extracted beforehand and used
in other industrial applications such as in dermatological
applications to further enhance the circular economy of
seaweed.”®

Infrared spectroscopy

IR spectroscopy provides structural data about biomolecules
and can be quantitative. The technique is easy, fast, and cost-
effective,”* making it ideal for biorefinery applications.

Work reported by Wolf et al. explored the benefit of near
infrared spectroscopy (NIRS) for continuous analysis of
multiple compounds in both solid and liquid phases. Along
with dry matter, such as ash, and volatile organic compounds,
multiple acids present in the digestion stage (acetic, propionic,
and butyric acid) were measured to understand the microbial
activity throughout a biomethane production plant.”> By
obtaining in situ measurements using NIRS, optimization of
biogas production can be achieved by understanding the
microbial composition of the solid and liquid components.
Additional research in this area from Kumari et al. used IR
spectroscopy during pre-treatment stage of microalgae to
monitor the disruption of cell walls.” Results showed that pre-
treatment conditions were able to weaken bonds of lipids,
proteins, and carbohydrates that were found in the microalgae
cell wall, and thus increasedbiogas yields. By using pre-
treatment methods such as those described, the amount of
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biogas produced can be maximized and spectroscopic methods
are important in this quest.

Raman spectroscopy

Although not as common as IR spectroscopy, Raman spectros-
copy, more specifically cavity enhanced Raman spectroscopy,
has also been used in monitoring biogas production.” Like FT-
IR, Raman spectroscopy provides structural information on
molecules through the vibrational modes displayed in a spec-
trum that are characteristic of specific functional groups.
Through the research conducted by Sieburg et al. the benefits of
using cavity enhanced Raman were highlighted including fast
response times (5 seconds) and the analysis of a mixture of
gases (CH,, CO,, N,, O,, and H,). This type of spectroscopy is
important for biogas monitoring to quantify what is being
released during the fermentation process. This will then reveal
additional information on what pre-treatments can optimize
biogas yields, and moreover, signalling when the system
plateaus in biogas production. This is still a relatively new way
of analyzing biogas, but Raman spectroscopy is being used in
materials and biomedical sciences and could be explored
further in biofuel applications. One reason why minimal
research into Raman spectroscopy applied to biogas production
from algae has been performed could be due to its perceived
lack of reproducibility. As stated previously, there is already
significant variation in macroalgae composition due to species,
extraction, and external factors.

To summarize, we note the main challenges associated with
screening algal biomass as well as analytical tools used to
monitor biohydrogen and biogas production. Due to the
complexity of algal biomass' chemical composition, screening
biomass to be used in biohydrogen applications is a challenge
for researchers in this area. With seasonal and geographical
variation and inter species, as well as extraction techniques, the
overall composition can be challenging to determine. Further-
more, having a general method for all types of seaweed is
impossible to predict and optimize. That being said, ways of
screening for compounds of interest in biorefinery applications
can be created and used universally across all types of seaweed.
Future work in this research area will look at additional ways to
screen seaweed that is cost efficient and optimal for predicting
biohydrogen yield. Furthermore, it will be of equal importance
to consider the sustainability of the process, meaning extraction
methods that use less energy and solvents should be identified.
New green approaches may have a dual benefit leading to
greater yields of biohydrogen in addition to reducing the envi-
ronmental impact of the process overall.

Conclusion

In this review, we have highlighted the use of macroalgae as
a source of sustainable energy. Seaweeds are available world-
wide and can be used as an important renewable source of
hydrogen and methane. Optimization of all pre-treatment
methods and identification of suitable analytical techniques
are critical to the success of seaweed based biorefineries such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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those that could produce fuels alongside higher value, biologi-
cally active compounds, nutritional supplements, and biopoly-
mers. Certainly, disadvantages exist and need to be considered,
such as variability across species, climate, and season. However,
the potential of reducing, and eventually reversing, the effects of
climate change provide a strong impetus towards development
of seaweed as a renewable feedstock and source of green
hydrogen.

This review reveals the gap in literature regarding the
comparison of pre-treatments for macroalgae being used in
biohydrogen work, which to our knowledge, has not been per-
formed to date. Work currently in the literature shows optimi-
zation of a single pre-treatment, but not of combinations of
different pre-treatments. As previously referenced, chemical
pre-treatment using hydrogen peroxide was optimized by Li and
co-workers to produce bioethanol from Ulva prolifera biomass,**
and has not been explored for biohydrogen production nor
combined with other pre-treatment methods such as milling. By
comparing methods of pre-treatment in parallel or sequentially,
the processes can be evaluated and assessed in a judicious way
e.g. the effect on the environment via Life Cycle Analyses (LCA)
may show that enzymatic pre-treatment combined with mech-
anochemistry is preferential to chemical pre-treatment. A recent
report described LCAs of biohydrogen production from
municipal solid waste compared with solar and wind energy. It
showed that a negative carbon footprint can be achieved from
starting materials with carbon capture ability.”> Extensive work
in this area will need to be conducted to show that the use of
macroalgae as a replacement to fossil fuels is a viable option to
globally become carbon negative, such as thorough biorefinery
design by gradual scale-up from lab scale to pilot scale, and by
making adjustments as necessary, up to full scale. Biohydrogen
production would be complementary to existing developments
producing biodiesel, as lipids are used for biodiesel production
and the carbohydrates within the macroalgae are important for
biohydrogen production.

Future perspectives

The use of macroalgae in various applications has increased
over the past decade, with a focus on nutraceuticals, derma-
tology, and bioenergy applications. Amongst many, it can be
said that seaweed provides many advantages, such as being
arenewable material. However, for macroalgae to be considered
as a viable option for biorefinery applications, it is crucial to
understand its composition. Monitoring different types of algae
under varying conditions (such as temperature, salinity, and
wave speed) will be needed to understand how external stresses
relate to sugar content. Along with external stresses, how the
seaweed is then processed will be of equal importance as some
methods promote the formation of other products that may not
be of interest. For biohydrogen applications, having sugars that
are fermentable will lead to greater yields.>

Strengths, weaknesses, opportunities, and threats (SWOT)
are important when considering seaweed as a renewable feed-
stock in biorefinery applications. Seaweeds are a sustainable
option for many reasons, such as not competing for land mass
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and their rapid growth rate. They are also able to remediate
environmental issues in oceans, such as heavy metal contami-
nation. They can also serve as tools for conservation and assist
in supporting fish stocks by providing a suitable environment
for young fish to mature (fish nurseries). However, weaknesses
also exist. As with all plants, macroalgae can suffer from
diseases and be impacted by weather-related emergencies, with
the latter becoming increasingly common due to climate
change. Seaweed farms are at a great risk from these issues.
Furthermore, new infrastructure and training of suitable
personnel are needed for a successful farm. Opportunities for
encouraging a circular economy are present when using
seaweed because a range of bioproducts of high value can be
produced simultaneously alongside biohydrogen (Fig. 6).
Seaweed biorefineries would also support rural employment
opportunities and economic diversification. Threats to third
generation biomass for biorefinery applications include wind
and solar energy being used to generate energy and hydrogen
production via electrolysis processes. Although these energy
options move away from fossil fuel usage, they can be expensive
to start and maintain, and do not produce the range of products
that biorefineries do. Solar and wind energy are dependent on
location (e.g., those with high wind or sun scale), which is
a factor in common with ocean biorefineries. Therefore,
preferred hydrogen production methods will be strongly
dependent on geography. By using seaweed as a renewable
starting material, we should be able to optimize procedures so
that weaknesses and threats of using macroalgae as a feedstock
for biorefinery applications are minimized.
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