
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 2

5/
1/

25
69

 1
9:

32
:4

5.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
ProFA – valoriza
aInstitute of Technical and Macromolecu

Bundesstrasse 45, 20146 Hamburg, German
bInstitute of Technical Biocatalysis, Hamburg

21073 Hamburg, Germany

† Electronic supplementary information (E
and analytical data of catalysts a
https://doi.org/10.1039/d5su00012b

Cite this: RSC Sustainability, 2025, 3,
3418

Received 7th January 2025
Accepted 23rd May 2025

DOI: 10.1039/d5su00012b

rsc.li/rscsus

3418 | RSC Sustainability, 2025, 3, 34
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a source of proteins and formic acid†

Stefanie Wesinger, a Keerthana Erattemparambil, b Andreas Liese, b

Maximilian J. Poller, a Ana Malvis Romerob and Jakob Albert *a

Macroalgae are promising feedstocks for the sustainable production of bioplastic films from proteins or

platform chemicals such as formic acid (FA) as they are valuable sources of proteins and carbohydrates.

This study explores the possibility of using macroalgae as biomass for biogenic FA production using the

OxFA process in combination with the extraction of proteins from macroalgae with a focus on resource

utilisation and innovation. Herein, the extraction of proteins and the utilisation of the other components

of macroalgae to produce FA are linked for the first time. The aim was to find out which macroalgae is

best suited to produce FA and protein-rich solids. For this purpose, three different algae were tested: the

brown alga Fucus vesiculosus, the green alga Ulva fenestrata and the red alga Porphyra dioica. In

addition, the most suitable catalyst for this study was selected from the two polyoxometalates

H5PV2Mo10O40 (HPA-2) and H8PV5Mo7O40 (HPA-5) known for their suitability in the OxFA process. After

Porphyra dioica proved to be a promising substrate, the parameters such as temperature (80–120 °C),

reaction time (18–30 h) and catalyst/substrate ratio (0.05 to 0.5) were evaluated for their statistical

influence using a Box–Behnken design of experiments. The resulting model was then used to optimise

the protein content and FA yield. The optimal conditions were determined to be 80 °C, 30 hours and

a catalyst-to-substrate ratio of 0.5 resulting in a protein yield of 59.5% and a formic acid yield of 16.4%.

For protein extraction from the solid residues, three different methods such as alkaline hydrolysis,

ultrasound-assisted extraction (UAE) and ionic liquid extraction (ILE) were investigated. All extraction

methods resulted in a protein recovery of more than 40% dw, with UAE yielding the highest protein

recovery of 87.2% dw (at 100% sonication amplitude) showing 30% higher protein recovery than alkaline

hydrolysis and 40% higher protein recovery than ILE. It turned out that the OxFA process followed by

protein extraction using UAE gave a high protein recovery and a promising yield of formic acid.
Sustainability spotlight

To realize the goal of a carbon-neutral society, the closing of carbon and nitrogen cycles in platform chemicals would be extremely important. Macroalgae are
promising feedstocks for the sustainable production of bioplastic lms from proteins or platform chemicals such as formic acid as they are valuable sources of
proteins and carbohydrates. This study explores the possibility of using macroalgae as biomass for biogenic formic acid production with the OxFA process in
combination with the extraction of proteins from macroalgae with a focus on resource utilisation and innovation.
Introduction

Biomass is an important feedstock to target the problem of
shiing the chemical industry to more sustainable processes.
Algal biomass is an abundant renewable source of carbon (C)
and nitrogen (N) combined within one species. Specically,
lar Chemistry, University of Hamburg,
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University of Technology, Denickestr. 15,
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macroalgae represent a vast and underexplored resource for
protein extraction, with benets such as rapid growth rates and
minimal environmental footprint. Recently, macroalgae
proteins have gained signicant scientic interest for applica-
tion in non-food industries such as cosmetic and pharmaceu-
tical sectors.1

Macroalgae are, on the one hand, important sources of
proteins, lipids, vitamins, and other biologically active
compounds like phycobilin and carotenoids.2 On the other
hand, using the carbohydrates from macroalgal biomass led to
products like biogas,3 bioethanol or biobutanol.4 In addition,
the proteins, polysaccharides and lipids found in macroalgae
can be utilised for the production of biopolymers.5 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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utilisation of macroalgae not only meets the growing demand
for alternative protein sources, but also does so with minimal
impact on the environment associated with the cultivation of
macroalgae.1,6,7 Therefore, protein extraction from macroalgae
is an important process for sustainable resource utilisation and
innovative industrial application of products. Macroalgae are
divided into three different types: red, brown and green mac-
roalgae. One example for a red alga is the species Porphyra
dioica, which is known for its high protein content (25–30% dw).
These species are found especially in warm waters like in Por-
tugal, New Zealand, South Africa, etc. and in freshwater and
saltwater.8–10 One example for a brown alga is the species Fucus
vesiculosus also known as Bladderwrack mainly present in cold-
temperature water regions. These algae have a protein content
of around 6% dw to 10% dw.11,12 For a green alga Ulva fenestrata
is an example which can be found in many parts of the world in
polluted and pure water as well as open or protected areas. This
species is considered an important protein source with
a protein content of 15% dw to 20% dw and a wide range of
polysaccharides like cellulose, starch, glucan and ulvan.13–15

Various protein extraction techniques such as liquid extrac-
tion and ultrasonic extraction as well as novel methods such as
ionic liquid extraction and two-phase separation have been
investigated for macroalgae proteins.1 In general, a combina-
tion of extraction techniques together with a pre-treatment
increases the protein yield. The fundamental principle of
extraction techniques is the disruption of the cell wall. Alkaline
hydrolysis is a conventional extraction technique for algal
protein extraction.1 The application of acid before alkali
extraction enhances the liberation of polysaccharides and
proteins within the cell wall matrix and can increase the solu-
bilization of proteins.16 Ultrasound-assisted extraction (UAE) is
a technology that utilizes sound waves at frequencies higher
than 20 kHz to destroy the cell wall matrices of the macro-
algae.17 During the treatment, smaller cavitation bubbles within
the liquid surrounding the macroalgae cell collapse which
results in higher shear stress and eventually break down of the
cell wall.18 UAE results in lower solvent consumption and is in
general a simple, efficient and inexpensive extraction method.
Nevertheless, using ultrasound could lead to excessive heat
generation which might interfere with the protein structure.19 A
Fig. 1 Schematic flow-chart of the ProFA process. The unit operations a

© 2025 The Author(s). Published by the Royal Society of Chemistry
more novel protein extraction approach is Ionic Liquid Extrac-
tion (ILE). Ionic liquids are known to be efficient extraction
media for complex biomolecules especially lignin or hemi-
cellulose in lignocellulosic biomass.20 These ILs interact with
the macroalgae cell walls while disrupting intermolecular H-
bonds in the cellulose present in the cell wall causing their
dissolution. This results in partial or complete damage of the
cell wall.1 Utilizing ILs synthesized from natural sources can
increase the biocompatible nature and sustainability by using
ILs with less toxic environmental impacts.21,22

Different extraction approaches can be combined to improve
the extraction of valuable components and the remaining
fractions can be used as raw materials to produce other
compounds, thus minimising waste streams. This concept
increases the value of macroalgae as a bioresource and
promotes sustainable development. Therefore, the selection of
the most effective technology for the separation of proteins
from macroalgae is crucial.1,19

If proteins are extracted from the macroalgae, carbohydrates
are usually waste products. In order to increase the total added
value of macroalgae, these carbohydrates can be converted into
platform chemicals. One possible value product is formic acid
(FA). FA is widely used in various industries such as the chem-
ical, agricultural, leather and rubber industries.23 The latter is
also discussed as a hydrogen carrier and as a liquid syngas
equivalent.24,25 Biogenic formic acid can be produced from
biomass especially carbohydrates under mild conditions (<100 °
C) using the OxFA process.26 Herein, biomass is selectively oxi-
dised using a polyoxometalate (POM) catalyst to produce FA and
carbon dioxide. Macroalgae, which are rich in polysaccharides,
can also be used to produce biogenic FA using the OxFA process
and therefore represent a sustainable alternative to fossil
fuels.27–29

This study focuses on combining the OxFA process with
protein extraction methods for the complete valorization of
macroalgae. In the OxFA process, carbohydrates are oxidized to
FA, leaving a solid residue ideally consisting of mainly non-
water-soluble proteins in unreacted macroalgae remains. We
investigated various methods to extract these proteins therefore
increasing the utilization of the algae. Three different macro-
algae species, namely Porphyra dioica, Ulva fenestrata and Fucus
re marked in blue and the reactants and products are colored greenish.

RSC Sustainability, 2025, 3, 3418–3436 | 3419

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00012b


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 2

5/
1/

25
69

 1
9:

32
:4

5.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
vesiculosus were tested for their use in this biorenery concept.
By applying a Box–Behnken design of experiments (DoE), the
statistical inuences on the OxFA process with the most
promising macroalgae species are analyzed. Following the
optimization, the solid residue obtained is utilized for protein
extraction. This study also explores various protein extraction
methods, emphasizing both traditional and novel techniques
such as solid–liquid extraction, ultrasound-assisted extraction
(UAE) and ionic-liquid based extraction (ILE). Additionally, it
investigates the factors inuencing protein recovery for each
extraction method. Understanding these aspects is crucial for
optimizing protein extraction protocols with maximized protein
recovery. A simplied process scheme is shown in Fig. 1.
Experimental
Substrates and catalysts

The macroalgae used for the study, the red alga Porphyra dioica,
the green alga Ulva fenestrata and the brown alga Fucus ves-
iculosus, were cultivated by the company ALGAplus in the
coastal lagoon of Ria de Aveiro (40°380 N, 8°440 W) based on an
open Integrated Multi-Tropic Aquaculture system. Aer har-
vesting, the macroalgae biomass was washed with seawater,
centrifuged to remove the excess water, and dried in an air
tunnel at low temperature by ALGAplus. To make sure that
different particle sizes have no inuence on the outcome of the
reaction, the samples were milled to 250 mm using a Retsch ZM
200 (Retsch, Germany) at 18 000 rpm in Hamburg.

The used catalysts HPA-2 (H5PV2Mo10O40) and HPA-5
(H8PV5Mo7O40) were synthesized according to a procedure
described by Albert28 and Raabe et al.30 Further information
about the synthesis and characterization of the catalysts is given
in the ESI (Table S1 and Fig. S1 to S4).†
Catalytic oxidation experiments

All catalytic oxidation experiments were performed in a 600 mL
Hastelloy C276 autoclave (Parr Instruments, USA) equipped
with a gas entrainment stirrer (Cemp International, Germany).
The reactor was lled with 10 g of algae and 200 g of water. The
amount of catalysts varied between 0.5 g and 5 g according to
the desired catalyst/substrate ratio of 0.05 and 0.5 gcatalyst
gsubstrate

−1. The reactor was closed and purged three times with
molecular oxygen (30 bar). To set up the reaction conditions the
reactor was pre-pressurized with ca. 20 bar of oxygen, heated up
to the desired reaction temperature (80 °C or 120 °C) and
a stirrer speed of 300 rpm was set. The screening experiments
for the different algal substrates were conducted non-isother-
mally and isochore, and therefore the reaction temperature is
the starting temperature of the experiment. The DoE experi-
ments are carried out in an identical, but isothermal, set-up. At
the reaction temperature, the desired pressure of 30 bar oxygen
was adjusted and the stirrer speed was increased to 1000 rpm.
Aer the reaction time (between 18 h and 30), the stirrer speed
was set to 300 rpm and the reactor was allowed to cool down to
room temperature. A gas sample was taken from the cooled
down gas phase and analyzed via gas chromatography (GC). The
3420 | RSC Sustainability, 2025, 3, 3418–3436
reactor was depressurized. The solid residue was ltered and
washed with deionized water and dried overnight at 40 °C. The
dry solid residue was weight and analyzed via organic elemental
(CHNS) analysis for protein content. The liquid phase was
analyzed via High Performance Liquid Chromatography
(HPLC). The benchmark experiments were conducted as
described with a temperature of 90 °C, a reaction time of 24 h
and an amount of catalyst of 1 mmol (1.67 g (HPA-5) and 1.88 g
(HPA-2)).
Protein extraction methods

Alkaline hydrolysis. Alkaline hydrolysis was based on the
method described by Harnedy et al.31 with some modications.
For the extraction, 0.1 g of solid residue was suspended in
NaOH solution (concentration was varied between 0.08–0.14 M)
at a weight : volume ratio of 1 : 15, containing 0.2 g/100 mL of N-
acetyl-L-cysteine (NAC). NAC is a reducing agent and as reported
by Harnedy et al.31 its addition can increase the yield of alkaline
soluble protein during extraction. Alkaline extraction was per-
formed in a thermoshaker (Grant Instruments, United
Kingdom) at 750 rpm and 20 °C for 4 h. The extract was sepa-
rated by centrifugation at 10 000 rpm for 20 minutes and was
analyzed for protein content. The extraction was performed in
duplicate (n = 2).

Ultrasound-assisted extraction (UAE). The ultrasound-assis-
ted extraction (UAE) was performed in an alkali medium. For
the extraction, 0.6 g of solid residue was suspended in 0.4 M
NaOH solution with a ratio of 1 : 15. An HD 2700 ultrasound
machine (Bandelin, Germany) with an MS 73 probe was used.
The samples were kept in an ice bath throughout the experi-
ment to prevent heating up. An extraction time of 10 min and
frequency of 20 kHz was used, and the amplitude was regulated
between 20–100%. The highest frequency (100%) is a power of
70 W. The resulting solution was centrifuged at 5000 rpm for 15
min at 4 °C. The extract was separated and analyzed for protein
content.

Ionic liquid extraction (ILE). The third purication approach
is based on the methods described in Eppink et al.21 with some
modications. The solid residue was treated with choline
chloride (concentration varied between 10 wt% and 50 wt%). A
sample weight of 0.1 g was mixed with 1.5 mL of choline chlo-
ride (ratio of 1 : 15). The solution was mixed using a Vortex mini
(Janke and Kunkel, Germany) and extracted for 10 min at 25 °C
in a thermoshaker (Grant Instruments, United Kingdom) at
1000 rpm. The mixture was then centrifuged at 3000 rpm for 10
minutes at 4 °C. The extract was separated and analyzed for
protein content.
Analytic methods

For the pre-characterization of the algal biomass, the protein,
amino acid, carbohydrate, lipid, moisture and ash contents and
the elemental composition were analyzed. For product analysis
GC was used for the gas phase and HPLC for the liquid phase.
The solid residue was analyzed for proteins and elemental
composition.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Elemental composition – CHNS analysis. The elemental
composition (CHNS-content) was determined via a Vario Macro
Cube NCHS analyzer (Elementar, Germany) with an internal
thermal conductivity detector.

Protein and amino acid analysis. The nitrogen content
measured via CHNS-analysis was used for the quantication of
the protein content by multiplying by a factor of 6.25.32 The
amino acid prole was estimated via HPLC by hydrolyzing the
proteins to their respective amino acids by the procedure fol-
lowed by Lamp et al.33

Carbohydrate and ash content. The carbohydrate and ash
contents were estimated using the LAP procedure established
by the National Renewable Energy Laboratory (NREL – TP-510-
42618).34 In short, the ash content of the sample was deter-
mined in a muffle furnace with a temperature prole between
105 °C and 575 °C. For carbohydrates, 1.5 mL of 72% sulfuric
acid for hydrolysis were added to approximately 150 mg of the
sample in a pressure tube. This tube was incubated for 60 min
at 30 °C. Aer the hydrolysis step, 42 mL of deionized water was
added to dilute the sulfuric acid to 4% and autoclaved for 60
min at 121 °C. The hydrolysates were ltered and analyzed for
formic acid and acetic acid by HPLC. The HPLC was operated at
a ow rate of 0.6 mL min−1 at 65 °C for 60 min with 5 mM
sulfuric acid as the mobile phase in a Biorad Aminex HPX-87H
column. For the carbohydrate content the ltrate was neutral-
ized with calcium carbonate to a pH of 5–6 and analyzed via
HPLC. This HPLC used a Shodex sugar SP0810 column operated
at a ow rate of 0.6 mL min−1 at a temperature of 85 °C for 35
min with HPLC grade water as the mobile phase.

Lipid analysis. The lipid content was analyzed by a gravi-
metric method using Soxhlet extraction with n-hexane (Carl
Roth GmbH, Germany). The extraction was carried out for 6 h
with 5 g of the substrate using 150 mL n-hexane. The lipid
extract was dried at room temperature for 24 h followed by
solvent removal in a rotary evaporator at 40 °C and 250 bar
pressure.

Moisture analysis. The moisture analysis was performed by
a gravimetric method using a Mettler Toledo (USA) HE53
moisture analyzer.

Gas phase analysis. The gas samples from the catalytic
reaction were analyzed using GC to measure the volume
percentage of CO2 produced. The GC used was a Varian 450 GC
gas chromatograph equipped with a Shin-Carbon-ST-Column of
2 m × 0.75 mm. The samples were injected through a 250 mL
sample tube and were passed through the column in
a stationary phase with an argon gas ow at 4.8 bar.

Liquid phase analysis. The aqueous phase of the catalytic
reaction was analyzed by HPLC to determine the amounts of
formic and acetic acid formed. The reaction solution was
ltered through a 0.25 mm lter and sampled for HPLC. The
system was equipped with an Aminex HPX-87H column (Bio-
Rad Laboratories, Inc., USA) and a RI-detector. The eluent was 5
mM H2SO4 with a ow rate of 0.5 mL min−1 at a temperature of
45 °C.

SDS-PAGE gel electrophoresis. SDS-PAGE (sodium dodecyl
sulphate polyacrylamide gel) electrophoresis analysis was
© 2025 The Author(s). Published by the Royal Society of Chemistry
conducted to detect the protein content by applying a voltage for
the sample to pass through a polyacrylamide gel placed in
sodium dodecyl sulphate solution. The sample was compared
with standard markers to estimate the size of the protein
content in the sample. For the analysis, 20 mL of the sample
extract and 5 mL of buffer (SERVA Tris–glycine/LDS sample
buffer) were added. The mixture was heated to 95 °C in a ther-
moshaker (Grant Instruments, United Kingdom) at 700 rpm for
5 min followed by centrifugation at 10 000 rpm for 45 s. Around
5 mL of the samples were run through an SDS gel (SERVAGelTM
TG PRiMETM 12% gel – 12 sample wells gel) alongside a stan-
dard marker ranging from 11 to 180 kDa. Aer completion of
electrophoresis, the gel was removed from the gel tray and
stained with a protein stain (SERVA Quick Coomassie Stain) for
about 24 h. The gel was washed with water to remove excess
stain for another 24 h and was used to obtain and compare the
results.

Bradford assay. Bradford assay is a method used for the
quantication of proteins by spectrophotometry.35 Ionic liquids
have been observed to cause negligible interference with the
Bradford quantication method, and hence it was used for the
quantication of proteins in the extraction method using ionic
liquids.21 For the analysis, the samples were mixed with Brad-
ford stock solution, which produced a specic color reaction
with proteins and was analyzed with a spectrophotometer. To 40
mL of Bradford reagent (an acidied solution of Coomassie G-
250), 160 mL of distilled water was added andmixed to form the
Bradford stock solution. To establish a calibration curve,
a standard Bovine Serum Albumin (BSA) was used. A concen-
tration of 1 mg mL−1 BSA-stock solution was prepared, and it
was diluted in the range of 0–1000 mg mL−1 to obtain the cali-
bration curve. To measure the absorbance a plate reader with
a UV-vis spectrophotometer was used. To a sample amount of 50
mL, 200 mL of Bradford solution was added and aer 5 min of
incubation at room temperature, the solutions were analyzed,
and the absorbance was measured at 590 nm and 450 nm. The
quotient 590 nm/450 nm was used for the calculation and the
calibration graph obtained is given in ESI Fig. S5.†

Design of Experiments (DoE). Within the Design of Experi-
ments (DoE), multiple factors are changed simultaneously so
that the information about the statistical inuence of these
factors can be obtained. Based on this information an optimi-
zation can be carried out. This study used a Box–Behnken
design to analyze the quadratic effects between the chosen
factors. The soware used for this study was Design Expert
Version 11 from Stat-Ease, USA.36 All experiments for this study
were carried out in the above-described reactor set-up with the
red macroalga Porphyra dioica as a substrate. The varied
parameters are the reaction time (18 h to 24 h), catalyst/
substrate ratio (0.05 gcatalyst g

−1
substrate to 0.5 gcatalyst g

−1
substrate) and

reaction temperature (80 °C to 120 °C). All other reaction
parameters like stirrer speed (1000 rpm), oxygen pressure (30
bar), solvent (water), solvent mass (200 g), catalyst (HPA-2) and
mass of substrate (10 g) were kept constant. The catalyst/
substrate ratio was varied through the mass of catalyst used.
Table S4 in the ESI† shows the list of experiments screened for
the design.
RSC Sustainability, 2025, 3, 3418–3436 | 3421
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Fig. 2 Parameter room for the designed Box–Behnken-DoE. The ranges of variables used are found at the edges.
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The parameter room in which the statistical inuences are
determined is shown in Fig. 2. The dots represent the screened
experiments.
Results and discussion
Macroalgae characterization

In order to assess the potential of different types of macroalgae
for valorization i.e. production of FA and extraction of proteins,
they were rst characterized in detail. The protein, lipid, carbo-
hydrate, and moisture contents as well as the ash content were
analyzed. These values can be seen in the diagram in Fig. 3.

The ash content is very high in all samples. For the algae
Porphyra dioica and Fucus vesiculosus it is 43.4% (±1.0%) and
43.1% (±1%) respectively. Only the tested green alga Ulva fen-
estrata has an ash content of 27.3% (±0.2%) below 30%. The
lowest percentage in the composition of the macroalgae is the
lipid content. For all substrates tested, this is less than 10%, for
the red alga Porphyra dioica it is even less than 1%. The mois-
ture content before drying of the algae is only above 10%
(11.2%) (±0.2%) for the green alga Ulva fenestrata and otherwise
below 10%. The most interesting values for this study are the
protein content and the carbohydrate content, as both have an
inuence on the later value products of the study. With
a protein content of just under 30% (29.8%), the red alga Por-
phyra dioica has the highest tested value in the study. The other
algae have a protein content of 16.0% for the green alga Ulva
fenestrata and 6.8% for the brown alga Fucus vesiculosus. The
higher the carbohydrate content, the higher the expected yield
of the target product FA can be. Therefore, the macroalgae Ulva
fenestrata and Fucus vesiculosus are good candidates for the
production of FA with around 45% of carbohydrates (46.9% and
45.3%). All these characterization data lay well in line with other
3422 | RSC Sustainability, 2025, 3, 3418–3436
studies of these three macroalgae.6,37–47 The characterization of
Porphyra dioica in this study shows a 5% higher protein content
and a relatively low carbohydrate content compared to that in
other studies by Pimental et al.6 and Teles et al.38 It is known
that the growth phase at harvest and the growth conditions have
a signicant inuence on the composition of the macroalgae.
The location and climatic conditions at the cultivation area also
have an impact on the composition of the biomass.10 Therefore,
the deviations of the values from the cited studies are not
surprising. Some reports for Porphyra dioica show even higher
protein contents.10 On the one hand, with all the data of the
three macroalgae, the reported protein content of Porphyra
dioica in this study has the potential to result in high amounts
of protein extracted from these macroalgae increasing the
potential usage for a protein source. On the other hand, FA as
the second target product is derived through the carbohydrates
existing in the macroalgae samples. Therefore, Fucus vesiculosus
and Ulva fenestrata with high carbohydrate content are the most
promising substrates for the production of FA.

To complete the characterization of the three different
macroalgae species, the amino acid prole and the CHNS-
elemental composition results are shown in Fig. S2–S4 and
Table S1.† The amino acid prole helps to understand the
distribution of various amino acids present in the biomass,
which is important for potential further use as a substrate for
biopolymer lm development. There are two groups of amino
acids present in the macroalgae samples – hydrophobic and
hydrophilic amino acids. The hydrophilic amino acids restrict
protein-based biopolymer lm applications in packaging of wet
materials. Hence, it is benecial to have a higher distribution of
hydrophobic amino acids in the extracted proteins. Hydro-
phobic amino acids are Val (valine), Met (methionine), Ile
(isoleucine), Leu (leucine), Phe (Phenylalanine) Gly (glycine),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of different macroalgae – Fucus vesiculosus (brown alga), Ulva fenestrata (green alga), and Porphyra dioica (red alga).
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and Ala (alanine).48 The amino acid prole of the used algae and
a short description can be found in Fig. S6–S8.† By using the
OxFA process as a pre-treatment method, the amino acid
distribution can change signicantly. The next step will there-
fore focus on the catalytic oxidation of the three macroalgae
substrates introduced.
Catalytic oxidation of macroalgae using the OxFA process

The catalytic conversion of the three macroalgae is aimed at
pretreating these algae for protein extraction and obtaining FA
as a valuable product. Therefore, all macroalgae were oxidized
under similar reaction conditions at a temperature of 90 °C,
a pressure of 30 bar oxygen, a stirrer speed of 1000 rpm, and
a reaction time of 24 h using 10 g macroalgae together with
a catalyst amount of 1 mmol. The used catalyst is the well-
established HPA-5 which has been proven to be an efficient
catalyst for biomass oxidation especially the OxFA process.26

Fig. 4 shows the OxFA-reaction produced FA (dark green) as well
as the by-products CO2 (yellow) and acetic acid (light green).
Overall, a high conversion was observed for all macroalgae with
95.3% for Fucus vesiculosus and Porphyra dioica and 85.2% for
Ulva fenestrata. However, FA-yields of 4.6% for Ulva fenestrata
and Fucus vesiculosus as well as 6.5% for Porphyra dioica are
comparatively low compared to that using sugars or lignocel-
lulosic biomass as substrates for the OxFA process. The FA-yield
depends on the substrate and the number of oxygen function-
alities in the carbon framework.27 The most favorable substrate
in the study of Albert et al.27 is pomace. Remarkably, the two
© 2025 The Author(s). Published by the Royal Society of Chemistry
macroalgae with the highest carbohydrate content Fucus ves-
iculosus and Ulva fenestrata (Fig. 3) result in the lowest FA-yield.
For the brown alga Fucus vesiculosus the oxidation reaction
results in a high overoxidation to CO2 of 37.6%. With FA and
acetic acid as valuable products, this leads to a value to waste
ratio of only 0.25. With a value to waste ratio below 1, the waste
product CO2 is more likely to be produced than valuable prod-
ucts. For the other two screened algae, the value to waste ratio
lies under 1 as well, with a value of 0.42 for Porphyra dioica and
0.46 for Ulva fenestrata. In terms of the value to waste ratio, Ulva
fenestrata is the best starting material, but regarding FA-yield
Porphyra dioica leads to the highest yield amongst the screened
macroalgae.

As the idea of this study is to generate two valuable products,
namely FA and proteins, we decided to maximize the amount of
solid residue, i.e. lower the conversion to preserve the protein
content. The analysis of proteins in the reaction broth is diffi-
cult as the homogeneous POM catalyst interferes with the usual
analytical methods. Esser et al.49 showed the possibility of
membrane separation through a nanoltration membrane for
the POM catalyst. However, this works because the target
product FA or other small compounds can diffuse through the
membrane and the catalyst is retained. Since proteins are much
larger molecules, a new process has to be established for the
separation of the proteins or amino acids from the catalyst,
which warrants a study of its own. Therefore, this study focuses
on the proteins le in the solid residue aer the reaction as
these proteins might bemore hydrophobic and therefore a good
feedstock for the production of biopolymer lms. Since the
RSC Sustainability, 2025, 3, 3418–3436 | 3423
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Fig. 4 Screening of different macroalgae in the OxFA process for their
product yield (left y-axis) and algae conversion (right y-axis) using the
HPA-5 catalyst. Reaction conditions: HPA-5 at an initial temperature of
90 °C, non-isothermal reaction, 30 bar oxygen pressure, 1000 rpm
stirrer speed, 24 h reaction time. The liquid phase consisted of 200 g of
water with 10 g of suspended macroalgae and 1.89 g of dissolved
catalyst (1 mmol, HPA-5).

Fig. 5 Screening of different macroalgae in the OxFA process for their
product yield (left y-axis) and algae conversion (right y-axis) using the
HPA-2 catalyst. Reaction conditions: HPA-2 at an initial temperature of
90 °C, non-isothermal reaction, 30 bar oxygen pressure, 1000 rpm
stirrer speed, 24 h reaction time. The liquid phase consisted of 200 g of
water with 10 g suspendedmacroalgae and 1.95 g of dissolved catalyst
(1 mmol, HPA-2).
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initial experiment showed that the conversion with the ve-
times vanadium substituted Keggin-type POM-catalyst HPA-5 is
too high for an investigation of the solid residue, we chose a less
active catalyst for the next experiments. The next catalyst tested
was the two-times vanadium substituted Keggin-type POMHPA-
2. Raabe et al.50 and Esser et al.51 showed in different studies the
variable redox-activity of different vanadium-substituted POMs.
Due to the different V-contents (5 vanadium atoms in HPA-5
and 2 vanadium atoms in HPA-2), the redox-activity could be
tuned to lower the redox-potential with HPA-2 (Fig. S9 & S10†).
As shown by Krueger et al.,52 the requirement of having V atoms
adjacent to each other leads to an activity difference as well. The
trends of the three macroalgae are similar, as basically the same
chemistry is applied, just with a lower redox potential. The
conversion of the three tested macroalgae could be reduced
to 93.3% for Fucus vesiculosus, 87.3% for Porphyra dioica and
70% for Ulva fenestrata (Fig. 5). The highest reduction of
conversion with nearly 15% could be achieved with Ulva fenes-
trata. A signicant reduction of 8% was observed for Porphyra
dioica; however with Fucus vesiculosus a reduction of just 2%
could be achieved. Interestingly, the HPA-2-catalyst suppresses
the overoxidation to CO2 and reduces the yield of CO2 to about
7% or 8% for Ulva fenestrata, and Fucus vesiculosus, with just 2%
yield of CO2 from Porphyra dioica. Another noteworthy point is
the FA-yield, which increases in the case of Porphyra dioica up to
8.6% (before 6.5%) and Fucus vesiculosus up to 5.4% (before
4.6%) and decreases in the case of Ulva fenestrate to 3.9%
(before 4.6%).

To obtain a complete picture of the process, the solid residue
aer the reaction was characterized for protein content by HPLC
and for the amino acid prole. Exemplarily, the amino acid
proles for the red alga Porphyra dioica and its solid residue
3424 | RSC Sustainability, 2025, 3, 3418–3436
aer the OxFA process are shown in Fig. 6 and all other
comparison diagrams are shown in Fig. S11 and S12.† The
comparison between the solid residue and the neat Porphyra
dioica shows that in general the relative content of most amino
acids is increasing. Specically, the hydrophobic amino acids
(Val, Met, Ile, Leu, Phe, Gly and Ala) are more abundant, which
is desirable for the production of biopolymer lms. The highest
increase among these was noticed for leucine (13%) and valine
(16%). The other hydrophobic amino acids increase with 8%
Phe, 4% Gly, 7% Ala, and 9% Ile, respectively. The only hydro-
phobic amino acid which decreases is Met from 1.7% to 0.9%. A
similar trend can be seen in the other macroalgae samples. For
Ulva fenestrata (Fig. S11†) the highest increase of hydrophobic
amino acids was found for Ala (17%) and for Leu (12%). For the
amino acid methionine, the same decreasing trend is found.

For Fucus vesiculosus, valine (14%) and leucine (19%) have
the highest increase in hydrophobic amino acids. Remarkably,
in the solid residue of the Fucus vesiculosus sample methionine
is increasing compared to that in the raw macroalgae sample
from 1.6% to 2.1%. The protein content between the macro-
algae samples and the solid residue samples is depicted in
Fig. 7. The elemental composition of the solid residues is shown
in Table S3 in the ESI.† Clearly, the amount of protein increases
aer the pretreatment with the OxFA process in the solid
residue. The highest total amount of protein content is with the
red macroalga Porphyra dioica and also its solid residue. For the
alga Fucus vesiculosus an increase of the protein content by
about 11% from 6% initially to 17% was achieved aer the
pretreatment.

Therefore, the initial proof of concept was successful: the
OxFA process can serve as a useful pretreatment for protein
extraction from macroalgae. It increases the protein content in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Amino acid profile for the macroalga Porphyra dioica and its solid residue after the OxFA process. Reaction conditions: initial temperature
90 °C, non-isothermal reaction, 30 bar oxygen pressure, 1000 rpm stirrer speed, 24 h reaction time. The liquid phase consisted of 200 g of water
with 10 g suspended macroalgae and 1.95 g of dissolved catalyst (1 mmol, HPA-2).

Fig. 7 Protein content comparison of the solid residues of the macroalgae samples after the OxFA process using the HPA-2 catalyst. Reaction
conditions: T = 90 °C, p = 30 bar oxygen, t = 24 h, stirrer speed = 1000 rpm.
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the sample by converting the carbohydrates to a second valu-
able product FA. Nevertheless, to valorize the proteins in the
solid residue an extraction method has to be applied on the
solid residue. The standard method for protein extraction from
© 2025 The Author(s). Published by the Royal Society of Chemistry
biogenic solids is alkaline hydrolysis, which was also applied to
this solid residue. Table 1 shows the obtained protein quantity
for all three macro algae solid residues aer alkali extraction,
which was measured via SDS-PAGE gel electrophoresis. The
RSC Sustainability, 2025, 3, 3418–3436 | 3425
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Table 1 Protein concentration in g L−1 in the supernatant of alkali
extraction of the solid residue

Alkaline extract Protein quantity (g L−1)

Porphyra dioica solid residue 18.3
Ulva fenestrata solid residue 10.0
Fucus vesiculosus solid residue 3.88
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same trend that has already been shown for neat algae and solid
residues can also be observed here, namely that Porphyra dioica
provides the highest protein yield and is therefore the best
source of protein.

These results provide a promising proof-of-concept for the
combination of the OxFA process and subsequent protein
extraction from algae. Nevertheless, a FA-yield of 8.6% and
a protein quantity of 18.3 g L−1 require further improvement for
an economic process. The same applies for the high yield of CO2

waste, which limits the valorization of the carbon content. For
this reason, the next section identies the statistical inuence
of various parameters on the OxFA process for valorization of
macroalgae via a Box–Behnken design of experiments and
provides a further optimization of the protein recovery and FA-
yield.
Optimizing protein recovery and
FA-yield via Box–Behnken DoE

For the DoE, a new batch of Porphyra dioica from the same
supplier and region was used. To account for the signicant
differences in the composition, the new batch has also been
fully characterized using the above-described methods, as
Fig. 8 Pareto chart resulting from the Box–Behnken DoE for the linear m
p = 0.05 which shows if the value is significant or not. A value below th

3426 | RSC Sustainability, 2025, 3, 3418–3436
shown in Fig. S13–S15 and Table S3.† The second batch used
has a high carbohydrate content of 48% dw which is on the
upper end of the reported literature values between 46.4% dw by
Noda et al.53 and 45.40% dw reported by Smith et al.54 The other
valuable product in this study is proteins. Here, the second
batch of Porphyra dioica has a 3% higher protein content
compared to the rst batch (Fig. S13†). The value of 33% dw of
proteins is well in line with the literature value with a reported
range of 25–47% dw.1,55,56 As already discussed, the variations in
the biomass composition can be attributed to various factors
like environmental conditions such as light, temperature,
nutritional availability, and the harvesting seasons as well as
the harvesting method. Another inuential factor is the life
cycle stage in which the macroalgae are harvested.10,52,53 Hence,
understanding the detailed composition of the biomass is
essential for exploring its potential for utilizing the macroalgae
in this process.

The sensitivity analysis was performed using the statistical
method of Box–Behnken DoE with the help of the soware
Design Expert.36 The inuence of three parameters was inves-
tigated on three levels. Furthermore, two-dimensional interac-
tions between these factors were determined.57 The Box–
Behnken design was also used for response surface method-
ology for optimization, because the parameters are estimated
using quadratic models, a sequential design is built and the
detection of the lack of t is possible for the model.33,57 For this
purpose the temperature was varied between 80 °C and 120 °C
where 80 °C is the lowest temperature reported in the literature
where a catalytic reaction is activated.58 The expectation for the
lowest temperature is a high solid residue and therefore high
protein content. The highest temperature of 120 °C is chosen
because of the expected high FA-yield and a temperature above
120 °C would lead to the denaturation of proteins. Time as
odel of protein recovery. The red line indicates the significance limit of
e significance level is significant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a parameter was ranged between 18 h and 30 h because it is
known that for complex water-insoluble biomass like beech
wood an initial time is needed to get signicant high yields of
FA.58 The screening time of 24 h was therefore set to the middle
point and it was varied from around 6 h to 18 as shown in Fig. 2.

The response surface obtained is displayed in Fig. 9. The
model indicates that protein recovery is only dependent on
temperature which is clearly seen in Fig. 8. Decreasing the
temperature increases the protein recovery especially when the
temperature decreases below 80 °C. This is mainly due to the
low conversion of the macroalgae as well as less denaturation of
the proteins due to lower temperature. However, the OxFA
process requires a minimum temperature of 80 °C for an
effective activity of the POM catalyst. Even if a large amount of
solid residue and therefore a large amount of protein in the
solid residue is favorable, the OxFA process helps as a pre-
treatment method for the proteins. This fact will be addressed
later in detail with the screening of different further protein
extraction methods.

The same Box–Behnken design was also used to analyze
signicant parameters for FA production. The suggested model
here is a quadratic one with a sequential p-value of 0.0026. The
statistical evaluation ANOVA is shown in Table S6.† The model
is signicant with a p-value < 0.0001. The lack of t with a p-
value of 0.0096 is signicant, which means that the model does
not t well enough to the data. To get a non-signicant lack of
Fig. 9 The 3D response surface for protein recovery as result of the Box

© 2025 The Author(s). Published by the Royal Society of Chemistry
t a p-value higher than 0.05 is required. To verify this, two
verication runs were performed. Fig. S17† displays the
parameter room for the verication points as green dots. The
experiments are run with the following parameters: for the rst
verication run a reaction time of 30 h, a reaction temperature
of 80 °C and a catalyst/substrate ratio of 0.5 were chosen. For
the second verication run a temperature of 120 °C, a reaction
time of 30 h and a catalyst/substrate ratio of 0.5 were picked.
The other reaction parameters were kept constant. The points
were set to the edges of the parameter space. Fig. S18† shows
the model predicted values and the actual experimental values.
These experiments are well in line and the two verication
points (marked with black circles) t very well to the model and
the model is validated. Therefore, the model was used for
further interpretation and optimization.

The model found the following parameters to be signicant:
the temperature A, the catalyst/substrate ratio (C) and the
quadratic interactions of these two A2 and C2 as well as the
quadratic interactions between the two parameters AC. This is
visualized in the Pareto chart (Fig. 10) where every parameter
which is below the red line (signicance limit) is deemed
statistically signicant.

The response surface for the FA-yield is depicted in Fig. 11.
From the model, the temperature and the catalyst/substrate
ratio are found to be the most inuential factors. The best FA-
yield was obtained for a catalyst/substrate ratio of 0.5. This can
–Behnken DoE. The red dots depict the run points above the surface.

RSC Sustainability, 2025, 3, 3418–3436 | 3427
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Fig. 10 Pareto chart resulting from the Box-Behnken DoE for the quadratic model for the FA-yield. The red line indicates the significance level of
p = 0.05 which shows if the value is significant or not. A value below the significance level is significant.

Fig. 11 The 3D response surfaces for FA-yield as result of the Box–Behnken DoE. The red dots depict the run points above the surface and the
pink dots depict the run points below the surface.
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be seen by the red colored region in the FA-yield (FA) –

temperature-catalyst ratio plot in Fig. 11 on the right side. The
model indicates that a temperature value between 90 °C and 110
°C produces the highest FA-yield. Interestingly, time is found to
be an insignicant factor. Reichert et al.58 reported that in the
OxFA process, the formation of formic acid is much higher
within the rst 14 h of the reaction. Aer that the carbon
dioxide formation reduces the formic acid selectivity.59 This
effect is probably the increasing amount of formic acid coupled
with the decreasing pH that reduces the catalyst activity and
thereby the FA production.60,61 To obtain a maximum conver-
sion a reaction time of more than 18 h was initially chosen.
3428 | RSC Sustainability, 2025, 3, 3418–3436
Therefore, the inuence of time is found to be an insignicant
factor. The diagram on the le side of Fig. 11 illustrates this very
well.

The analysis of the inuence parameters on the FA-yield
shows a big contrast to the best parameters for protein recovery.
As the latter favors a low temperature of 80 °C, high tempera-
tures are more favorable for a high FA-yield. On the other hand,
the second signicant parameter for FA production, the cata-
lyst/substrate ratio has no signicant inuence on protein
recovery. Nevertheless, optimizing this process is a challenge
due to the contrary inuences of the temperature. It requires
a compromise between FA-yield and protein recovery. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The optimized conditions resulting from the Box–Behnken DoE maximizing FA-yield as well as protein recovery.

Table 2 The comparison between the predicted optimized values by
the software design expert on the basis of a Box–Behnken model and
the actual values obtained in the experimenta

Predicted Actual

FA-yield (%) 19.13 16.41
Protein recovery (% dw) 50.40 59.55

a Reaction conditions: 30 bar oxygen pressure, 1000 rpm stirrer speed,
30 h reaction time, 80 °C, 200 g of water with 10 g suspended
macroalgae and a catalyst/substrate ratio of 0.5, catalyst: HPA-2.
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Design Expert soware36 can provide optimized conditions
nding a compromise between FA-yield and protein recovery,
these are shown in Fig. 12. The red dots show the suggested
reaction conditions which are the following: 80 °C, 30 h, 0.5
gcatalyst g

−1
substrate with the xed reaction parameters of 1000 rpm

stirrer speed, 30 bar oxygen pressure, 10 g of Porphyra dioica,
and 200 g of water as solvent. The blue dots visualize the actual
values and these are also shown in Table 2.

The experiment resulted in 59.55% protein recovery and
16.41% FA-yield which is a 7.8% higher FA-yield as that aer the
screening of different macroalgae. A comparison of the opti-
mized FA-yield with Porphyra dioica as the substrate is shown in
Fig. 13. In general, algal biomass results in FA-yields less than
30%.27 The FA-yield depends on the number of oxygen func-
tionalities in the substrate which is higher for lignocellulosic
biomass like pomace.23 Lignocellulosic biomass consists mainly
© 2025 The Author(s). Published by the Royal Society of Chemistry
of cellulose, hemicellulose, and lignin which also affect the FA-
yield. Algae reportedly have negligible amounts of lignin and
low carbohydrate (48%) compared to these biomasses (over
60%). The data shown in Fig. 13 indicate that only algae
Chlorella sp. results in a higher FA-yield of 21.6% compared to
RSC Sustainability, 2025, 3, 3418–3436 | 3429
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the Porphyra dioica in this study which resulted in a yield of
16.41%. Based on the biomass characterization, Porphyra dioica
has a higher protein content of 33% dw compared to Chlorella
sp. with a protein content of 19.3%dw.62 Subsequently, the
overall carbohydrate content of Chlorella sp. might be higher
than that of Porphyra dioica (49.9% dw). Since the aim of the
study was to obtain a maximum FA-yield along with maximum
recovery of proteins, Porphyra dioica with its high protein
content is a better substrate for the aim of this study. Further-
more, since proteins can also be extracted from the remaining
solid residue the usage of macroalgae as biomass is advanta-
geous even with low FA-yields.
Protein extraction from the solid residue of the OxFA process

The solid residue aer the reaction is most likely unreacted
algae and potentially lipids, and not utilized carbohydrates and
therefore further extraction is necessary. To investigate the best
extraction approach for the solid residue three extraction
methods were tested: alkaline hydrolysis as a state-of-the-art
method,55 and ultrasound-assisted extraction and ionic liquid
extraction as novel approaches. Since the solid residue was
already exposed to acidic conditions during the OxFA process,
the choice of the tested extraction method excludes an acid
extraction. It is important to keep in mind that every extraction
method is the second part of a two-step extraction of proteins
from a macroalga with the rst step of an acid treatment with
the valuable by-product FA.
Fig. 13 Graph for comparing the FA-yield for different biomass substrate
g substrate, 1.9 g (11 mmol) additive para-toluene sulfonic acid and 1.74 g
24 h, 1000 rpm;27 light green: optimized reaction conditions for prote
gsubstrate

−1, 30 bar oxygen pressure, 1000 rpm stirrer speed, 10 g of Porp

3430 | RSC Sustainability, 2025, 3, 3418–3436
For the rst approach, the alkaline hydrolysis, the solid
samples were extracted using NaOH based on the study by
Harnedy et al.31 which reported that alkaline solutions can help
in the extraction of non-water-soluble proteins of macroalgae.
According to Kadam et al.,63 the percentage of the extracted
protein could be enhanced from 16.90% to 56.35% using 0.4 M
NaOH instead of 0.4 M HCl as the extraction medium. Accord-
ing to a study by Harnedy et al.,31 the concentration of NaOH is
a critical parameter in alkali-based extraction. Therefore, the
concentration of NaOH in this study varied between 0.08 M and
5 M NaOH. The yield of alkali-soluble nitrogen can be increased
by adding a reducing agent like NAC (N-acetyl-L-cysteine).
Hence, 2 g per L NAC was used for the extraction as well. The
extracts were analyzed for protein content and the protein
recovery was calculated (equation 10) with respect to the protein
content in the solid residue. To conrm the presence of proteins
in the extract an initial SDS PAGE gel electrophoresis was con-
ducted (Fig. S19†). A qualitative assessment of the protein
prole shows the presence of protein with the range of 11 to 180
kDa with a regular intensity throughout the range. The intensity
of the bands increases in the low molecular weight regions, and
this indicates large amounts of smaller-sized proteins possibly
in the form of peptides. The prole indicates higher amounts of
protein content for 0.14 M NaOH concentration visible as
a darker band. In contrast to the study of Harnedy et al.31 where
the protein recovery remained constant when the NaOH
concentration was increased from 0.12 M to 0.14 M, this study
observed an increasing trend in the protein recovery. This trend
s for the OxFA process (yellow and dark green): reaction conditions: 3.3
(0.9mmol) HPA-2 catalyst dissolved in 100.0mL H2O, 30 bar O2, 90 °C,
in and FA production from Porphyra dioica: 80 °C, 30 h, 0.5 gcatalyst
hyra dioica as the substrate, 200 mL of water as the solvent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was also conrmed in our experiments (Fig. 13). The protein
recovery is increasing with an increase in the NaOH concen-
tration up to 1 M NaOH (57.8%) with a slight stagnation
between 0.4 M and 0.8 M NaOH (47%). The maximum value of
57.8% protein recovery is similar to the value of 59.75% for
Ascophyllum nodosum obtained by Kadam et al.63 A further
increase in the NaOH concentration to 5 M decreases the
protein recovery to 35.8%. Lu et al.64 reported a similar trend for
protein recovery with NaOH concentration, wherein the protein
recovery initially increases with increasing concentration,
reaching a peak, and subsequently decreases. The reason for
the increasing effect is that high alkali concentrations can
promote a breakdown of hydrogen bonds and dissociation
of hydrogen from proteins, enhancing protein solubility.
The decreasing effect aer a concentration of 1 M NaOH
could be explained by the fact that strong alkali solutions and
therefore elevated pH-values can disrupt the protein structure
and cause denaturation leading to a loss of solubility of
proteins.64

The second approach tested was the Ultrasound-Assisted
Extraction (UAE). This UAE was applied to the solid residue in
an alkali medium of 0.4 M NaOH. Hildebrand et al.65 reported
this method to be an efficient approach for protein extraction if
it is combined with an alkali medium. A study by Garcia-
Vaquero et al.66 analyzed the inuential parameters for UAE and
Fig. 14 Themean protein recovery of alkaline hydrolysis from the solid re
M to 5 M. Reaction conditions of the OxFA process: 30 bar oxygen press
with 10 g suspended macroalgae and a catalyst/substrate ratio of 0.5, ca

© 2025 The Author(s). Published by the Royal Society of Chemistry
reported that the sonication amplitude impacts the amount of
protein extracted into the medium. Therefore, this study anal-
yses the inuence of this parameter as well which is shown in
Fig. 14. In line with the study by Garcia-Vaquero et al.66 the
sonication amplitude in our study was varied between 20% and
100% with a xed extraction time of 10 minutes in an alkali
medium with a concentration of 0.4 M NaOH. The time was
xed to 10 min as a study from Hildebrand et al.65 showed that
a longer duration of ultrasonic treatment has a negative effect
on the protein recovery (73.6% aer 18 h compared to 76.6%
aer 10 min). The extracted samples were analyzed via SDS-
PAGE gel electrophoresis to conrm the presence of proteins,
and these results are shown in Fig. S20.† The SDS-PAGE results
show increasing protein content with an increase in the soni-
cation amplitude. Like the alkali extraction approach the bands
in the SDS-PAGE gel electrophoresis are spread throughout
a region between 11 to 180 kDa. The regions with lower
molecular weights show a stronger intensity and therefore
indicate a high number of smaller-sized proteins. Fig. 14 shows
the comparison between the sonication amplitudes of 20%,
50% and 100%, respectively. The sonication amplitude of 100%
clearly shows the best protein recovery of 87.2%. Ultrasound
treatment induces cavitation within the liquid medium which
leads to cell wall damage within the structure and an increased
surface area enhancing the protein recovery. Hence, alkali
sidue after the OxFA process for the concentration of NaOH from 0.08
ure, 1000 rpm stirrer speed, 30 h reaction time, 80 °C, 200 g of water
talyst: HPA-2.

RSC Sustainability, 2025, 3, 3418–3436 | 3431
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extraction could be boosted with ultrasound. For comparison,
non-ultrasound assisted alkali extraction with 0.4 M NaOH
leads to a protein recovery of 47.8% and ultrasound assisted
alkali extraction has a protein recovery of 68.2% with the lowest
tested sonication amplitude of 20%. The maximum protein
recovery in this study (87.2%) was even higher than previous
reported values by Hildebrand et al. (76.6%)62 and Kadam et al.
(57.2%)63 with ultrasonic assisted extraction in an alkali
medium. This can be attributed to the OxFA process, which
works as an acidic pre-treatment of the macroalgae sample,
resulting in an overall higher value for the protein extraction in
this study.

The third extraction approach is ionic liquid extraction. The
IL used in this study was choline chloride (ChCl), a green, cheap
and environmentally friendly solvent.21 To test the inuence of
the concentration of ChCl in the extraction media, IL/water
concentrations of 10–50 wt% of IL are tested. Higher concen-
trations of IL pose challenges in handling and processability as
well as cause interference in analytical measurements.21 The
nitrogen atoms in the ChCl solution affected the protein
content estimation by the nitrogen content method, which was
applied in the other tested extraction methods, and therefore
a Bradford assay was used to quantify the proteins extracted by
the IL. It is reported in a study by Suarez Garcia et al. that the
Bradford assay method for quantication of the proteins is not
impacted by ChCl.21 The resulting protein recovery with this
approach is shown in Fig. 15. A clear trend is visible throughout
Fig. 15 The mean protein recovery of UAE from the solid residue after
100%. Reaction conditions of the OxFA process: 30 bar oxygen pressure,
10 g suspended macroalgae and a catalyst/substrate ratio of 0.5, catalys

3432 | RSC Sustainability, 2025, 3, 3418–3436
an increase in the ChCl content. The higher the IL content in
the extraction media, the higher the protein recovery. This
could achieve an increase in the recovery from 5.0% at 10 wt%
of ChCl to 47.6% at 50 wt% of ChCl, which is a 9.5-fold increase.
Similar trends were observed by Suarez Garcia et al.21 and
Martins et al.67 ChCl acts as a solubilizing agent helping the
protein release from the macroalgae matrix and stabilizes the
protein during extraction preventing denaturation. According to
studies by Martins et al.,67 the extraction of protein from mac-
roalgae is also due to the salting-in effect caused by the addition
of ChCl, especially in the case of proteins such as phycobili-
proteins whose solubility increases with even a slight addition
of CCl. However, the protein recovery obtained in this study was
higher than the values reported in these previous studies. This
is likely due to the OxFA process causing a pretreatment effect
as mentioned above.

Aer investigating three different extraction techniques for
the solid residue of the red macroalga Porphyra dioica aer the
OxFA process, Fig. 16 shows the comparison of these extraction
techniques. It can be clearly seen that the best protein recovery
approach with the highest value for protein recovery of 87.2% is
UAE. Since the proteins are extracted into an alkali medium
further purication is needed to utilize these proteins for
applications like biolm production. Ultraltration might be
the best possible purication technique as other techniques
like chromatography would need further treatment of the
extraction broth (Fig. 17).
the OxFA process for varying sonication amplitudes of 20%, 50% and
1000 rpm stirrer speed, 30 h reaction time, 80 °C, 200 g of water with
t: HPA-2.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00012b


Fig. 16 Themean protein recovery for ILE from the solid residue after the OxFA process for different concentrations of choline chloride between
10–50 wt% (in water). Reaction conditions of the OxFA process: 30 bar oxygen pressure, 1000 rpm stirrer speed, 30 h reaction time, 80 °C, 200 g
of water with 10 g suspended macroalgae and a catalyst/substrate ratio of 0.5, catalyst: HPA-2.

Fig. 17 The mean protein recovery from the solid residue after the OxFA process is presented. Comparison of the three methods alkaline
hydrolysis (at 0.1 M NaOH), UAE (at 100% power input), and ILE (at 50 wt% CCl) is shown. The highest protein recovery was compared in each
case.
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The presented results clearly show that the combination of
the OxFA process and UAE is a promising approach for the
valorisation of macroalgae, specically Porphyra dioica,
© 2025 The Author(s). Published by the Royal Society of Chemistry
producing proteins and FA as valuable products. While the
OxFA process is obviously an efficient pre-treatment method for
protein extraction, some protein is lost during this treatment.
RSC Sustainability, 2025, 3, 3418–3436 | 3433
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Conclusions

This study investigated the combined use of the OxFA process
and different protein extraction methods for the production of
proteins and formic acid from macroalgae (ProFA process).
Three different subtypes of algae, specically a red alga (Por-
phyra dioica), a brown alga (Fucus vesiculosus), and a green alga
(Ulva fenestrata) have been tested. Out of these screened algae
the red alga Porphyra dioica provided the best results. By tuning
the redox-activity of the OxFA catalyst, the amount of protein-
rich solid residue could be increased to 13.7% of the total algae
with a protein content of 36.4% dw of protein, while achieving
a FA yield of 8.6%.

Aer the identication of the most promising substrate, the
OxFA process (in combination with an alkali extraction method)
was further enhanced to optimize protein recovery next to FA
yield. For this purpose, a Box–Behnken-DoE was applied and
identied the temperature to be a signicant parameter for
protein recovery, while both the temperature and catalyst/
substrate ratio had a signicant inuence on the FA yield. Using
the optimized reaction parameters (80 °C, 30 h, 0.5 gcatalyst
gsubstrate

−1) Porphyra dioica as the substrate, and 200 mL of
water as the solvent a yield of 16.4% with a protein recovery of
59.6% was achieved.

Following optimization of the OxFA process, the next step
was the identication of the best protein extraction technique.
Since the OxFA process already serves as acidic pre-treatment,
three non-acidic methods were examined: alkali extraction (AE),
ultrasound-assisted alkali-based extraction (UAE), and
a method using choline chloride as ionic liquid (ILE). UAE was
found to be the most effective protein extraction technique with
a protein recovery of 87.2%. Therefore, the combination of the
OxFA process with UAE was found to be the most efficient way to
obtain protein and formic acid frommacroalgae. Analysis of the
extracted proteins showed that their composition is suitable for
applications such as the production of biopolymer lms.

In summary, this process provides a possibility for the
sustainable and holistic utilization of algal biomass producing
valuable proteins and formic acid.
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