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ARTICLE INFO ABSTRACT

Keywords: Water pollution is one of the major global threats brought about by industrial, agricultural, and any other

Sustainability anthropogenic activity. Heavy metals represent a large group of water pollutants that can accumulate in the

\};VastelManagement human body, causing cancer and mutagenic diseases. Technologies currently used to treat polluted wastewaters
ecycling

of heavy metals employ chemical, ion-exchange, and membrane purification methods. However, these tech-
niques are energy-intensive due to high pressure and power requirements for membrane-based technologies, or
highly selective, as in ion-exchange resins, making drinking water less affordable in developing countries. In this
study, plant amyloid-carbon membranes consisting of sunflower and peanut amyloid fibrils were fabricated
through a green and sustainable process and were used to remove toxic heavy metal pollutants to drinkable
standards with negligible energy consumption. Protein-rich sunflower and peanut meals serve as low-cost raw
materials, from which proteins were extracted, isolated, and self-assembled into functional amyloid fibrils for
heavy metal removal. These amyloid fibrils were incorporated into hybrid carbon/amyloid membranes and used
to filer Pt-, Cr-, and Pb-containing water to produce water of drinkable standards containing < 10 ppb heavy
metals. This process can easily be upscaled due to its simplicity and minimal use of chemical reagents, pointing

Water Treatment
Protein Processing
Circular Economy

towards the future of low-cost yet efficient water treatment technologies.

1. Introduction

Water contamination is one of the most critical environmental
pollution affecting the Earth ecosystem. Millions of people suffer from
the adverse effects of water pollution, especially in regions without
proper and adequate water sanitation. One major perpetrator is heavy
metals contamination from industrial wastewaters [1] such as mining
activities, electroplating, and textile industries. Effluents containing
high levels of heavy metals discharged into water bodies negatively
affect not just aquatic life, but also humans when drawing water from
these water bodies, leading to heavy metal poisoning, diseases and
death.

Conventional methods to treat heavy metals from wastewater
include chemical precipitation, ion-exchange, electrodialysis, and
membrane processes [2,3]. However, these technologies suffer from
several drawbacks such as secondary pollution, regeneration, and

energy input, all of which increase the cost of clean drinking water while
lacking long-term sustainability [1,4]. Adsorption technologies have
drawn increased interest in recent years due to the wider variety of
available materials along with their simple operation, which adequately
address more sustainable and greener demands [5,6]. Notably, these
efforts have turned towards materials from natural resources such as
clay, minerals, polysaccharides, and biological materials, which possess
a plethora of functional chemical groups for heavy metal adsorption.
Moreover, these materials are either naturally abundant or derived from
waste and biodegradable, thus enhancing the sustainability factor of
water treatment [7]. Nevertheless, there are still several drawbacks with
adsorption technologies, such as the high energetic cost associated with
the production of adsorbents, secondary pollution from regeneration,
and varying selectivities dependent on the adsorbent used [8]. As a
result, these factors may not significantly lower the cost and environ-
mental impact of adsorption technologies compared to conventional
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water treatment methods. Hence, there is a critical need to further
reduce the cost and improve the sustainability factor of heavy metal
removal through adsorption.

Among biological materials, proteins serve as a promising tool for
heavy metal adsorption due to the multitude of functional groups from
different amino acids that exhibit metal-binding capability [9]. In recent
years, amyloid fibrils self-assembled from whey proteins, such as
B-lactoglobulin, have shown an unprecedented ability for the purifica-
tion of heavy metals-polluted wastewater [10-15]. Owing to the expo-
sure of metal-binding amino acids on the surface of high aspect ratio
protein fibrils [11], hybrid amyloid-based membranes have been
demonstrated to feature more than 99% removal efficiency for a wide
variety of heavy metals and radioactive compounds commonly found in
wastewater, making protein amyloid fibrils a highly attractive material
for heavy metal adsorption [16]. However, while the low-cost of
p-lactoglobulin hybrid membranes makes them a sustainable technology
for water purification, the shift from conventional animal farming to-
wards sustainable practices could potentially increase whey prices in the
near future [17], spurring the need to seek out lower cost alternative
protein sources to fabricate amyloid-based membranes.

Plant proteins represent an abundant source of food proteins that can
be sustainably valorized from food and agricultural wastes. While earlier
reports have shown that plant proteins — such as pure soy [18,19] and
zein proteins [20]- are able to remove heavy metals, these proteins have
not yet been considered in the superior amyloid nanofibril state.
Furthermore, they still have some commercial relevance in the food
industry [21]. The production of commercial household vegetable oils
from oilseed crops generates byproducts of oilseed meals comprising of
30-40% proteins [22-24]. Sunflower and peanut meals are among the
most produced vegetable oils but have yet to find commercial applica-
tions, and are mainly used as animal fodder due to a lack of essential
amino acids along with the allergenic nature of peanut proteins, which
makes it unsuitable for human consumption. Considering the high vol-
ume generated by these protein-rich wastes [25], sunflower and peanut
meals hence serve as potential protein alternatives towards the value-
adding application of water purification.

In this study, plant-based amyloid fibrils were used as efficient heavy
metal adsorbents for water purification. Sunflower and peanut proteins
were extracted and isolated from their respective kernels and trans-
formed into amyloid fibrils, with a systematic study of fibrillization
conditions. Their heavy metal-binding capabilities and hybrid mem-
brane performance were demonstrated by efficiently removing three
heavy metals from water solutions, namely platinum (Pt), chromium
(Cr) and lead (Pb). The results demonstrate the valorization of a low-cost
industrial byproduct into high-value filter membranes, providing
drinkable waters that meet world health organization (WHO) heavy
metal standards via a simple operation with little to no power con-
sumption. Furthermore, the whole process can be easily upscaled at
minimal cost, potentially enabling to re-process waste streams for
further applications and fully exploiting the different constituents of
industrial food wastes.

2. Materials

Sunflower seeds and peanut kernels were purchased from local su-
permarkets. Activated Carbon, Ethylenediaminetetraacetic acid, Thia-
zole Orange, Lead (II) acetate (99.999% trace metals basis), Gold (III)
chloride (99.995% trace metals basis), Nickel (II) sulfate (99.99% trace
metals basis), Copper (II) chloride (99.999% trace metals basis), and
Chromium trioxide (99.99% trace metals basis) were purchased from
Sigma-Aldrich. Hydrogen hexachloroplatinate was purchased from TCI
Chemicals, Singapore.
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3. Methods
3.1. Meal protein extraction and isolation

Sunflower seeds and peanut kernels were screw-pressed to extract
their oils. The residual masses obtained are termed meals and were
blended into smaller flakes. Meals were defatted with n-hexane (1:5 w/v
ratio) five times for one-hour each and were air-dried overnight. Sun-
flower and peanut meals were extracted twice with 1.3 M and 1 M NaCl,
respectively, at a ratio of 1:10 w/v for one hour. The suspensions were
centrifuged at 10,000 rpm for 10 min and the supernatant containing the
extracted proteins was filtered through a filter paper to remove residual
particles. The protein solution was concentrated using a tangential flow
filtration setup with a molecular weight (MW) cutoff of 100 kDa
(Sartorius Vivaflow 200) to one fourth of the original volume. Each
concentrated protein solution was then precipitated by a 9:1 (v/v)
dilution into cold water. The precipitated protein was let to settle, after
which the mixture was decanted to obtain crude proteins, which were
then freeze-dried. The crude proteins were dissolved in 10% (w/v) NaCl,
centrifuged to remove insoluble matter, and precipitated by adjusting to
pH 3. The isolated proteins were then washed and freeze-dried.

3.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Freeze-dried protein isolates were prepared at 2 mg/ml dissolved in
8 M urea. 10 pL Laemmli buffer was added to 10 pL protein solution. To
reduce the disulfide bonds, an additional 1 pL of 1 M TCEP was added.
SDS-PAGE was performed with a homogenous 12% gel using MW
markers 10 to 250 kDa at 150 V for 65 min. The gel was then fixed with
MeOH/EtOH/AcOH solution and subsequently stained with Coomassie
Blue Silver Staining buffer. Gel images were analyzed using the GelA-
nalyzer software.

3.3. Amyloid fibril formation

Sunflower and peanut protein isolates were dissolved in water,
adjusted to pH 2 with 6 M HCl and centrifuged at 10,000 rpm for 10 min
to remove insoluble matter. Sunflower and peanut protein solutions
were heated at 100 °C and 90 °C, respectively, for 24 h in an oil bath to
induce amyloid fibril formation, followed by ice quenching to stop the
reaction. The Bradford assay was performed prior the heat treatment
using bovine serum albumin (BSA) as a standard to determine the pro-
tein concentrations. To determine the optimal heat treatment duration
for amyloid fibril formation, 100 pL of heated protein solutions sampled
at different time intervals were diluted twice with water, after which
thiazole orange was added to a final concentration of 10 pM [26,27].
The solutions were excited with a wavelength of 421 nm and the fluo-
rescence emission was measured at a wavelength of 455 nm (Tecan
Spark). Fluorescent intensities were normalized to the intensities
measured at 0 h.

3.4. Amino acid analysis

Triplicates of 10 pL sunflower and peanut amyloid fibril solutions
were hydrolyzed in 500 pL of 6 M HCI solution containing 0.5% phenol
under vacuum at 110 °C for 24 h. Solvents were removed by centrifugal
vacuum and the hydrolysates were washed twice with water. Dried
samples were kept at —20 °C prior to analysis. For analysis, hydrolyzed
samples (0.5 mg/ml) were dissolved in a pH 2.2 citrate buffer.
Composition analysis was performed with an amino acid analyzer
(Sykam S433, Germany) using a ninhydrin buffer system.

3.5. Atomic Force microscopy

20 pL of fivefold-diluted amyloid fibril solution was deposited on a
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freshly cleaved mica surface and incubated for 3 min. The surface was
then washed with Milli-Q water and dried under nitrogen. Imaging with
an Atomic Force Microscope (AFM) (NX10, Park Systems) was per-
formed in non-contact mode with a scan rate of 1 Hz and scan size of 10
by 10 pm.

3.6. Electron microscopy characterization

Amyloid fibrils were diluted to 0.2 wt%, prepared on a copper grid
and stained with uranyl acetate before imaging using transmission
electron microscopy (TFS Morgagni 268) at an operating voltage of 100
kV. Pristine amyloid fibril membranes filtered with heavy metal solu-
tions were carbon coated and imaged with scanning electron microscopy
(FEI Magellan 400) equipped with EDX (EDAX Octane Super) at an
operating voltage of 5 kV.

3.7. Membrane fabrication and heavy metal filtration

Amyloid-carbon membranes were fabricated by mixing a 2 wt%
amyloid fibril solution with 10 wt% activated carbon. To make a 10 wt%
amyloid-90% carbon membrane, 500 pL of 2 wt% amyloid fibril solution
was mixed with 1 mL of 10 % (w/v) activated carbon solution. The so-
lution was deposited on a 0.22 pm cellulose membrane and the solvent
was removed by vacuum filtration. Heavy metal solutions were prepared
by dilution from stock solutions. Filtration studies were conducted with
both single and 10-cycle filtrations of 10 mL heavy metal solutions, after
which the heavy metal ion concentrations in the permeate were
analyzed with Induced Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) (Optima 8000, Perkin Elmer). Permeates from 10-cycle
filtration studies were measured with Induced Coupled Plasma Spec-
troscopy — Mass Spectroscopy (ICP-MS) (Elan DRC-e, Perkin Elmer). All
experiments were performed in triplicates. Membrane efficiencies (E, %)
were calculated as follows:

_(1_.%
E_<1 C>><100 @

i

where C, and C; are the permeate and initial heavy metal concentrations
(mg/L), respectively.

3.8. Binding isotherm and relative adsorption capacity

The relative adsorption capacity of amyloid fibrils and activated

carbon (g) were calculated by the mass difference of heavy metals per
mass of adsorbent using the equation:
g (Cinji ’C;m,p) xV @
where Cp; and Cy,, are the initial and permeate metal ion concentra-
tions (ppb), V is the volume filtered (L), and m is the mass of protein
fibrils (mg).

To obtain the different binding isotherms of each protein type with
various heavy metals, fixed amounts of amyloid fibrils (7 mg) were
incubated with increasing concentrations of each heavy metal ion, to a
final volume of 2 mL for 24 h. The solutions were then filtered through a
0.22 pm cellulose membrane and the permeates were collected and
analyzed with ICP-OES. The resulting concentrations were plotted
against their initial concentrations and modeled with the Swillens and
Motulsky fit as shown below:

2

o) =3 (Il + o)+ ) —é\/ (1 + ]+ ) — o]
3

where [MeL] denotes the metal-ligand concentration, and [My], [Lo]
and K, represent the initial metal concentration, the total ligand
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concentration at saturation, and the binding constant, respectively.
4. Results and discussion
4.1. Protein extraction and isolation

In this study, salt extraction of plant proteins was selected over
conventional alkaline extraction due to the possible alteration of protein
functionality from the oxidation of phenolic compounds present in the
meal under alkaline conditions, which could bind covalently to proteins
and negatively affect protein functionality [28,29]. As observed in
Fig. 1, the method begins with the salt extraction of proteins from plant
meals followed by the concentration of protein salt extracts and even-
tually protein precipitation in cold water. During the proteins’ precipi-
tation, non-proteinaceous components such as phenolic compounds
remain in the aqueous phase, leaving mostly plant globulins in the crude
protein precipitate. To further enrich the protein fraction, the crude
protein was re-extracted with a salt solution and precipitated at acidic
pH.

The isolated proteins were analyzed with SDS-PAGE (Fig. 2a), which
displayed the characteristic bands of the sunflower and peanut globu-
lins. Under reducing conditions, polypeptides making up the subunits of
118 sunflower and peanut proteins were clearly observed on the SDS-
PAGE gel, with acidic and basic polypeptides having MWs between 25
and 40 kDa and 20 kDa, respectively [30-33]. The 65 kDa band in Lane
2r corresponds to the 7S globulin trimeric subunit of peanut proteins. A
further analysis of the amino acid composition of sunflower and peanut
proteins (Fig. 2b) revealed compositions with a high content of acidic
residues (sunflower: 36.6 mol. %, peanut: 35.3 mol. %), followed by
other functional groups from basic residues (sunflower: 10.6 mol. %,
peanut: 16.0 mol. %), histidine (sunflower: 2.7 mol. %, peanut: 2.3 mol.
%), and cysteine (sunflower: 1.4 mol. %, peanut: 1.6 mol.%). This va-
riety of amino acids in sunflower and peanut proteins provides a ver-
satile tool for the binding of heavy metals through electrostatic and
metal-coordination interactions, making them attractive candidates for
heavy metal removal [9].

4.2. Amyloid fibril formation

Plant-based amyloid fibrils have been reported from several plant
proteins, including oat [34], soybean, and zein proteins [35,36]. In this
study, sunflower and peanut were used as sources of proteins for amy-
loid fibrillization. Amyloid fibrils were observed to grow over the course
of 6 to 24 h of heat treatment under acidic conditions as verified by AFM
(Figure S1 and S2). Protein monomers were observed to form short fibril
seeds from 6 h and below 12 h for sunflower and peanut proteins,
respectively. The growth phase occurred after 12 h of heating, during
which short fibrils elongated into longer fibrils of 1-3 pm in length with
fibril diameters ranging 7-14 nm as observed by TEM (Figure S3). Both
AFM and TEM showed that sunflower amyloid fibrils are flexible and
curly while peanut amyloid fibrils are more rigid and thicker in diam-
eter. While both sunflower and peanut proteins predominantly formed
amyloidogenic fibrillar aggregates, round-shaped non-fibrillar aggre-
gates were also detected in the background of the AFM images, which
could arise from the second lowest energy state of amorphous aggre-
gates (instead of the lowest energy state of amyloid fibrils [36,37]) or
possibly from impurities remaining in the isolate.

To determine the optimal conditions for amyloid fibrillization,
thiazole orange was used to monitor the formation of amyloid fibrils
over 24 h during heat treatment at 90, 95, and 100 °C (Fig. 2¢ and e).
Maximum fluorescent intensities of sunflower protein solutions
increased with increasing temperature, indicating that amyloid fibril
formation of sunflower proteins was favored at higher temperatures,
forming the most amyloid fibrils at 100 °C. Peanut proteins, on the other
hand, exhibited an opposite behavior showing decreasing fluorescent
intensities with increasing temperature. Increased formation of larger
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Fig. 1. Schematic of process flow from plant seeds to the amyloid-based filtration membrane. a) Production of sunflower and peanut meals by screw-pressing seeds.
b) Aqueous protein extraction of meals (brown spheres: proteins, green spheres: small molecules, blue spheres: water). ¢) Protein concentration with ultrafiltration. d)
Protein precipitation in cold water. e) Plant protein amyloid fibril formation. f) Amyloid fibrils. g) Fabrication of amyloid-carbon hybrid membrane by filtration. h)

Heavy metal filtration by plant amyloid-carbon hybrid membranes.

protein aggregates was observed with increasing temperature, which
could be due to the less heat resistant 7S globulin protein present in the
peanut protein isolate that has earlier been reported to aggregate at
85 °C [38]. This increase in aggregation of 7S globulin at higher tem-
peratures could also suggest the inhibition of amyloid fibril formation of
11S peanut globulins observed from the lower fluorescence intensities.
The optimal temperatures for amyloid fibril formation are therefore
100 °C and 90 °C for sunflower and peanut proteins, respectively, with a
heat treatment time of 24 h. Sunflower and peanut amyloid fibrils
formed in these conditions are shown in Fig. 2d and f, respectively,
revealing long fibrils spanning several micrometers.

The insets of Fig. 2d and f show the solutions of sunflower and peanut
amyloid fibrils obtained after heat treatment under cross-polarized light,
exhibiting the distinct birefringence from the nematic phase of amyloid
fibrils[39]. This result was in contrast to that obtained with direct acid
precipitation of proteins after salt extraction, where heat-treated protein
solutions produced a dark colored turbid solution and did not exhibit
distinct birefringence (Figure S4a). Similar observations were also seen
when salt-extracted protein solutions were diafiltered with fresh NaCl
followed by acid precipitation (Figure S4b). The absence of clear bire-
fringence in direct acid precipitated proteins suggests the presence not
only of phenolic compounds, but also of other co-precipitated com-
pounds from plant meals that aggregated or affected amyloid fibril
formation upon heat treatment. These compounds were most likely
separated and removed when proteins were precipitated by dilution,

hence producing clear birefringent amyloid solutions. To the best of our
knowledge, this is the first report of amyloid fibrils obtained from sun-
flower and peanut proteins.

4.3. Heavy metal removal studies

To assess the performance of sunflower and peanut amyloid fibrils
for heavy metal removal from wastewater, heavy metal solutions of Pt,
Cr, and Pb were filtered using sunflower and peanut amyloid hybrid
membranes. Fig. 3a shows the better performance of sunflower and
peanut amyloid membranes than pristine activated carbon membranes
in removing these heavy metals, achieving 99.76% and 99.86% for Pt,
88.29% and 88.05% for Cr, and 99.36% and 99.40% for Pb, respectively,
calculated using equation (1). To investigate the individual performance
of sunflower and peanut amyloid fibrils on heavy metal adsorption, pure
amyloid fibril membranes were used for filtration of heavy metal solu-
tions and the difference in heavy metal concentrations before and after
filtration were used to calculate the heavy metal specific adsorption
capacity of the fibrils using equation (2). As a control, the same heavy
metal solutions were filtered with pure activated carbon membranes to
determine the adsorption capacity of activated carbon (.Fig. 3b).

Amyloid fibrils have been shown to be able to bind to heavy metals
due to the variety of amino acid side-chains exposed to the fibril surface
after fibrillization [11]. These side-chains mediate heavy metal binding
through different intermolecular interactions, including electrostatic
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Fig. 2. a) SDS-PAGE of protein isolates. Lane 1: sunflower protein. Lane 1r: sunflower protein reduced. Lane 2: peanut protein. Lane 2r: peanut protein reduced. b)
Amino acid profiles of sunflower and peanut protein isolates. c¢) Fibrillization temperature-time study of sunflower amyloid fibrils. d) AFM images of sunflower
amyloid fibrils heat treated at 100 °C for 24 h. Inset: Cross-polarized image of sunflower amyloid fibril solution. e) Fibrillization temperature-time study of peanut
amyloid fibrils. f) Peanut amyloid fibrils heat treated at 90 °C for 24 h. Inset: Cross-polarized image of peanut amyloid fibril solution.

interactions and metal chelation [16]. The nature of these heavy metals
in addition to the metal species in solution both play a role in
ligand-metal binding, as proposed by the Hard Acid Soft Base (HSAB)
theory, which is a framework describing different metal ion interactions
based on their inherent chemistry [40]. According to the HSAB theory,
the "hardness’ of the 3 metals tested in this study can be ranked as: Cr >
Pb > Pt. Cr, both in the + 3 and + 6 oxidation states, is classified as a
hard acid, Pb is classified as a borderline to soft acid, whereas Pt is a soft
acid.

The heavy metal specific adsorption capacities per mg of sunflower
and peanut amyloid fibrils were determined to be at least twice or higher
than those of activated carbon, demonstrating the heavy metal binding
capability of plant fibrils (Fig. 3b). This was further demonstrated with
gold (Auw), silver (Ag), nickel (Ni), and copper (Cu) solutions (Figure S5).

The relative adsorption capacities of sunflower and peanut amyloid fi-
brils for these metallic ions were also measured to be more than twice
the capacity compared to activated carbon, demonstrating the wide
applicability of heavy metal adsorption of plant amyloid fibrils. Across
the heavy metals studied, amyloid fibrils possessed higher adsorption
capacities towards the softer metals Pt, Au, and Ag compared to the
harder metals Cr, Ni, and Cu. As softer metals tend to bind through metal
coordination while harder metals bind through electrostatic in-
teractions, the presence of softer thiol functional groups from cysteine
likely provided an additional capability to bind Pt, Au, and Ag. Fitted
parameters based on equation (3) obtained from heavy metal binding
isotherms of sunflower and peanut amyloid fibrils for Pt, Cr, and Pb
(Figure S6) showed the highest binding constants for Pt, whereas higher
saturation limits were obtained for Cr and Pb. The binding of metal to
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amino acids, however, is a complex phenomenon, which could also
depend on sequence motifs with specific metal-binding pockets [41].

Membranes containing only amyloid fibrils filtered with the
respective heavy metals were further analyzed by SEM equipped with an
EDX detector. As seen in Fig. 4, Pt crystals with sizes ranging between
300 and 500 nm were observed on the surface of the Pt-filtered mem-
brane, while the Pb-filtered membrane showed the presence of small
aggregates. The Cr-filtered membrane exhibited the smoothest surface
among the 3 membranes. EDX analysis performed across the surface of
the membranes displayed the characteristic peaks of each heavy metal,
namely Pt Ma at 2.05 keV, Cr La at 0.6 keV, and Pb Ma at 2.3 keV, which
confirmed the adsorption of heavy metals onto the surface of amyloid
fibrils. This was supported by an elemental map of the Pt-filtered
membrane surface showing the adsorption of Pt across the membrane
surface (Figure S7). Within the operating voltage used, the Pt and Pb
characteristic peaks are notably distinct from the C, N, and O peaks due
to their much larger atomic number, while the peak of Cr was observed
to overlap with O.

To assess the applicability of the hybrid membranes in turning
polluted wastewater into water of drinkable standards, heavy metal
concentrations in the ppb range were used as simulated wastewater.
When filtering 100 mL of heavy metal solutions (initial concentration of

Chemical Engineering Journal 445 (2022) 136513

ca. 400-520 ppb) over 10 cycles through a 10 wt% amyloid-carbon
membrane, removal efficiencies of Pt (Figs. 5a and 5d) and Pb
(Figs. 5¢ and 5f) remained more than 99% throughout the 10 cycles,
having yet to show signs of saturation. Moreover, Pb concentrations in
the filtrate were well below 10 ppb, fulfilling the WHO threshold limit
for drinking water. These results indicate that the plant amyloid-carbon
membranes containing only 6.7 mg of protein are able to process
wastewater into drinkable water, after which the low cost membranes
can be simply disposed without further regeneration or desorption. Cr
removal by hybrid membranes was, however, less satisfactory (Figs. 5b
and 5e), achieving more than 90% removal efficiencies for the first 3
cycles but decreasing thereafter, insufficiently removing Cr ions below
the WHO permissible limit of 50 ppb.

One possible reason for the poorer adsorption behavior of Cr could
be explained with the HSAB theory. The adsorption of metal ions on
activated carbon has been shown to depend on the molecular structure
of activated carbon made up of basal structural units (BSUs). The pres-
ence of oxygen groups on the edge of the BSUs makes it a hard site, while
surface aromatic sheets are soft sites[42]. The ratio of sites then depends
on the processing involved in the production of activated carbon.
Comparison of the measured relative adsorption capacities of activated
carbon of all 7 metals tested (Pt, Cr, and Pb in Fig. 3, and Au, Ag, Ni, and
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Cu in Figure S5) shows that the adsorption capacities of activated carbon
for harder acids Cr, Ni, and Cu were smaller than those of softer acids Pt,
Au, Ag, and Pb. This implies that the activated carbon used in this study
most likely possessed more soft sites than hard sites, which could result
in overall weaker metal binding strength for hard acids. As also seen
from the positive contribution of amyloid fibrils in heavy metal removal
in Fig. 3, the lower performance of Cr removal could hence be due to the
weaker adsorption of Cr by activated carbon instead of protein amyloids,
although further studies will be required to validate this suggestion.

5. Conclusion

A green and sustainable process of extracting and isolating sunflower
and peanut proteins from oilseed meals that were subsequently self-
assembled into amyloid fibrils was developed. Plant amyloid fibrils
were further used to fabricate plant amyloid-carbon hybrid membranes
that were assessed for their heavy metal adsorption capabilities. Both
sunflower and peanut amyloid fibrils exhibited higher heavy metal
adsorption capacities than activated carbon for a variety of heavy
metals. Pt, Cr, and Pb were chosen as target heavy metal pollutants to
demonstrate that wastewater could be turned into drinking water. Both
sunflower and peanut amyloids displayed high removal efficiencies of Pt
and Pb over several consecutive cycles of filtration, achieving concen-
trations below the WHO permissible limits for drinking water. Alto-
gether, this study indicates the versatility of turning low-cost proteins
from food waste into amyloid fibrils for treating heavy metal polluted
water into clean drinkable water. The process should be readily scalable
due to its simplicity and minimal use of chemical reagents, pointing
towards sustainable and low-cost water treatment technologies.
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