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The growing volumes of metal wastewater produced by industry require more efficient techniques for
metal recovery. Biosorption is an attractive and desirable method for metal recovery because it avoids the
additional chemicals beyond the sorbent. Mucin glycoprotein is a natural bioresource that can potentially
adsorb and reduce precious metals. In this study, we examine the ability of mucin to recover gold from a
mixed-metals solution in an acidic environment modeling industrial wastewater. We show that selectivity in
the adsorption of the metals—and particularly precious metals—is driven by the metal's chemical properties
and affinity to mucin. The ability of mucin to reduce gold ions and transform them into nanoparticles was
Received 1st October 2023, also investigated both in mixed-metal solutions and isolated-metal solutions and with two different forms
Accepted 18th February 2024 of mucin (dissolved and nanofibers). Lastly, the recovered gold NPs were used in persulfate activation for
the oxidation of an organic pollutant: bisphenol A. This study illustrates a two-step circular-economy
process—sorption of precious metals and utilizing those adsorbed metals for secondary decontamination

DOI: 10.1039/d3en00699a

rsc.li/es-nano —using the benign, cost-effective biomaterial mucin.

Environmental significance

This research demonstrates a two-step process utilizing a benign, cost-effective biomaterial resource named mucin. This unique glycoprotein could adsorb
and transform metal ions in wastewater into a useful nano-catalyst which can be used for oxidation of organic pollutants. The process steps exhibited
selectivity, from the exclusive recovery of gold from a mixture of metals, to the degradation of bisphenol A in a non-radical persulfate activation. Overall,
this process enables decontamination while regenerating precious resources, showcasing this design as a prime example of the nano circular economy
framework.

1. Introduction non-degradable metals in wastewater pose an environmental
risk by permeating living species through the food chain,
bioaccumulating, and causing severe damage to health
functions.*® Also, the recovery of precious metals from

) ) ] ) wastewater holds high economic value. As natural mineral
eventually return as industrial effluents.” Of particular concern (oo o gradually decreasing, recovery of these metals

in certain industrial wastewaters are heavy and precious g secondary sources (such as industrial wastewater,
metals originating in many industrial processes (e.g., jewelty  jic.. qeqd electronics, and electroplating waste) has
production, electronics, batteries, fuel cells, electroplating increasingly drawn the attention of researchers.5™

resources, medical equipment, and pharmaceuticals).>* These Some current and widely used methods for metal recovery
from industrial wastewater are chemical precipitation,
filtration, coagulation, photocatalysis, electrodeposition, ion
exchange resin, solvent extraction, and reduction.”™" The

The rapid growth of modern industry is driving increased
wastewater production. In fact, 22% of the freshwater
withdrawn globally every year is used by industry and could
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need to develop a low-cost and eco-friendly process to recover
these precious metals.

In recent decades, the ongoing trend is using biomaterials
that can selectively and efficiently adsorb metal ions via
physiochemical interactions.”™"”  This green
approach allows adsorption even at low metal concentrations,
reduce material cost, and elimination of the use of other
harmful substances and the creation of by-products.'>***%*°
Furthermore, some of these biomaterials can also reduce
metal jons while forming metal nanoparticles (NPs) in a
green synthesis reaction, often occurring spontaneously (i.e.,
without external stimuli such as reagents, heat, or light).>**
This combined biosorption and bio-reduction process holds
excellent potential for benign metal recovery, with the
resultant sorbent/sorbate pairing subsequently having direct
catalysis applicability.

Our previous studies indicate that mucin glycoprotein can
be used as a biomaterial for wastewater remediation.**>*
Mucin is a large extracellular glycoprotein and the building
block of biological mucus, a semi-permeable viscous mesh?
with a primary role of protecting organs by blocking harmful
environmental particle molecules and pathogens.”**” Mucin
can be extracted from various living sources, including
mammals (e.g., pig or bovine) and non-mammals (e.g., snails,
worms, or jellyfish),>*** and is commonly produced as a by-
product in the meat industry.>>**?*' The core protein in the
mucin structure is composed of a vast number of repeated
amino acids and contains cysteine-rich domains in the
molecule’s  terminals.”> Mucin has been previously
demonstrated as an efficient and selective biosorbent for
mercury ions (rather than other cations like calcium and
sodium), which is not surprising, as this sort of selective
sorption is one of mucin's natural roles in the natural mucus
layer.”® These mucin characteristics were studied in different
living organisms, such as fish, snails, and the human body.****

Importantly, mucin has also been shown to participate in
a bio-assisted synthesis of metal ion-derived NPs within the
mucin structure (particularly, with gold, palladium, and
silver).?®*%% It is assumed that the cysteine amino acid in
mucin's molecule can serve as a reduction agent, as its thiol
groups can reduce metal ions.*® Mucin can also serve as the
scaffold for NPs formed on the mucin surface, which affects
the NP structure and size and stabilizes the NPs from
aggregating. The solution conditions, such as pH, can also
influence the overall structure of the NPs.*’

In this respect, metal NPs are often used in various
medical applications, optics, electronics, and agriculture
fields.*® In addition, metal NPs can facilitate catalytic or
photocatalytic reactions; thus, they can be utilized for energy
applications.®® One highly studied catalytic reaction is
persulfate (PS) or peroxymonosulfate (PMS) activation, in
which metal NPs are utilized to oxidize and degrade organic
contaminants.’® This reaction is facilitated via two different
mechanisms depending on the type of metal. In the first—
and more understood one—transition metal NPs such as Fe,
Co, Cu, and Mo activate PMS to produce highly reactive

various
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sulfate radicals (SO, ), which oxidize and decompose organic
compounds.”’ The second—and less understood—PMS
activation mechanism with noble metal NPs such as Rh, Pd,
and Au. These metals mediate direct electron transfer from
the organic compound (electron donor) to persulfate
(electron acceptor) to achieve persulfate-driven oxidation
without involving the formation of reactive radical species
(such as sulfate radicals).**® The latter mechanism was
shown to be efficient primarily for phenolic compound
degradation, allowing a selective reaction.**

In this study, we leverage mucin's ability to selectively
adsorb and reduce metals present in an aqueous mixture
(Au, Pd, Fe, Cu, Al), and then use the resulting NP-mucin
composite as a catalyst. We observe a distinct selective
recovery of Au from synthetic wastewater and spontaneous
generation of its NPs on the mucin surface (Au@mucin). The
Au@mucin composite was further utilized as a catalyst for
the activation of persulfate through an electron-transfer
mediation mechanism for the degradation of the organic
pollutant bisphenol A (BPA). Herein, we transform metal
waste into a valuable catalyst for eliminating additional waste
(in the form of the organic pollutants), all supported by the
green, benign, and sustainable material mucin.

2. Materials and methods
2.1 Chemicals and reagents

Mucin from the porcine stomach (pig gastric mucin, PGM
type II, Sigma-Aldrich) was used as purchased.
Polycaprolactone (PCL, Mn 80000, Sigma-Aldrich) was used
for the synthesis of mucin-based nanofibers. The following
salts were used for selectivity experiments: palladium(u)
chloride (PdCl,, Sigma-Aldrich), iron(u) chloride tetrahydrate
(FeCl,, Sigma-Aldrich), iron(m) chloride (FeCls, Sigma-
Aldrich), gold(m) chloride (HAuCl, Sigma-Aldrich), copper(u)
nitrate trihydrate (Cu(NOj),-3H,0, Strem Chemicals) and
aluminum nitrate nonahydrate (Al(NO;);-9H,0, Alfa Aesar).
Humic acid (Alfa Aesar) and carbamazepine (CBZ, Sigma-
Aldrich) were used. Sodium hydroxide (NaOH, 98.5%, Acros)
was used for pH adjustments. The background ion solutions
were made with calcium chloride (CaCl,, Acros), sodium
chloride (NaNOj, Sigma-Aldrich), and potassium chloride
(KCl, Acros). Ethylenediaminetetraacetic acid disodium salt
dihydrate (99%, EDTA-Na,-2H,0, Acros) was used for metal
desorption. Oxone (potassium peroxymonosulfate, PMS,
Thermo Scientific), bisphenol A (BPA, Sigma Aldrich),
4-chlorobenzoic acid (pCBA, Acros), sodium bicarbonate
(NaHCOs3, Alfa Aesar), and methanol (100% Bio-lab), were
used for catalysis experiments. Nitric acid (HNOz; 66-68%,
Acros) and hydrochloric acid (HCl 37%, Acros) were used for
metal quantification.

2.2 Metal adsorption and selectivity experiments using mucin

In the kinetic adsorption experiments, 500 pL of 10 mg mL™"
(5 mg) of PGM solution was added to 50 mL of 0.05 mM
metal solution (Au®*', Pd*', Fe*’, AI’") or Cu®). The

This journal is © The Royal Society of Chemistry 2024
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adsorption capacity was measured for each metal in isolation
and all metals in combination. The tubes were fixed to an
orbital shaker rotating at 150 rpm at room temperature. In
kinetic experiments, PGM was added to 0.05 mM of the
mixed-metal solution and to 0.025, 0.05, 0.1 mM of the Au
solution. The effect of background ions on adsorption was
estimated in a similar batch adsorption experiment for 0.05
mM Au in the presence of 5 mM of Na‘, Ca*', and K,
representing environmentally relevant concentrations in
wastewater.*>*® The effect of organic substances was
examined in a similar batch adsorption experiment for 0.05
mM mixed-metal solution in the presence of 1 mg L™ of CBZ
or humic acid. The pH of all solutions was maintained at 4,
with the addition of NaOH if needed. 0.5 mL aliquots were
taken at several time points over 200 h. Aliquots were
immediately centrifuged for 10 min (15000g), and the
supernatant was diluted with eluent solution (0.5% HCI and
2% HNO;) prior to quantification. Au adsorption isotherm
experiments were performed at initial concentrations
between 0.005 and 2.5 mM. Aliquots were sampled after
reaching equilibrium (200 h) and treated in the same manner
as samples from kinetic experiments.

2.3 Synthesis and adsorption test of mucin nanofibers

PGM (30 mg) was added to a PCL solution (10%) in acetic
acid and mixed using a magnetic stirrer. The solution was
loaded into a lab-built electrospinning setup. The solution
was introduced into a plastic syringe and vertically ejected at
a constant flow rate (MRC microinjection pump, 300 nL
min™") through a 22G blunt needle connected to a high-
voltage power supply (Bertan, series 230). A grounded
metallic rectangular collector plate 25 cm from the needle tip
was used as the nanofiber (NF) collector. The electrospinning
was performed in a closed chamber under -controlled
temperature (25 °C) and 70% relative humidity. The
synthesized NFs were collected for 5 hours and then removed
from the collector as a single mat fabric. Adsorption
experiments with NF mats were conducted by placing a piece
of the mucin-based mat (0.75 mg, 0.5 x 0.5 cm) in 50 mL of
0.05 mM mixed-metal solution. The reversible metal
desorption potential was examined by immersing a mixed-
metal-loaded NF membrane for 48 hours in 2 mL of 0.1 M
EDTA, followed by washing in deionized (DI) water and
drying overnight in a desiccator.

2.4 Catalytic oxidation experiments for BPA degradation

For the PMS activation experiments, Au@mucin NPs were
synthesized using three times more Au than in the selectivity
experiments. The amount of mucin was also tripled, and the
solution was heated to 70 °C to expedite the reaction. The
kinetic catalytic experiments were conducted in glass vials
while mixing 0.015 g L™" of Au NPs used as the catalyst, 1 mg
L™ BPA used as the model pollutant, 0.2 mM of PMS as the
oxidant, and 1 mM sodium bicarbonate as a solution buffer.
The experiments were performed in duplicates for five hours
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under controlled conditions (25 °C and mixing at 300 rpm).
Aliquots (100 pL, diluted x4 with DI) were taken periodically
and centrifuged (18 000g for 10 min) to separate the Au NPs
from the supernatant. Then, 200 pL of supernatant was
diluted x2 with DI, transferred to 2 mL glass HPLC vials, and
stored in the refrigerator before BPA analysis. A control
experiment was performed without the addition of Au NPs.
To investigate the adsorption of BPA by Au NPs (instead of
decomposition), the same experimental solution was
prepared, but without the addition of PMS. To examine the
catalysis mechanism, 0.1 M of methanol (MeOH) was added
as a radical scavenger to the basic mixture (PMS + BPA + Au
NPs). The pH effect on the catalytic process was examined by
altering the pH at the range of 2 to 10 using HCI or NaOH.
To test the selectivity of the PMS activation, the catalytic
reaction was also performed with pCBA instead of BPA,
maintaining the same initial conditions. The catalytic
performance of the Au@mucin NFs was conducted in the
same manner, but instead of using Au NPs in dispersion, a
piece of Au NF mat was added to the solution to reach the
same concentration of Au NPs as in the original reaction.
The NF mat was examined for 4 cycles with the same initial
BPA concentration (between each cycle, the Au@mucin NF
composite was washed with DI and dried). In these
experiments, aliquots were not centrifuged prior to HPLC
measurements.

2.5 Characterization methods

X-ray photoelectron spectroscopy (XPS) spectra were
measured in ESCALAB QXi (Thermo Scientific, USA) to assess
the oxidation state of the adsorbed metals in the mucin NFs.
An Al Ka (kv = 1486.6 eV) monochromatic source was used
with a spot diameter of 900 pm. A pass energy of 40 eV was
used for all high-resolution measurements. Charge
compensation was conducted with an electron-ion dual
beam. NF mats were tested at three different points to ensure
homogeneity and a representative measurement was selected.
The morphologies of the NPs and NFs were examined by an
environmental scanning electron microscope (ESEM, Quanta
200 FEG) in high vacuum mode with an acceleration voltage
of 20 kv. Sputtering of chromium was required prior to ESEM
imaging for contrast enhancement. The sputtering (SPI
sputter) was performed at 1.2 kV for 120 seconds. Au NPs
formation was examined with a UV-visible spectrophotometer
(Shimadzu 2600) in the 200-700 nm range.

X-ray diffraction (XRD) patterns for metal-mixture
precipitates and NFs, were collected using a Bruker's D8
Discover diffractometer with the setup of ©@:0 Bragg-
Brentano geometry. The source used was a copper anode with
an LYNXEYE XE linear detector. The diffraction patterns were
collected between 20° and 60° 2@ with step 0.02° 26 for 1
second per step. The analysis was obtained by comparing the
diffracted beams of each material with a reference database
in JCPDS (Joint Committee on Powder Diffraction Standards)
library materials.
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2.6 Quantification methods

All metal concentrations were determined by inductively
coupled plasma mass spectroscopy (ICP-MS, 7800, Agilent, US).
The removal of each metal was normalized to mucin mass
(Qe, mg g™") and was calculated using the follow equation:

(Ci—Ce)V
Q=" —"" (1)
where C; and C. (mg L") are the initial and equilibrium
concentrations of the metal, respectively; V is the volume of
solution in the experiment (mL), and m is the total adsorbent
mass (mg).

BPA and pCBA concentrations were quantified using high-
performance liquid chromatography (HPLC, Agilent 1260
Infinity Series) coupled with a photodiode array UV-vis
detector. A sample volume of 100 pL was injected into a Fast-
guard Poroshell 120 (4.6 mm, 5 pm) pre-column and
Poroshell 120 EC C18 (250 mm x 4.6 mm, 4 pm) column
(Agilent Technologies, USA) at 30 °C. The mobile phase was
an isocratic mixture comprising 70% HPLC-grade acetonitrile
(Bio-Lab Ltd, Israel) and 30% DI water with 1% phosphoric
acid (Merck KGaA, Germany) at a flow rate of 0.6 mL min~".
BPA was detected at a retention time of 5.25 min with an
absorption wavelength of 200 nm. pCBA was detected at a
retention time of 5.25 min with an absorption wavelength of
234 nm (mobile phase MeOH : DI water with 1% acetic acid
(55:45/v:v)).

3. Results and discussion

3.1 Selective adsorption from the metal mixture and gold
nanoparticle formation

The adsorption of metals from a mixed solution of five
metals used as a wastewater model solution, was examined.
The binding strength of each metal cation to mucin depends
on the metal's valency, the hydrolytic nature of the metal in
the given solution pH, and the structure and binding site of
the mucin molecule.”” Small cations with low valency bind
weakly to mucin and thus can detach quickly, unlike cations

A
_ 100 ' - ey
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Fig. 1
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with high valency. Furthermore, based on the soft-hard acid-
base theory, it can be concluded that soft acids such as Hg
and Pd will preferably bind covalently to sulfated groups in
mucin, which are considered hard bases. However, hard
metals (e.g., AI’" and Fe’") expected to bind electrostatically
to carboxylate groups.®® Thus, for the metals in this study, it
was expected that Au** would strongly attach to mucin,
followed in decreasing order of affinity by AI**, Pd**, and
Cu** and Fe*".

Fig. 1A shows the difference between adsorption rates at
the steady state for each metal when in combination (mixed),
compared to their adsorption from a solution when isolated
(i.e., no competition with other metals). When isolated in
solution, Au exhibited the highest adsorption out of the
metals due to its strong affinity to mucin as a trivalent large
cation. Also, as was demonstrated in our previous research
regarding mercury-mucin interactions,”® there could be
several binding sites in mucin that can bind soft acids such
as Au, including carboxylate, sulfate, and amide. Al also
exhibited large adsorption as a trivalent hydrolytic cation that
can bind electrostatically to carboxylate groups.** Pd**
exhibited high adsorption, although expected to bind less
strongly to mucin as a divalent cation. We suggest that the
high adsorption levels of Pd** is attributed to its function as
a soft acid, which attaches strongly to the cysteine-rich
domain in mucin (to the thiol group).*® Cu** and Fe**, on the
other hand, obtained poor adsorption to mucin as
intermediate acids, which reversibly bind to mucin sites in
equilibrium and thus can keep moving freely in the solution.

However, the adsorption trends in the mixed-metal
solution change significantly compared to those in the
isolated-metal solutions. First, the overall metal adsorption
in the mixed solution was higher than the sum of the metals
adsorbed across each isolated-metal solution experiment.
This can be explained by the higher starting ion
concentration in the mixed-metal solution (in the mixed
solution, there are 5 times more ions than in the isolated-
metal solutions), which drives higher adsorption rates and
equilibrium levels. Interestingly, Fe adsorption in the mixed
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(A) Metal removal by mucin from mixed-metal and isolated-metal aqueous solutions (initial concentration of each metal: 0.05 mM in steady

state). (B) Removal of all metals by mucin as a function of time from an aqueous mixed-metal solution containing 0.05 mM of each metal. All
experiments were conducted in 0.1 g L™* dissolved mucin and solution pH of 4. Error bars represent one standard deviation from an average of

two measurements.
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solution was almost 5 times more than the levels adsorbed
compared to the pristine Fe solution. It can be assumed that
in the mixed solution, some of the Fe*" ions were oxidized to
Fe*" by one of the other metals in the mixture (with higher
reduction potential). Because Fe*" can bind more strongly to
mucin than Fe®" in the sole solution (Fig. S11), Fe adsorption
was higher in the mixed solution than in the isolated
solution. In addition, Fe*" is kinetically more active than Al*",
and has a greater affinity to mucin than other trivalent
metals, as shown in previous studies concerning mucin's role
in adsorbing metals in rats and humans.***”*° Thus, Fe
could occupy the mucin's binding sites faster, at the expense
of AI** and Pd** adsorption. Third, although Au has the
slowest kinetics in the mixture (Fig. 1B), it did reach the
highest adsorption in equilibrium in isolated- and mixed-
metal solutions (Fig. S21 shows the kinetics in the mixture
until it reaches a steady state). As shown in Fig. 1B, in the
first few minutes, Fe reached a higher level of removal than
Au, but this trend eventually reversed. Furthermore, there is
a substantial increase in Au adsorption in the mixed-metal
solution, reaching almost complete removal of Au ions from
the solution. To explain these observations, a deeper
examination of Au's interactions with mucin is examined in
the next section.

3.2 Gold adsorption and recovery by mucin

Fig. 2A shows the Au adsorption kinetics by mucin across
three different Au concentrations (as a sole metal), which
were fit to a pseudo-second-order model (Table S1f
summarizes the kinetic values). It is evident that lower
concentrations are associated with faster kinetics: in 0.025
mM solution, a steady state was reached after 24 h, with a
kinetic rate of 0.0019 g mg " h™, while the adsorption
kinetics in the 0.05 mM solution was quite low (k = 3.21 x
107" g mg™ h™), reaching equilibrium after 200 h. The 0.1
mM solution did not reach a plateau in this time frame (k =
7.57 x 10> g mg ' h™). In a previous study, such slow
adsorption kinetics was not observed for mercury—another
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soft acid of similar adsorptive properties—which suggests
that heavy ions' attachment to mucin in a solution could
occur within the first seconds.’® The relatively slow kinetics
of Au, which was also observed in the mixed-metal solution
(Fig. 1B), can be attributed to the co-occurrence of Au
reduction during adsorption. The first visual evidence of the
Au chemical reduction was the change in the solution color
from light yellow to light red. The transparent red hue is the
typical color of suspended Au NPs in a solution, contributing
to the visible-light adsorption due to the surface plasmon
resonance of the particles.”>>"*> The Au adsorption isotherm
(Fig. 2B) suggests a maximum Au capacity of 750 mg g* on
mucin. This value is consistent with and even higher than
similar Au recovery methods explored in previous studies
using different biomaterials.>*>*"*

Fig. 2C compares the decrease of Au ions from the
solution and the increase of Au NPs concentration (see Fig.
S371 for UV-vis absorbance spectra of the NPs). In the first few
hours, though fewer Au ions were removed from the solution
to be treated, no Au NPs were detected, indicating that only
adsorption occurred in these hours. It can be assumed that
Au ions are first attached to thiol groups in the cysteine-rich
domains in mucin. The thiol group can interact with gold by
a coordination-type bond through the sulfur lone-pair
electron. When deprotonated, this group binds covalently to
gold, creating an RS-Au bond (where R represents organic
moiety) with a strength close to that of gold-gold bond.*
This interaction can induce the reduction of gold ions,
forming the initial Au NP seeds.’®>’ As time progresses, more
Au ions are reduced and attached to the existing nucleation
sites, allowing the NPs to grow.’®>® This mechanism can also
explain the slow kinetics of the overall Au removal process
that was observed compared to the other metals (Fig. 1B). It
should be noted that the NPs formation kinetics could be
expedited (to 2-3 hours) by heating the solution to 70 °C, as
was established in a previous paper.*®

It was observed that the mixed-metal solution, after a few
hours from the addition of mucin, changed in color from
light yellow to light red, similar to the solution with Au in
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Fig. 2 Au recovery performance by mucin. (A) Removal of Au®>* by mucin as a function of time from aqueous solutions containing 0.025 mM, 0.05
mM and 0.1 mM Au®*. (B) Adsorption isotherm illustrating equilibrium removal levels of Au®** by mucin across a range of concentrations between
0.005 and 2.5 mM Au®*. (C) Au®* concentration measured in inductively coupled plasma vs. Au nanoparticles concentration measured in UV-vis
during the first 48 h in a 0.05 mM solution. All experiments were conducted in 0.1 g L™ dissolved mucin and at a solution pH of 4. Error bars
represent one standard deviation from an average of two measurements.
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Fig. 3 Au nanoparticle (NP) formation in the mixed-metal solution. (A) UV-vis absorption of Au nanoparticles in the mixed-metal solution both
with and without the presence of mucin. Inset: Optical image of mixed-metal solution before (left) and after (right) the addition of mucin. (B)
Scanning electron microscope (SEM) image of Au nanoparticles formed in the mixed-metal solution in the presence of mucin. (C) X-ray diffraction

(XRD) pattern of the mixed-metal precipitate after centrifugation.

isolation. This observation again indicates the formation of
Au NPs with mucin's assistance. The UV-vis spectra of the
mixed-metal solution were compared to that of the Au
solution, both with the addition of mucin (Fig. 3A). A
distinctive peak of Au NPs at ~540 nm was observed in both
solutions 200 h after exposure to mucin. The Au NP
plasmonic peak showed a red shift in the mixed-metal
solution compared to the pristine Au solution (545 nm vs.
538 nm), possibly due to larger NPs forming in the mixed-
metal solution. A comparison of SEM images of the NPs from
the mixed-metal solution (Fig. 3B) and Au NPs in the isolated
solution (Fig. S41) confirms that the Au NPs in the mixed-
metal solution were indeed larger than those in the isolated
solution (20.3 + 4.6 nm compared to 13.5 + 4.0 nm). The
larger NPs in the mixed solution suggest that more Au ions
were reduced to atoms and attached together, which is
consistent with the higher removal of Au in the mixed
solution than in the solution with isolated Au (Fig. 1A).

The reasoning behind the elevated reduction of Au ions
in the mixed-metal solution compared to Au in isolation
can be found by comparing the Au UV-vis spectra to that
obtained in the absence of mucin (Fig. 3A). In such a
solution (red curve), no plasmonic peak of Au was
measured, indicating that Au NPs were not formed without
mucin. Furthermore, in the control solution (i.e., a mixed-
metal solution without mucin), two peaks at ~300 nm and
~400 nm were initially observed and were nearly non-
existent after 200 h of shaking. These peaks correspond to
Fe** and Pd*', respectively, and their decrease can be
explained by a potentially galvanic reaction for these ions
with other metals in the mixture. It should be noted that
even if Au ions were taking part of the redox and reduced
by Pd or Fe, it is evident that they did not cause the
transformation into NPs without mucin. Mucin is also
known not only as a reducing agent but also as a stabilizer
and a capping one, and it even has a role in determining
the shape and size of NPs.*>*” Overall, it could be assumed
that in the mixture, Pd or Fe were responsible for a portion
of the Au ions' reduction over time in addition to the ions
reduced by mucin. However, mucin is responsible for the
NPs formation and growth on top of the existing seeds.

1492 | Environ. Sci.: Nano, 2024, 11, 1487-1498

The crystalline nature of the Au NPs was evaluated using
X-ray diffraction (XRD, Fig. 3C). The spectra revealed the
distinctive peaks of the FCC Au NPs (38.2° and 44.5°,
corresponding to (111) and (200) planes according to JCPDS
file no. 04-0784). No other significant peaks that could be
related to Pd or Fe were observed, implying no formation of
any other crystalline form.

The effect of small common ions such as K', Na', and
Ca”®" on the Au recovery by mucin, was also evaluated. Fig.
S5AFT shows that the appearance of such cations in solution
did not change the Au NP formation. This stands in line with
previous reports, in which small cations were only weakly
bound to mucin and allowed mercury adsorption.”® In
addition, the influence of organic substances (such as CBZ or
humic acid which may co-present in wastewater) was also
examined. The mixed-metal solution selectivity was verified
through the formation of Au NPs in such complex media
(UV-vis spectra in Fig. S5Bf).

Generally, the exclusive reduction of Au ions (compared to
other metals in the experiments) by mucin can be explained
by two conditions that uniquely co-exist for Au: (1) the
binding extent and affinity of the Au cation to mucin
compared to that of the other metals and (2) the reduction
potential of Au relative to that of mucin compared to that of
the other metals. For the reduction of an ion to occur, its
reduction potential should be higher than the oxidizing
agent. In this case, mucin's reduction sites have an assumed
standard reduction potential of -0.318 eV,*® whereas the
reduction potential of Au is 1.498 eV. So not only does Au
have the highest potential to be reduced by mucin (Table S27
outlines the reduction potential of each metal), but it also
has the highest adsorption to mucin (both in isolation and in
the mixed-metal solutions), which exacerbates its tendency to
be reduced as compared to the other metals examined.®® One
would expect Pd to also transform into NPs (due to its
elevated reduction potential); however, no Pd NPs were
formed in the mixed or isolated solutions. As seen from
previous studies, it lacks the conditions for Pd to be reduced
spontaneously in a bio-assisted synthesis by a biomaterial
(most studies were not performed in ambient conditions and
required neutral pH or heat).*’**

This journal is © The Royal Society of Chemistry 2024
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standard deviation from an average of two measurements.

3.3 Practical application of mucin for gold recovery

After establishing an wunderstanding of the mechanism
behind mucin's ability to recover Au exclusively from a
mixed-metal solution, we suggest a practical form of using
mucin as an adsorbent and reductive treatment agent for
metal-rich wastewater.®> Using an electrospinning technique,
mucin-based NFs were produced, composed of PGM (pig
gastric mucin) and PCL (polycaprolactone). A SEMimage of
the NFs after the adsorption process is shown in Fig. 4A (for
SEM image of pristine mucin/PCL NFs, see Fig. S6f). Once
mucin is formed into a NF mat, such a macro-scaled, solid
form can allow facile handling compared to dissolved mucin.

Though the overall trend in metal removal from the
mixed-metal solution was similar for the NF mucin and the
dissolved mucin (Fig. 4B), the amount of Au adsorbed was
higher for the NFs than the suspended mucin (207.91 vs.
84.45 mg g, respectively). This can be attributed to the fact
that water acidity causes more mucin glycoprotein
aggregation and precipitation,> a phenomenon suppressed if
the mucin is incorporated within a non-dissolving solid
structure such as a NF. This aggregation prevention is
another advantage of using mucin in a NF form, which
allows the exposure of more binding sites for the Au ions.
This elevated performance of mucin in the NF architecture
has also been demonstrated in mercuric adsorption, in which
higher rates of mercury ions were adsorbed to the mucin-
impregnated NF than to dissolved mucin.>®> The XRD
spectrum of the Au NPs in the NF is shown in Fig. 4C. The

This journal is © The Royal Society of Chemistry 2024

distinctive peak of Au NPs (38.2° corresponding to (111)
planes according to JCPDS file no. 04-0784) is accompanied
by two peaks at 21.3 and 23.5 attributed to crystalline PCL.

Next, the NF mat was investigated by XPS to understand
better the adsorbed metals' oxidation states (Fig. 4D-F). The
Au 4f binding energies were 84.1 eV and 87.8 eV,
corresponding to 4f;, and 4fs, in the Au® oxidation state,
respectively. No peaks corresponding to Au®* were observed,
supporting a complete NP formation (with a metallic
oxidation state of Au®). The peaks at 724.2 eV and 710.4 eV
correlate to Fe 2p,,, and Fe 2p;),, respectively, and could be
fitted to both Fe** and Fe®. The Fe oxidation observed
during experiments can again be explained by a galvanic
reaction with other metal in the mixture with higher
reduction potential (see reduction potential of Au and Pd in
Table S21). The Pd 3d binding energies were 343.4 eV and
338.2 eV, attributed to the Pd 3d;, and 3dss,, respectively.
These values were fitted best to PdCl,,°® which could
participate in the mucin molecule after Pd*" was adsorbed.
No peaks relating to Al or Cu were observed in the spectra
(Fig. S7t), which is consistent with the ICP measurements of
the metal removal (Fig. 1A).

To achieve a pristine Au@mucin NF membrane (ie.,
membrane that does not contain non-Au metal ions), the NF
mat was cleaned with 0.1 M EDTA. EDTA was used due to its
property as a chelate and its ability to capture only ions while
leaving the Au NPs unharmed. Indeed, an ICP measurement
of the solution after 24 h, revealed a release of almost all the
Fe and most of the Pd, while only a negligible amount of Au

Environ. Sci.: Nano, 2024, 11, 1487-1498 | 1493
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Fig. 5 Peroxymonosulfate (PMS) activation for bisphenol A (BPA) degradation. (A) Removal of BPA with PMS and Au nanoparticles in dispersion.
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presence of PMS) over four cycles. (C) BPA removal by Au-embedded nanofibers (blue) and Au leaching (red) for each cycle in (B).

was present in the desorbing solution. The associated atomic
concentrations (calculated with XPS) of all elements before
and after cleaning are shown in Tables S3 and S4,f
respectively; no Pd or Fe after cleaning were detected.

3.4 Bisphenol A degradation using recovered Au
nanoparticles catalysts and PMS

Following removal of non-Au metal ions by EDTA, the
Au@mucin NF composite was used for a subsequent catalysis
process. First, the catalytic oxidation reaction was examined
using suspended Au NPs as a catalyst for the decomposition
of BPA with the addition of PMS. Fig. 5A shows the
decomposition of BPA during the catalytic process. When
using noble metal NPs, the activation mechanism of PMS is
known to be electron mediation transfer.**** To validate this
non-radical mechanism route in which noble metal NPs are
used, a radical scavenger, MeOH, was added in excess to the
reaction and the decomposition rate of BPA was tested and
compared. As shown in Fig. 5A, the decomposition of BPA
occurred and lasted 5 hours (blue curve). With the addition
of MeOH no significant change in the reaction rate was
observed (green curve), indicating that radicals were not
responsible for the BPA oxidation. In addition, the same
reaction was conducted without the presence of PMS (black
curve) to rule out adsorption of the BPA by the Au@mucin; in
this latter case no significant decrease of BPA was shown.
Furthermore, although PMS is a strong oxidizer, with a redox
potential of 1.82 V, it has been shown to react directly with
organic contaminants with a low reaction rate.** As shown in
the control experiment (i.e., without the presence of the
catalyst, but only with PMS and BPA), only a slight decrease
in the BPA concentration was detected in the experiment
timeframe (red curve). Further on, to test the stability of the
catalyst, the PMS activation was performed at different
solution pH values (Fig. S8+). The results indicate that until
reaching pH 7, the performance was nearly unharmed. This
limited pH effect at acidic conditions support the assumption
of non-radical pathway (as radicals can be scavenged by
excess H' in some radical-based catalytic systems).®”®®
Alkaline pH, however, resulted in a drastic decrease in the

1494 | Environ. Sci.. Nano, 2024, 11, 1487-1498

BPA degradation which might be related to the hydrolysis of
PMS,* or to the increase in anionic BPA species (pK, = 9.6).”°

PMS activation through electron-mediated transfer is more
pronounced for phenolic compounds, as was established in
previuos studies.*>*>®® The catalytic experiment
conducted in the presence of 4-chlorobenzoic acid (pCBA), a
non-phenolic molecule commonly used as an indicator for
radical formation (as it reacts quickly with both OH- and
S0,7).”""* Not surprisingly, pCBA was not degraded in the
PMS-activation reaction, highlighting the dominancy of the
non-radical degradation pathway and selectivity towards
phenolic compounds.

After establishing the electron mediation transfer
reaction mechanism, it was possible to run the same
reaction with Au embedded in NFs, due to the assumption
that the PMS activation is not driven by radicals and other
organic matter in the solution could thus stay intact.
Furthermore, in the case of using the catalyst embedded in
fibers and not in dispersion, their separation is much
easier, and recyclability is possible. Hence, the NFs were
examined for 4 cycles and BPA concentration was measured
across time for each cycle as depicted in Fig. 5B. In the first
cycle, the performance of the membrane was similar to
when NPs were used in suspension, but it took a bit longer
to reach a steady state (7 h wvs. 5 h). Although the
performance of the membrane decreased between each
cycle, BPA was still degraded each cycle. The decrease in
catalytic efficiency between each cycle can be explained by
the accumulation of oxidation products of BPA on the
surface of the Au NPs.***® Across all four cycles, the
amount of BPA decomposed was 1.32 mg L™ (sum of the
BPA degradation column heights in Fig. 5C). In addition,
the Au leaching from the membrane was measured after
each cycle as shown in Fig. 5C, and totaled 0.3 mg L™ (sum
of the Au leaching column heights in Fig. 5C) which is less
than 2% of the original Au in the NF.

was

3.5 From metal wastewater to organic waste removal

Au concentrations in industrial wastewater can range from a
few ppb to dozens of ppm.**”® In the spirit of circular

This journal is © The Royal Society of Chemistry 2024
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economy, the entire exploitation of mucin in the whole
process was calculated. In this study, 1 g of mucin, could
transform 750 mg of Au into NPs, allowing a secondary use
of this precious metal from wastewater, which otherwise
would have been thrown away with other less expensive
metals. The recovered Au NPs could then also assist in
eliminating additional waste—this time an organic one—in a
highly selective reaction: PMS activation for the oxidation of
the pollutant BPA. From the same 1 g of mucin, 50 mg of
BPA could be decomposed. If taking into account the
embedded Au@mucin in NFs, which could be used for
several catalytic cycles, an even larger amount of BPA could
be degraded.

1 g of mucin from the source that was used in this
research (porcine stomach), costs ~$2.50 (CAS 84082-64-4).
Another alternative is to use mucin extracted from jellyfish
biomass.”>”* It has been previously shown that jellyfish
mucin can be embedded in NFs and form Au NPs.*’ In
addition, the utilization of jellyfish is acceptable given the
overpopulation of jellyfish causing enormous economic and
environmental global damages.”” If using jellyfish as the
mucin source, the cost per 1 g of mucin would be
substantially reduced to $0.002.

Further research might explore optimizing the economic
circuit, focusing on the separation of other precious metals
in solution. For instance, Pd, a highly desired metal used in
various catalytic reactions, was shown to be more efficient
than Au NPs for activating PMS.** If prioritizing Pd recovery,
the separation of the metals could be accomplished in two
steps: after recovering the Au, the remaining supernatant,
containing Pd ions among other ions, could be heated to
obtain conditions required for Pd reduction by mucin.

4. Conclusion

This study examined the unique and natural ability of the
glycoprotein mucin, to selectively adsorb and recover
specific metals. From a model wastewater mixed-metal
solution containing Au, Pd, Cu, Fe, and Al ions, Au was
favorably adsorbed by mucin over the other metals. This
was shown both in the mixed-metal and isolated-metal
solutions. Not only could mucin adsorb Au in a maximum
capacity of 750 mg g~', but it also could reduce Au ions into
Au NPs. This phenomenon occurred both in the mixed-
metal and isolated-metal solutions. To allow a more
practical use of mucin, mucin was embedded in NFs, and
again tested for the adsorption of the metal mixture. The
results were similar to those obtained with dissolved mucin.
The retrieved NFs embedded with Au NPs could then be
used to activate PMS for the oxidation of BPA. The activation
mechanism with Au NPs was not based on radical-
formation, and thus has the potential to be more selective
in the decomposition of organic molecules. The Au NF mat
was tested for BPA degradation over 4 cycles, and exhibited
BPA degradation in each cycle with minimal associated Au
leaching.

This journal is © The Royal Society of Chemistry 2024
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Overall, we demonstrated a two-step green treatment for
wastewater that highly supports the nano circular economy
framework: first, the use of a renewable natural resource
(mucin) for selective recovery of Au from wastewater, without
using any synthetic or harmful material for the reduction;
second, the use of these recovered metals for a secondary
decontamination through the degradation of toxic organic
substance in highly selective catalysis. These processes avoid
waste and pollution, keep products and materials in use as
long as possible, and regenerate natural systems, showcasing
this overall design as a prime example of the nano circular
economy framework. Future studies may focus on quantifying
the environmental impact, including the retention and the
stability of gold NPs in mucin template, long-term operation,
and compare the life cycle assessment (LCA) of this process
against traditional decontaminating methods.
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