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trace precious metals by amyloid-
like protein membrane with high adsorption
capacity and selectivity†

Facui Yang,‡a Zhigang Yan,‡b Jian Zhao,a Shuting Miao,a Dong Wangc

and Peng Yang *a

Current technologies for recovering precious metals suffer from high energy consumption, poor

adsorption selectivity, slow adsorption kinetics, poor recyclability and expensively complex recovery

processes. Thus, there is an urgent need to develop an ecofriendly system to recover precious metals

from resources (e.g., ores, waste electrical components or wastewater) with high capacity and low cost.

Here, we report a protein-based bilayer membrane made from the one-step aqueous self-assembly of

phase-transitioned lysozyme that can efficiently sequester gold ions from dilute aqueous solutions (0.1

to 400 ppm). Notably, this membrane, with a special design of top microparticles and bottom

nanomembrane layers, has a cost comparable to that of activated carbon, and exhibits an adsorption

capacity for gold of 1034.4 mg g�1, which is 3–15 times higher than those of the most-utilized industrial

adsorbents, such as activated carbon and ion exchange resins. The high adsorption capacity for gold

could be further extended to other primary precious metals, and high selectivity towards precious metals

was simultaneously maintained when extracting precious metals at <1 ppm from ores or waste electrical

leachate solutions containing a large amount of competing metal ions. Without the extra addition of any

reductants, the membrane could be further directly used to reduce the adsorbed gold ions, affording

gold with a final purity of 23 K (95.8 wt%) after pyrolysis.
Introduction

Steadily increasing demand for precious metals, especially Au, Ag
and platinum group metals (Pd, Pt, Rh, Ir, Ru and Os), has
resulted in the scale-up of metal extraction and rening opera-
tions worldwide.1–3 With the decrease in or exhaustion of rich
mineral resources, how to collect precious metals from low-grade
mineral resources, municipal solid waste (MSW), waste electrical
and electronic equipment (WEEE) or industrial wastewater has
become a cutting-edge research topic.4–6 Adsorption has been
considered a promising technology to recover trace precious
metals from wastewater due to its low cost and easy operation.7,8

The most widely used adsorbent for precious metals is activated
carbon.9 Although activated carbon prepared from coal or
biomass has good adsorption performance, the production of
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activated carbon requires high-temperature activation (>500 �C)
and acidication, which results in high energy demand
(97 MJ kg�1) and the generation of the greenhouse gas carbon
dioxide (6.6 kg CO2 eq. per kg).10 In addition, the regeneration
process of activated carbon is reported to further require
approximately 50% of the energy demand of activated carbon
during its production.11 Alternative environmentally friendly
adsorbents have been developed, such as microorganisms and
biomass materials.12–16 Both of these recovered materials also
suffer from main problems: they have a low adsorption capacity,
require an extensive adsorption time, have a high cost and
cannot be applied on a large scale. For example, although studies
have demonstrated the selective adsorption of Au3+ and Pd2+

from industrial wastewater by using native proteins such as
lysozyme, bovine serum albumin (BSA) and ovalbumin,17 these
native proteins with a high denaturation probability, are not easy
to collect aer adsorption and have low adsorption capacity.
Recent work has shown that amyloid brils play a potential role
in the removal of metal ions. For example, amyloid bril-
activated carbon hybrid membranes can be used for the
removal of metal ion pollutants from water by ltration.18

Nevertheless, the extraction was only demonstrated in single
metal ion solution, and preparation of amyloid brils requires
high temperature, strong acid and a reaction time of tens of
hours with a dependence on organic/inorganic additives.
This journal is © The Royal Society of Chemistry 2020
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Here, we report a fundamental breakthrough in demon-
strating a pure protein-based bilayer membrane prepared by
lysozyme self-assembly that can be used as an efficient adsor-
bent for the extraction and recovery of precious metals
following chemisorption-based pseudo-second-order kinetics
and the Freundlich model. The protein-based bilayer
membrane, with a special design of top microparticle and
bottom nanomembrane layers, has a cost comparable to that of
activated carbon and mild aqueous fabrication/regeneration
conditions, and exhibits an adsorption capacity for gold of
1034.4 mg g�1, which is signicantly higher than those for
activated carbon, ion exchange resins, metal–organic frame-
works (MOFs) and other existing adsorbents (e.g., bacteria,
fungi, algae and other biomass materials). We further demon-
strate the selective adsorption of primary precious metals from
aqueous leaching solutions of ore and WEEE at low concen-
trations (<1 ppm) using the protein bilayer membrane, and 90%
of precious metals (Au, Pd, Pt, Ir, Ru and Os) could be selectively
extracted from the mixed system under 30 min in the presence
of large amounts of competing commonmetal ions and anions.
In contrast to existing systems requiring the exogenous addition
of reducing agents (e.g., sodium borohydride or sodium citrate),
a high pH (pH > 10) and slow reduction rate (over ten hours),19,20

the adsorbed gold ions on the membrane surface could be
spontaneously reduced at room temperature in the absence of
any other reductants, showing a rapid reduction ratio of 90%
from Au3+ to Au+ in 10 min and a gold purity of 23 K (95.8 wt%)
aer pyrolysis. The high adsorption capacity (3–15 times higher
than that of activated carbon and ion exchange resins), selec-
tivity and rapid reduction capability come from the multilevel
cooperation between amino acid residues exposed on the
membrane surface and precious metal–chloro complex anions
in acidic solution, typically including adsorption by electro-
static interaction, reduction by tryptophan and stabilization by
cysteine.

Results and discussion
Preparation of the protein-based adsorbent

The fabrication process of the bilayer membrane is shown in
Fig. 1a. When lysozyme was dissolved in HEPES buffer (pH 7.0)
with the addition of tris(2-carboxyethyl)phosphine (TCEP),
a rapid lysozyme conformation change occurred aer its
disulde bonds were broken down by TCEP, inducing the
heterogeneous nucleation and assembly of lysozyme.21,22 In this
protein phase-transition process, an abundance of unfolded
protein monomers (phase-transitioned lysozyme, PTL) were
formed in a few minutes, which subsequently facilitated
assembly into substantial oligomers and protobrils. The
superfast aggregation of oligomers driven by b-sheet stacking
resulted in the formation of a nanomembrane at the solid/water
interface. Meanwhile, the oligomers in bulk solution further
propagated very quickly to protobrils, which subsequently
aggregated and fused into microparticles deposited on the
nanomembrane surface.23 This process led to a bilayer
membrane at the solid/water interface. The membrane was
cross-linked with glutaraldehyde (1 wt%) for 30 min at room
This journal is © The Royal Society of Chemistry 2020
temperature so that the microparticles could be stably tethered
on the nanomembrane by this cross-linking agent. Then, the
membrane was detached from the glass aer soaking in 1 M
NaOH solution for 1 h due to the corrosion of the glass by
sodium hydroxide.24 Fig. 1b shows the structure of the bilayer
membrane: the bottom was the nanomembrane (thickness:
�260 nm), and the top was closely packed microparticles (size:
500 nm to 1 mm). Hence, the nanomembrane provided struc-
tural support for the microparticles that were stably xed on the
nanomembrane.

Since the adsorption capacity of an adsorbent is typically
evaluated as the adsorption per unit mass, the protein
concentration that would signicantly affect the mass of the
PTL membrane was determined to be 30 mg mL�1, and this
value was not changed unless specically noted. Instead, the pH
and concentration of TCEP buffer were adjusted, which did not
noticeably change the resultant membrane mass but effectively
modulated the membrane thickness and Brunauer–Emmett–
Teller (BET) specic surface area. For instance, the membrane
thickness and corresponding BET surface area could be regu-
lated from 5 to 24 mm and 3.6 to 10.5 m2 g�1, respectively, by
simply increasing the TCEP concentration from 15 to 50 mM
(Fig. 1c, d, S1 and S2, ESI†). While a high concentration of TCEP
solution intensied the reaction extent to afford a thick
membrane with a large BET surface area, a TCEP solution pH
above 6 also showed a positive effect on the membrane thick-
ness and BET surface area (Fig. 1c and d). Amyloid aggregation
was enhanced by increasing the pH to approach the pI of the
protein (11 for lysozyme) due to the attenuation of electrostatic
repulsion among the colloids.23 As a result, the membrane
thickness and BET surface area decreased to 10 mm and 7.4 m2

g�1, respectively, at a low pH of 6, and then increased to
approximately 24 mm and 10.6 m2 g�1 from pH 6 to 11 (Fig. 1c,
d, S3 and S4, ESI†).

The functional groups on the membrane surface mainly
included aliphatic carbon (C–H/C–C), amines (C–N), hydroxyls
(C–O), thiols (C–S), amides (O]C–N) and carboxyl groups (O]
C–O), as reected by X-ray photoelectron spectroscopy (XPS) of
the membrane surface (Fig. S5, ESI†).25 These multiple func-
tional groups on the membrane provided binding sites for
metal ions.26,27 We then expected that the PTL bilayer
membrane could be used for the adsorption and rapid reduc-
tion of gold ions. For the initial evaluation, chloroauric acid
(HAuCl4) was chosen as the ionic Au source due to the expected
attraction of the [AuCl4]

� ion to the positively charged lysozyme
with an isoelectric point (pI) of 11. To some extent, the effect of
the pH and concentration of the TCEP buffer on the membrane
thickness and BET surface area could also result in modica-
tion of the adsorption ratio (RA, see ESI† for details) for gold
ions (Fig. 1e). For instance, the low thickness and BET surface
area at 15 mM TCEP and pH 6 resulted in a relatively low RA at
40–75%, while the increased thickness and BET surface area at
TCEP > 15mM and pH 7–9 led to a high RA above 95%. A sudden
drop in RA from 85% to 40% was observed at TCEP pH > 10,
which might be due to the attenuation of electrostatic interac-
tions between gold ions and the weakly charged membrane
surface, which was prepared at a pH (>10) close to the pI.
J. Mater. Chem. A, 2020, 8, 3438–3449 | 3439
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Fig. 1 Preparation and structure modulation of the PTL bilayer membrane. (a) Schematic illustration of the proposed mechanism for the
preparation of the amyloid-like PTL bilayer membrane; (b) SEM image showing the cross-section of the proteinaceous bilayer membrane,
consisting of two parts: a bottom SEM image showing the cross-section of the nanomembrane and a top SEM image showing the microparticles
on the membrane as well as an optical photograph of the membrane (far right); (c) the effect of the concentration and pH of TCEP buffer on
membrane thickness; (d) the effect of the concentration and pH of TCEP buffer on the BET specific surface area of the membrane; (e) the effect
of the pH and concentration of TCEP buffer on the adsorption ratio for gold ions; (f) the adsorption ratio of gold ions onmicroparticles alone and
the nanomembrane alone; (g) a cartoon indicating the use of microparticles as fillers in the adsorption column (I), microparticles and the PTL
bilayer membrane dispersed in solution as adsorbents (II), and the attachment of the bilayer membrane onto a PET nuclear poremembrane (PTL/
PET) (III). The inset shows the corresponding optical and SEM images of the PTL/PET membrane.
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Therefore, to achieve high adsorption of gold ions, the optimum
preparation conditions for the bilayer membrane were neutral
or weakly basic TCEP.

The advantages of the bilayer membrane design were further
evaluated. First, the bilayer design facilitated the collection and
recovery of the adsorbent aer use without detectable material
loss. In comparison, although direct dispersion of the micro-
particles (without a nanomembrane support beneath) in the
extraction solution also showed a high RA (>95%) (Fig. 1f), such
dispersion easily resulted in the loss of microparticles during
recovery and utilization (Fig. S6a, ESI†). Second, when the
3440 | J. Mater. Chem. A, 2020, 8, 3438–3449
microparticles without a nanomembrane beneath as a support
were utilized as ller in a separation column, the corresponding
RA was approximately 75% (Fig. S6b, ESI†), and this decreased
RA (compared with RA > 95% for the bilayer design) was due to
the slow diffusion of gold ions through the densely packed
microparticles in the column. Third, the bottom nano-
membrane is helpful for attaching the bilayer membrane
robustly onto the polyethylene terephthalate (PET) nuclear pore
membrane (PTL/PET) due to the multiplex interfacial bonding
of the PTL nanomembrane with the other material (Fig. 1g).28

Through such fabrication, recirculating adsorption by the PTL/
This journal is © The Royal Society of Chemistry 2020
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PET membrane was achieved, and a high adsorption ratio of
99.6% for gold ions was observed. Therefore, the above results
demonstrated that the optimal membrane-particle bilayer
composition allowed both high adsorption efficiency and easy
operation for reuse at the same time.
The adsorption mechanism of gold ions on the PTL bilayer
membrane

To further investigate the adsorption performance of the
membrane, we exposed the membrane to HAuCl4 solution at
different pH values, concentrations and extraction time
(Fig. 2a). Lysozyme has some positively charged amino acids
(e.g., eleven arginine residues and six lysine residues). These
positively charged amino acids on the PTL membrane were
responsible for the electrostatic interaction with the gold ions,
which was effectively adjusted by the pH in the extraction
solution. This was because the charge state of the membrane
surface, the form of metal ions and their ionic charges strongly
depended on the pH of the extraction solution. At low pH (pH 1–
5), the zeta potential of the PTL membrane varied from 12.6 to
�17.7 mV with an isoelectric point at pH 4.5 (Fig. 2b inset), and
[AuCl4]

� and [AuCl3(OH)]� complexes became the dominant
gold ion species.29 Accordingly, the adsorption ratio of gold ions
Fig. 2 The adsorption behavior of gold ions on the protein membrane. (a
gold adsorption ratio on themembrane as a function of the initial pH of HA
in HAuCl4 solution at different pH values; (c) time-dependent gold adsorp
kinetics fitting; (e) the gold adsorption ratio and corresponding adsorpti
a function of concentration of [AuCl4]

� at different temperatures; (f) the F
the membrane at three different temperatures; (g–i) thermodynamic para
in Gibbs free energy (DG0), enthalpy (DH0) and entropy (DS0). The data a

This journal is © The Royal Society of Chemistry 2020
increased as the pH of HAuCl4 solution (393.9 ppm) increased
from 1.0 to 2.0 and slightly decreased at pH 4.0 (RA > 90%), at
which the membrane surface net charge was close to zero
(Fig. 2b). At pH 5 and above, [AuCl(OH)3]

� and [Au(OH)4]
�

anions were the dominant species30 and the surface of the
membrane became negatively charged due to the deprotonation
process (i.e., COOH 5 COO� + H+). The resultant electrostatic
repulsion between gold ions and the membrane surface then
decreased the adsorption capacity for gold ions. The above
results indicated that the protein membrane was stable with
a high adsorption ratio for gold ions under acidic conditions. In
the following experiments examining the adsorption capacity,
a pH value of 3.0 was chosen to study the theoretical maximum
adsorption performance because most waste solutions con-
taining metal ions are acidic.

The adsorption kinetics depend on the mass transfer of
metal ions from the bulk solution phase to the binding sites on
the surface of or inside the solid adsorbents. In this process, the
adsorption ratio of gold ions on the membrane increased
sharply to 80% within the rst 10 min, then rose slowly and
reached equilibrium above 90% aer 30 min at an initial
HAuCl4 concentration < 50 ppm. When the initial HAuCl4
concentration increased from 50 to 295.5 ppm, the adsorption
time was extended to 5 h to reach equilibrium. With an increase
) Schematic illustration of the PTL adsorbent soaked in solution; (b) the
uCl4 solution. The inset shows the zeta potential of the PTLmembrane
tion ratio at different initial [AuCl4]

� concentrations; (d) the adsorption
on capacity per unit mass of adsorbent (mg g�1) on the membrane as
reundlich adsorption isothermmodel fitting for [AuCl4]

� adsorption on
meters of gold ion adsorption on the membrane, including the change
re presented as the means � s.d. (n ¼ 3).

J. Mater. Chem. A, 2020, 8, 3438–3449 | 3441
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in the initial gold ion concentration above 295.5 ppm, the
adsorption time was extended to 24 h to reach equilibrium
(Fig. 2c). The time-dependent adsorption data at different gold
ion concentrations were tted well by a pseudo-second-order
kinetics model (correlation coefficient R2

2 > R1
2) (Fig. 2d, S7

and Table S1, ESI†), which showed that chemisorption was the
principal uptake mechanism during this adsorption
process.29,31 The adsorption model was then evaluated by
studying the effect of the temperature and the initial HAuCl4
concentration on the adsorption behaviors. The adsorption
capacity increased with increasing temperature, showing
a considerable adsorption capacity for gold ions in the range
from 758.1 mg g�1 to 1034.4 mg g�1 with increasing operation
temperature from 283 K to 333 K (Fig. 2e). It is worth high-
lighting that, by extrapolation from the experimental values,
a �66 L volume of water with gold ions could be processed
using just 2.1 mg PTL at a concentration of gold ions of 30 ppm.
That is, 1 g PTL membrane could be used to treat 30 000 L of
aqueous solution of gold ions. The Freundlich model tted the
isothermal adsorption data better than the Langmuir model
(correlation coefficient RF

2 > RL
2), indicating that elevated

temperature could enhance adsorption due to the increase in
surface activity and kinetic energy of the solute (Fig. 2f, S8 and
Table S2, ESI†).32 In addition, compared with the adsorption
equilibrium time of gold ions on the membrane at 310 K (24 h),
the adsorption time was decreased to 15 h when the initial gold
ion concentration was 787.8 ppm with pH 2.5 at 333 K (Fig. S9,
ESI†). Therefore, increasing the temperature is also benecial to
reduce the adsorption time of gold ions.

The Van't Hoff equation was further employed (DG0 ¼
�RT ln KC, KC is the distribution coefficient), which derives the
degree of surface coverage characteristics of an adsorbate onto
an adsorbent and expresses the feasibility and spontaneous
nature of the adsorption process (Table S3, ESI†).29 At a low
initial gold ion concentration (e.g., 196.9 ppm), DG0 was nega-
tive at all tested temperatures (283, 310 and 333 K), which
indicated spontaneous adsorption on the membrane surface
(Fig. 2g). With an increase in initial gold ion concentration, the
more gold ions were adsorbed on the membrane, the fewer the
adsorption sites, which correspondingly increased DG0 gradu-
ally. A threshold for DG0 was observed at 590.9 ppm, in which
DG0 at 283 K was positive and DG0 at 310 and 333 K remained
weakly negative. A further increase in gold ion concentration to
948.8 ppm resulted in all positive DG0 values at 283, 310 and 333
K. This tendency well explained the efficient adsorption of gold
ions at low concentrations and favourable adsorption at high
gold ion concentrations with increasing temperature (Fig. 2e
and f). DH0 and DS0 were further derived from the intercept and
slope of the plot of DG0 versus T (DG0 ¼ DH0 � TDS0) (Fig. 2h).
Both DH0 and DS0 were positive and decreased with increasing
gold ion concentration (Fig. 2i). The positive DH0 indicated an
endothermic adsorption process, which was consistent with the
experimental results (Fig. 2e and f). With increased gold ion
concentration, the more gold ions were adsorbed on the
membrane surface, the more crowded the surface became,
corresponding to the gradually decreasing heat effect. The
positive DS0 reected the increased randomness at the solid–
3442 | J. Mater. Chem. A, 2020, 8, 3438–3449
solution interface during adsorption. This indicated that the
adsorption of gold ions on the membrane was entropically
driven. During the adsorption process, gold ions exchanged
with water molecules on the membrane surface, and the
entropy of the whole adsorption process became positive due to
the desorption of water molecules.29 In addition, the mobility of
gold ions on the membrane surface was gradually limited as the
concentration of gold ions increased; thus, DS0 decreased
gradually.

During the adsorption of gold ions, the color of the
membrane changed rapidly from white to brown within 1 h at
310 K, in contrast to the yellow color of the membrane aer
adsorption at 283 K. This result indicated a possible reduction
reaction for gold ions accompanying the adsorption process.
The standard reduction potential of Au3+/Au+ (1.4 V) is higher
than that of Au3+/Au0 (1.0 V). Hence, Au3+ was rst reduced to
Au+, and Au+ was then gradually reduced to Au0. The corre-
sponding XPS evidence showed a clear Au3+ / Au+ / Au0

stepwise reduction at different adsorption and reduction stages
(Fig. S10, ESI†). A fast reduction rate was observed at 333 K, in
which 89.7% Au3+ was reduced to Au+ in 10 min (Fig. 3a). Aer
60 min, a purple product was formed on the membrane surface
containing 42.3% Au0, and no Au3+ species was detected, a sign
of the complete reduction of Au3+ to Au0 and Au+. Furthermore,
aer 12 h, the Au+ species decreased to 10%, while the Au0

species increased to 90% (Fig. 3a and S10b, ESI†). Elevated
temperature also favored such reduction, as the magnitude of
the Au0 peak increased from 19.7:87.4:3.9 (Au3+:Au+:Au0) at 283
K to 0:28.3:71.7 (Au3+:Au+:Au0) at 333 K (Fig. S11, ESI†). TEM
images of the membrane aer adsorbing and reducing gold
ions then showed the existence of gold nanoparticles on the
membrane surface, which gradually became larger, and the
number of large particles increased with increasing tempera-
ture (Fig. S12, ESI†). The typical sizes of gold particles formed
on the membrane ranged from the nanometer to micrometer
scale (Fig. 3b). The spontaneous reduction ability of the protein
membrane for gold ions at low temperature (�333 K)
completely avoided the use of any other reductants, which in
turn reduced the environmental pollution caused by the use of
reducing agents and energy consumption.

The chemisorption-based kinetics and Freundlich model
behavior observed during adsorption and reduction implied
possible physicochemical interactions between gold ions and
the functional groups present on the membrane surface, such
as electrostatic interactions and gold ion chelation. The XPS
spectra of N1s on the membrane surface before the adsorption
of gold ions showed peaks at 399.6 and 400.4 eV, assigned to
unprotonated amine/amide species and protonated amine
species, respectively.13 Aer the adsorption of gold ions, the
protonated N1s spectra decreased signicantly from 30 min to
60min and 6 h, which suggested the combination of protonated
amino groups (e.g., arginine residues) and gold ions due to
electrostatic interactions (Fig. 3c). Lysozyme contains trypto-
phan (Trp) (6), histidine (His) (1), aspartic acid (Asp) (7) and
tyrosine (Tyr) (3) residues (Fig. 3d), which are important for
reducing gold ions and affect the reduction rate.33–36 To further
investigate the amino acid residues responsible for the fast
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The reduction of gold ions by the PTLmembrane. (a) Relative atomic percentage representing the atomic fraction per total Au content for
Au3+, Au+ and Au0 at different time from the XPS spectra of Au4f at 333 K; (b) SEM images showing the membrane after adsorbing and reducing
gold ions. An optical photograph of the membrane after adsorbing gold ions (inset) and the typical shape and size of Au nanoparticles on the
membrane are shown; (c) XPS spectra of N1s after gold adsorption at 0 min, 30 min, 60min and 6 h; (d) 3Dmolecular model showing tryptophan
(Trp), tyrosine (Tyr), histidine (His), and aspartic acid (Asp); (e) the reduction of [AuCl4]

� by 0.1 mMTrp, Tyr, His or Asp at different time, as reflected
by the UV/vis absorption of HAuCl4 solution (1 mM) at 510 nm. The inset photograph shows a mixture of HAuCl4 (1 mM) and amino acid (0.1 mM)
solution after reduction for 6 h; (f) XPS spectra of S2p on themembrane surface after gold adsorption at 0min, 30min, 60min and 6 h; (g) scheme
of the process by which the membrane mediates gold ion adsorption and reduction.
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reducing effect in our system, the amino acids (Trp, His, Tyr and
Asp) were tested individually because the functional groups
(e.g., imidazole, indolyl, carboxyl) of these amino acids have the
potential to reduce gold ions.19,37,38 Among these amino acids,
the reduction rate of Trp for gold ions, as reected by the UV/vis
adsorption of HAuCl4 solution with Trp added at 510 nm, was
the fastest, with gold nanoparticles being produced within 5
minutes (Fig. 3e and S13, ESI†). For histidine and tyrosine to
reduce gold, a long time was required, and the solution color
changed only aer 6 h due to the formation of small number of
gold nanoparticles in the solutions (Fig. 3e, inset). In combi-
nation with the characteristic exposure of Trp during the phase
transition of lysozyme,21,22 it was deduced that the rapid
reduction of gold ions on the bilayer PTL membrane may be
mainly caused by the interaction of gold ions with the exposed
Trp aer the disruption of the disulde bonds of lysozyme by
TCEP.39 In addition to Trp, the reduction of gold ions by the
This journal is © The Royal Society of Chemistry 2020
membrane might be accompanied by effects exerted by His, Tyr
and Asp residues, although the reduction rates of these amino
acids for gold ions were much slower than that of Trp (Fig. 3e
and S13, ESI†). Once the reduction product (Au0) and resultant
nanoparticles formed on the membrane surface, they were
quickly stabilized by the formation of Au–S bonds between Au0

and the 8 cysteine (Cys) residues in lysozyme; Cys residue is an
important group for stabilizing Au nanoparticles due to the
strong coordination between Au and thiol groups.40 This
assessment was conrmed by the high-resolution S2p XPS
spectra of the membrane (Fig. 3f), in which the peak at 162.1 eV,
representing the presence of Au–S, appeared and was enhanced
on the membrane aer gold adsorption and reduction. Overall,
a possible adsorption mechanism of gold ions on the
membrane could be proposed based on the above results:
[AuCl4]

� in acidic media was electrostatically adsorbed on the
protonated groups of the membrane or positively charged
J. Mater. Chem. A, 2020, 8, 3438–3449 | 3443
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surfaces of the membrane. Then, Au3+ was reduced to metallic
gold by amino acids (e.g., Trp, His, Tyr and Asp), and the
resultant Au nanoparticles were stabilized on the PTL by the
formation of Au–S bonds via cysteine residues (Fig. 3g and S14,
ESI†).

Competitive adsorption of precious metals in the presence of
common metal ions and anions

Gold ion (Au3+) adsorption was then evaluated in the presence
of other competitive metal ions, including some common
cations in water (Mg2+, Cu2+, Ni2+ and Zn2+) and cations in
minerals (Sn2+, Fe3+, Co2+, Al3+, Cr3+, Bi2+, Sb2+ and Li+). With
the existence of competitive metal ions at 100 ppm each, the
adsorption ratio for gold ions at concentrations from 0.1 to
100 ppm was consistently as high as >90% (Fig. 4a). Such
capability for the selective adsorption of Au3+ from a mixture of
metal ions at a 1–1000-fold higher concentration would be
practically useful for the separation of Au3+ from mixture
solutions at a low gold ion concentration. This high selectivity
was attributed to the distinctive ionic form of gold ions from
Fig. 4 The adsorption of precious metal ions by the PTL bilayer membra
adsorption; the inset shows the adsorption of gold ions with different co
and SO4

2� (0.01 M) on gold adsorption; (c) adsorption capacity of the
precious metal ion concentration on adsorption in a mixed system; (e)
(MSW), waste electrical and electronic equipment (WEEE) and industrial

3444 | J. Mater. Chem. A, 2020, 8, 3438–3449
that of other competitive metal ions: at an acidic HAuCl4 solu-
tion pH, the gold ions existed as [AuCl4]

� and [AuCl3(OH)]�

complexes, favoring electrostatic interactions with the positively
charged membrane surface; in contrast, the other competitive
common metal ions existed in the solution as cations, which
would not support effective electrostatic attraction with the
positively charged membrane surface.41 In addition to widely
existing cations, the most common anions widely found in tap
and civil water, such as Cl�, NO3

� and SO4
2�, would also not

affect the adsorption ratio for gold ions because Au3+ is a so
metal ion that has a higher affinity for donor atoms such as O, N
and S on the membrane surface. A high adsorption ratio > 90%
was observed in the presence of these anions, indicating
potential compatibility with tap and civil water (Fig. 4b).

In addition to gold ions, the membrane further showed the
general ability to extract other primary precious metal ions. Since
most waste solutions containing metal ions are acidic (pH < 3),
the adsorption of metal ions on the membrane was studied by
diluting a platinum group metal standard solution (1000 ppm
Pd, Ir, Os, Pt, Ru or Rh in 2 M HCl, 1000 ppm Ag in 1% HNO3) in
ne. (a) The effect of competing metal ions (100 ppm each) on gold ion
ncentrations in a mixed metal ion solution; (b) the effect of Cl�, NO3

�

membrane for precious metals in a single system; (d) effect of initial
the content of primary precious metals in ores, municipal solid waste
wastewater.

This journal is © The Royal Society of Chemistry 2020
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1% HNO3 solution. For the adsorption trials of single precious
metal ions, the adsorption capacities were 118.3, 112.5, 97.3,
46.3, 25.6, 9.4 and 2.0 mg g�1 for Ag, Pd, Ir, Os, Pt, Ru and Rh on
the membrane, respectively. The membrane had a high adsorp-
tion capacity for Ag since Ag+ shows an affinity for so bases with
donor atoms (O, N, or S) in amino acids such as His, Trp and Cys
in proteins, according to hard–so acid–base theory.42,43 The
adsorption of platinum group metals followed this order: Pd > Ir
> Os > Pt > Ru > Rh (Fig. 4c and S15a, ESI†), suggesting that the
membrane could effectively adsorb platinum group precious
metal ions by electrostatic interactions due to the formation of
metal–chloro complexes between the precious metal ions and
chloride ions under acidic conditions. The reason for the
adsorption sequence of Pd > Ir > Os > Pt > Ru > Rh is that precious
metal–chloro complexes with low charge density are more easily
paired than species with high charge density since low-charge
species with smaller hydration shells have greater coulombic
interactions with their counter ions than do those with larger
hydration shells (Table S4, ESI†).44With a comparable adsorption
capacity towards precious metals to those of existing adsorbents,
the PTL bilayer membrane showed a remarkable efficiency to
adsorb an extremely low level of precious metal ions (<1 ppm for
Pd, Pt, Ir, Os and Ru; <50 ppm for Au) in the mixed precious
metal ion solution (Fig. 4d). Silver can precipitate in the presence
of Cl�; hence, silver was not included in this mixed solution.
When precious metal ions coexisted with other metal ions, the
membrane showed good selectivity to precious metals (Fig. S15b,
ESI†). The result encouraged the practical use of the membrane
for the extraction of precious metals from ores, MSW, WEEE or
industrial wastewater (e.g., spent electroplating solution is
regarded as a great environmental problem, although this kind of
wastewater contains many precious metals), among which the
Fig. 5 The adsorption of precious metal ions by the PTL bilayer membran
(top). The effect of competing metal ions on gold adsorption in gold leach
and the corresponding leaching solution (top). The effect of competingm
mobile phone chips (bottom).

This journal is © The Royal Society of Chemistry 2020
average concentration of preciousmetals found in actual primary
natural ores is approximately 1–40 ppm, while secondary sources
(MSW, WEEE or industrial wastewater) have higher concentra-
tions of approximately 1–2000 ppm (Fig. 4e).45 The adsorbed
precious metals on the membrane can be recovered through the
desorption in acid thiourea, halide, thiosulfate or diluted acid.46

For instance, the adsorbed Pd, Pt, Ru, Ir, Os and Rh on the
membrane could be desorbed by 1 wt% thiourea in 1 M HCl for
12 h. The desorption ratio of Pd, Pt, Ru, Ir, Os and Rh was 88.2%,
96.4%, 73.5%, 80.3%, 78.1% and 68.9%, respectively. The
precious metal ions in resultant eluent solution aer the
desorption can be further separated from each other by exploit-
ing differences in the chemistry of their anionic chloro-
complexes, including solvent extraction, ion exchange, precipi-
tation and crystallization.44 For instance, the amine-based
extractants (e.g., alamine, aliquat) have been extensively
employed for the extraction and recovery of Pt from the complex
chloride solutions in the presence of various anionic and cationic
species.47 For Ir, Ru and Os, they can form volatile oxides under
strongly oxidizing conditions which enable their separation from
other precious metals by distillation; further, OsO4 is more stable
than RuO4 and selective reduction of RuO4 by dissolution in HCl
enables separation of these two metals.44

To further evaluate the potential practical application of the
membrane for the extraction of precious metals from ores or
WEEE (e.g., mobile phones), we carried out comprehensive
adsorption from leaching solution containing a variety of
competing ions. First, we used gold ore as a raw material to
develop a laboratory-scale gold extraction process. Using a gold
leaching solution prepared through the complete extraction of
gold ore by the aqua regia method (the volume ratio of
concentrated HNO3 to concentrated HCl was 1 : 3), the
e. (a) Photograph of gold ore and the corresponding leaching solution
ing solution from ore (bottom); (b) photograph of a mobile phone chip
etal ions on the adsorption of preciousmetals in leaching solution from

J. Mater. Chem. A, 2020, 8, 3438–3449 | 3445
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adsorption of gold ions was tested aer diluting the leachate to
different degrees due to the high acidity of aqua regia. The
adsorption ratio reached 73.2% for 0.4 ppm gold (40-fold dilu-
tion) at pH 1.0 aer 12 h (Fig. S16a, ESI†). In contrast, when the
pH of the leachate solution was adjusted to 2.0, the membrane
was able to extract 75.6% of 0.4 ppm gold in less than 30 min
and then reached 90% removal in 2 h (Fig. 5a and S16b, ESI†).
The high adsorption ratio was selective for Au, while the
adsorption of other competing metal ions contained in the
leachate solution of gold ores, such as Fe, Mn, Cu, Cr, Mg, Ni,
Sn, Co, and Bi, remained slight. Second, we further used the
membrane to extract the precious metals from mobile phone
chips. For this aim, mobile phone chips were fully leached by
aqua regia, and the leachate solution was then extracted by the
membrane. It was found that in the presence of various
common cations (Ni, Fe, Cu, Pb, Mn, and Zn), the membrane
selectively adsorbed the precious metal ions from the leachate
solution, including Au, Pt, Pd, Ir and Ru, at a high adsorption
ratio (84–95%) (Fig. 5b). With the dilution of the leachate
Fig. 6 Desorption and recovery of gold ions. (a) Schematic for cyclic ad
membrane after the adsorption of gold ions (top right); (b) reuse of the d
SEM image and photograph of the final reduced gold powder (23 K) afte
spectrum of the resultant Au agglomerate at a purity of 96%; (d) comp
experimental value in the current work is compared with literature values
by using activated carbon (AC),9 an ion exchange resin (Amberlite),53 an
analysis of the PTL membrane system for gold adsorption.

3446 | J. Mater. Chem. A, 2020, 8, 3438–3449
solution by 50 times (1.4 ppm Au), the adsorption ratio for gold
was close to 100% aer 30 min (Fig. S17, ESI†). The above
results thus indicated that the membrane had a fast and highly
efficient capability for the extraction of precious metal ions
from diluted leachate solutions of gold ores and WEEE.
Strategies for the recovery of gold ions and regeneration of the
membrane

Desorption and reuse ability is an important property for cost-
effective biosorbents.48 As mentioned above, the bottom of the
nanomembrane in the bilayer of the PTL adsorbent could be
adhered onto a PET nuclear pore membrane (PTL/PET) due to
the multiplex interfacial bonding of the nanomembrane with
this material. This composite membrane could then be directly
used to conduct adsorption–desorption cycles for gold ions
(Fig. 6a). We investigated the desorption of Au0 from the PTL/
PET membrane by using eluent solution containing a combi-
nation of thiourea (130 mM), ammonium thiocyanate (780 mM)
sorption on the PTL/PET membrane and an optical photograph of the
esorbed PTL/PET membrane for the cyclic adsorption of gold ions; (c)
r pyrolysis of the sample at 900 �C for 5 h and the corresponding EDX
arison of gold adsorption capacity among different adsorbents. The
for other adsorbents; (e) the adsorption capacity per unit area for gold
MOF6 and the PTL bilayer membrane; (f) scheme and material cost

This journal is © The Royal Society of Chemistry 2020
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and ferric sulfate (28 mM).48 In this system, the adsorbed Au0

can be oxidized to Au+ by using Fe3+ as the oxidant, and then Au+

will complex with thiourea/SCN� to form stable complexation
ions that are dissolved in the solution.5 Aer desorption, the
color of the composite membrane changed from golden brown
to white, and the gold sheets on the surface of the membrane
were completely desorbed without affecting the surface
morphology of the membrane (Fig. S18a–c, ESI†). The resultant
Au–SCN complex could be further reduced by sodium borohy-
dride to collect Au(0) metal. For this aim, the solution con-
taining Au(III) complex was added by sodium borohydride (2 mg
mL�1) and continuously agitating for 30 min at room temper-
ature. The resultant recovery ratio for the adsorbed gold from
the membrane was over 90% with the existence of other metal
ions at 50 ppm each, and the adsorption ratio of the regenerated
membrane in the next extraction of gold ions was still above
90% aer three rounds of desorption (Fig. 6b). The thiourea
desorption has been widely utilized in hydrometallurgy
industry,49 and could be further simplied by an alternative
method reported by our group in 2017.4 In such a simplied
method, an aqueous solution of N-bromosuccinimide (NBS)
and pyridine (Py) at near-neutral pH was utilized to directly
leach Au(0) from gold ore and electronic waste to form Au(III) in
water.4 This oxidative leaching process was more environmen-
tally benign and simpler than the classical thiourea method,
achieving the desorption performance nearly as same as that
from the thiourea method. To directly recover gold ions into
metallic form with high purity, a combined adsorption-
incineration process can be further applied, in which ionic Au
can be reduced to metallic form along with the oxidation of
organic constituents during incineration. Because gold is more
expensive than other common metals and lysozyme is less
inexpensive than synthetic resins, the sorption-incineration
method can be a good and economic option for the recovery
of gold from PTL. Aer the gold-loaded PTL was incinerated to
remove organic constituents and directly recover zero-valent
gold from the Au-loaded PTL, we achieved a gold recovery of
96%. Upon further pyrolysis to decompose carbonaceous
impurities, the purity of the nal obtained gold was 23 K
(95.8 wt%), which represents a precious gold value (Fig. 6c).

The PTL bilayer membrane showed the highest adsorption
capacity among other alternatives, such as native proteins,17,18

eggshell membranes,50 bacteria (e.g., Bacillus subtilis),51 fungi
(e.g., Cladosporium cladosporoides),52 phages,13 and MOFs
(metal–organic frameworks),6 and the adsorption capacity was
signicantly higher than that of traditional most-utilized
industrial synthetic materials, such as activated carbon (AC)
and ion exchange resins (e.g., Amberlite)53 (Fig. 6d). Although
activated carbon, ion exchange resins and MOFs may have
a larger BET surface area than the PTL bilayer membrane, the
adsorption capacity per unit area of the bilayer membrane was
100–500 times greater than that of activated carbon, ion
exchange resins and MOFs (Fig. 6e and S19, ESI†).

Based on the laboratory price for the reagents required to
prepare the PTL membrane, easy preparation procedure and
high reusability of the membrane, the cost of gold adsorption
based on our system was estimated to be comparable with that
This journal is © The Royal Society of Chemistry 2020
of activated carbon. For instance, by extrapolating the experi-
mental capacity of the PTL membrane, the PTL had a cumula-
tive adsorption capacity of up to 3.1 kg gold aer recycling by
using 1 g of PTL ($ 0.28), while 18 g of activated carbon ($ 0.26)
would have to be used to adsorb the same amount of gold
(Fig. 6f). In addition to the advantageous adsorption capacity
and price, the fast kinetics, high selectivity and mild
preparation/regeneration conditions, as well as spontaneous
reduction capability without the need for additional reductants,
substantially reduced the energy consumption for the PTL-
based adsorbent.

Conclusions

In summary, the well-dened bilayer PTL membrane
comprising top microparticle and bottom nanomembrane
layers, could be used to recover precious metals, especially gold
ions, at a high efficiency and without the use of any other
synthetic reductants. The adsorption mechanism is generally
regarded to comprise physicochemical interactions between
metal ions and the functional groups present on the surface of
the proteinaceous membrane, typically including electrostatic
interactions, metal ion chelation or complexation and in situ
reduction on the membrane surface. The membrane showed
a high adsorption capacity of 1034.4 mg g�1 for gold ions and
can be used for multiple cycles of sorption–desorption. The
adsorption capacity of the PTL membrane for gold was 3–15
times higher than that of activated carbon (the most-utilized
adsorbent), ion exchange resins and MOFs. In addition to
gold ions, the PTL membrane could be easily utilized as
a commercially viable method to simultaneously extract
a variety of primary precious metals from diluted precious
metal-containing solution (e.g., with concentrations of 0.5 to 10
ppm) in the presence of a large amount of competing metal
ions. This research highlights the potential application of
a green technology for the economic extraction of trace precious
metals from ores, industrial and civil waste solid and liquid by
using the proposed pure amyloid-like protein bilayer
membrane, which can efficiently reduce secondary pollution
and meet the targets of a circular economy and bioresource
reutilization.

In the future, it is promising to further functionalize the
membrane to improve the selectivity towards individual
precious metals. The multiple functional groups on the
membrane surface including hydroxyl, carboxyl, thiol and
amine groups can be substituted with desirable functional
structures by various chemical surface modications to improve
the adsorption selectivity of individual precious metals. For
example, a-cyclodextrin showed high selectivity to gold ions in
the presence of other precious metals,15 hence, it can be ach-
ieved by graing a-cyclodextrin on the protein membrane to
selectively adsorb gold ions. It was also reported that Pd(II)
could complex with benzimidazole, crown ethers or sulfur-
containing ligands,54 so it is feasible to introduce these struc-
tures on the membrane surface to selectively bind with Pd(II). In
addition to, elimination of interfering sites from the membrane
could produce better selectivity, such as methylation of amine
J. Mater. Chem. A, 2020, 8, 3438–3449 | 3447
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groups, acetylation of amine and hydroxyl groups and esteri-
cation of carboxyl groups.45
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