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1 | INTRODUCTION
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Abstract

The ever-growing depletion of precious metals in modern electronic industry
necessitates unremitting exploitation of novel materials for gold recovery from
e-waste. Herein, a freestanding poly(imine dioxime) (PIDO) membrane has
been successfully fabricated for highly efficient recovery of gold from e-waste.
The consummate integration of abundant binding sites and hierarchically
porous architecture renders the resulting PIDO membrane with a record-
breaking uptake capacity (9250 mg g ') toward gold, fast adsorption equilib-
rium time, as well as satisfactory regeneration and reusability. Furthermore,
PIDO membrane is also well competent for selective gold recovery from waste
central processing unit leachate with remarkable efficiency (>99%). Consider-
ing high recovery efficiency, outstanding selectivity, and simple/scalable pro-
duction process, the proposed PIDO membrane will hold huge prospect in the
sustainable recovery of gold from e-waste.
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value metals. For instance, CPUs contain ~280 gt~ of
gold, which is much higher than that in a typical gold ore

As a double-edged sword, the accelerating development
and innovation of electrical and electronic products
affords a splendid life for the people; while their frequent
replacement has led to the generation of mountains of
waste electronic and electric equipment (WEEE). If being
not managed scientifically, these WEEE will pose severe
environmental burdens owing to a considerable amount
of hazardous substances (e.g., halogenated organic pollut-
ants and heavy metals).1 On the other hand, most of elec-
trical and electronic equipment are enriched in high-

(3-30 g t ). Hence, e-waste may be justifiably regarded
as an invaluable secondary resource due to its high metal
content. The overwhelming economic value of gold over
other metals motivates the unremitting efforts associated
with its efficient recovery from e-waste.> Furthermore,
the strict emission standards further necessitate the
transformation of the obsoleted electronic devices into
valuable wealth, that is, waste into treasure. With the
non-renewable characteristics, limited supply and ever-
increasing market demand of precious metal resources in
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mind, tremendous attention has been attracted to gold
recovery from e-waste in order to reduce the dependence
on the existing mineral resources and address potential
environmental risks as well as achieve the sustainable
circular economy target.*”

To efficiently extract gold from e-waste, various recov-
ery techniques have been developed, such as pyro- and
hydro-metallurgical processes, solvent extraction, chemi-
cal precipitation, ion exchange, electrolysis, and adsorp-
tion."® Among them, adsorption has been recognized as
the most reliable means due to its easy operation, low cost,
and high efficiency.® Recently, numerous state-of-the-art
adsorbents, for example, nitrogen-containing metal
organic frameworks (MOFs),” covalent organic frame-
works (COFs),' porous aromatic frameworks (PAFs),’ and
porous organic polymers (POPs),® have been screened to
capture gold species from complex solutions and made
great breakthrough in lab tests benefiting from their
inherently high porosity, large specific surface area, and
abundant capture sites. Notwithstanding these encourag-
ing progresses, unavoidable drawbacks associated with
high cost, difficult separation due to the powdered or
granular form, poor recyclability/regeneration, insufficient
physiochemical stability under harsh acidic/basic condi-
tions, and deficient applicability on a large scale, render
them hardly meet the requirement for the practical gold
recovery in real world. More importantly, the extracted
gold by most adsorbents is in the existence of an ionic
form and need further reduction to obtain its metallic
form. Accordingly, it is urgent demand to explore novel
adsorbents with reduction capability toward Au(IIl) and
superior recovery performance, including high capture
capacity, rapid kinetics, exceptional selectivity toward
gold, facile recyclability, and excellent stability, to guaran-
tee the sustainable supply of the precious metal resources.

To achieve the aforementioned goals, the common
strategy is to graft specific functional groups (e.g., —NH,,
—SH, etc.) with strong coordination ability and remarkable
selectivity toward gold onto the given adsorbents, so that
the precious metal ions are inclined to accept electrons
from the electron donor atoms (S and N) and form stable
chelating bonds based on the hard and soft acids and bases
(HSAB) theory.” Thanks to excellent multidentate ligand
with high nitrogen content of amidoxime, amidoxime-
derived adsorbents have been designed in various types,
such as polymeric fibers,'® porous polymers,'"' magnetic
microspheres,'” hydrogels,"”> MOF,'* and exhibit excellent
specificity and capacity for uranium sequestration. Beyond
all doubt, amidoxime-based materials are also supposed to
be the promising gold trapping agents based on the HSAB
principle. Although well documented in the uranium
recovery, amidoxime-based sorbents have less been inves-
tigated for the precious metal recovery. The existing

methods to fabricate amidoxime-based adsorbents are
mainly involved in the following two categories. One is to
firstly graft acrylonitrile monomer to some host materials
(e.g., halloysite nanotubes,'® resin,'® biomass,'” polymer
fibers,'® cellulose,"* Ui0-66-A0'*) to form polyacryloni-
trile (PAN) modified composites, followed by the subse-
quent chemical transformation of nitrile groups with
hydroxylamine into amidoxime groups; while the expen-
sive equipment is usually needed, especially for radiation-
induced graft polymerization (RIGP) and atom transfer
radical polymerization (ATRP) routes.'>'® The other is to
fabricate poly(amidoxime) precursor solution beforehand
and then mixed with polymer (e.g., poly(acrylamide),"®
polyvinylidene fluoride'®) membrane, porous substrates
(e.g., montmorillonite,”® graphene oxide®') or chemically
cross-linked with glutaraldehyde/Zn®>" to construct
poly(amidoxime)-modified composites/porous networks.*
The two-/multi-step strategies mentioned above basically
require complex operation processes and thus are
unsuitable for the cost-effectively scalable fabrication.
Additionally, these extra networks/supporting materials
account for the partial weight of the overall adsorbents to
some extent, resulting in the decreased proportion of effec-
tive coordination sites in per unit mass of adsorbent and
thus exerting negative influence for the final extraction
performance.

Considering the fact that the sequestration performance
of gold is highly dependent on the accessibility and abun-
dance of active sites and structural characteristics of adsor-
bents, it is reasonable to assume that designing a
hierarchically porous amidoxime membrane excluding any
foreign substance might significantly boost the resultant
recovery capability toward gold, benefiting from fully
exposed active amidoxime sites and favorable mass transfer
of adsorbates. In sharp contrast to existing amidoxime-
based adsorbents requiring the exogenous networks/
supporting materials plus complex preparation procedures,
herein, a free-standing, hierarchically porous PIDO mem-
brane has been successfully fabricated via a facile, scalable
fabrication technique for highly efficient recovery of gold
from e-waste, in which PAN, commercially available, is first
modified with hydroxylamine in organic solvent (DMF) to
get PIDO solution via the covalent cross-linking, followed
by subsequent self-assembly to form a hydrophilic PIDO
membrane at the air/water interface. Structural character-
izations demonstrate that the fabricated PIDO membrane
features high specific surface area, outstanding hydrophilic-
ity, ample amidoxime groups, interconnected porous net-
work structure and good film-forming capability. The gold
recovery performance of the proposed PIDO membrane is
systematically evaluated by solution pH, contact time, ini-
tial solution concentration, and thermodynamic processes
to optimize the gold recovery efficiency. Additionally, the
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practical gold recovery potential of the PIDO membrane is
assessed using waste CPU leachate. Finally, the gold recov-
ery mechanism onto PIDO membrane is also explored by
Fourier transform infrared spectroscopy (FT-IR), X-ray
spectroscopy (XPS) measurements and density functional
theory (DFT) calculations for the preferential binding
behavior of gold with the N-sites of amidoxime.

2 | RESULTS AND DISCUSSION

2.1 | Morphology and microstructural
characterization of PIDO membrane

The fabrication process of PIDO membrane is schemati-
cally illustrated in Scheme 1. Firstly, the commercially
available PAN powder can be well dissolved in organic
solvent (DMF) to form a homogenous and transparent col-
orless solution. Upon the introduction of an alkaline solu-
tion of hydroxylamine hydrochloride, the amidoximated
PIDO solution is generated after treatment at 80°C for
10 h based on straightforward nucleophilic addition reac-
tion between PAN and hydroxylamine hydrochloride, in
which nitrile groups of PAN are converted into ami-
doxime groups.** Afterward, proper amount of the PIDO/
DMF solution is continuously dropped dropwise with a
syringe onto the water surface. With the diffusion and
evaporation of DMF solvent, the capillary force between
the PIDO microparticles increases via strong
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intermolecular hydrogen bonds.*® As a consequence, the
PIDO microparticles dispersed in bulk solution can
quickly spread in the direction parallel to the water sur-
face and spontaneously assemble into a macroscopic,
circle-like membrane at the air/water interface based on
the Marangoni effect.>** It is noteworthy that the obvious
rims at the periphery of the spreading film, diffusion strat-
ification and folding phenomenon in the PIDO membrane
are correlated with the evaporative instability of Mar-
angoni effect.”> In this way, numerous circular PIDO
membranes with ultrathin thickness and macroscopic
dimension can be massively produced under continuous
flow using a peristaltic pump as the driving force in sev-
eral seconds to minutes at room tempreature, highlighting
high reproducibility and easy scaled-up production of the
method without any expensive equipment, which fully
meet the sustainable requirement for the large-scale
industrial application. Meanwhile, the macroscopic
dimension of the fabricated PIDO membrane facilitates its
convenient collection and subsequent recovery for
reutilization.

The optical photograph in Figure 1A reveals intuitively
the near-circular morphology of the as-obtained membrane
with an average diameter of about 1 cm. Scanning electron
microscopy (SEM) is utilized to identify the microstructural
characteristics of the fabricated membrane. From Figure 1B,
C, a highly porous 3D network is clearly found across the
whole membrane surface, accompanied by homogenous
void spaces with several micrometers confined in the
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Schematic illustration for the fabrication process of poly(imine dioxime) (PIDO) membrane.
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FIGURE 1 (A) Optical photograph of poly(imine dioxime) (PIDO) membrane. (B-D) Scanning electron microscopy (SEM) images of

PIDO membrane under various magnifications. (E) cross-section SEM image of PIDO membrane. (F) Atomic force microscopy image of

PIDO membrane. (G) Fourier transform infrared spectroscopy and (H) '*C-NMR spectra of polyacrylonitrile and PIDO. (I) X-ray

spectroscopy spectrum of PIDO membrane

as-obtained membrane over a large area. The magnified
SEM image (Figure 1D) reveals that the channel wall of the
membrane is surrounded by numerous closely packed
PIDO sub-micrometer particles. Meanwhile, the thickness
of the membrane is measured to be ca. 2 pm from the
cross-sectional image (Figure 1E). The ultrathin characteris-
tic of the fabricated membrane facilitates free diffusion of
the adsorbed gold ions to the interior part. As reflected by
atomic force microscopy (AFM) topographic image
(Figure 1F), the PIDO membrane possesses a honeycomb
structure with the rough surfaces, coinciding with the SEM
results, in which the pore depth assembled by PIDO parti-
cles mainly centers at approximately 20 nm. Additionally,
the effect of PIDO solution concentrations on the micro-
structure and morphology of the resulting membranes is
further explored. As shown in Figure S1, the optimal con-
centration of PIDO solution is 5.0 wt% to obtain circular-like
PIDO membranes. Both too low and too high concentration
of PIDO solution are not favorable for the formation of
regular membranes, which might be attributed to the

synergetic effect between surface tension and diffusion
kinetics of solvents. The textural property and porosity of
PIDO membranes are also checked by N, adsorption-
desorption isotherm at 77 K (Figure S2). The specific surface
area and pore volume of PIDO membrane are calculated to
be 312 m* g~ ' and 0.20 cm® g, respectively. The pore size
distribution suggests the hierarchical porous structural char-
acteristics of the fabricated membrane comprised of both
mesopores and macropores, consistent with the SEM obser-
vations, which contributes to favorable mass transport and
enhanced sorption kinetics. Such a high specific surface
area of PIDO membrane not only contributes to full expo-
sure of effective active sites but also ensures the efficient
immigration of target metal ions/molecules along the inter-
connected open porous channels into the inner layer of
the membrane, which plays a key role in improving its
adsorption performance and accelerating adsorption kinet-
ics. Energy dispersive X-ray spectroscopy (EDS) and elemen-
tal mapping analysis significantly confirm the uniform
distribution of N, C and O elements in PIDO membrane
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(Figure S3). The elemental analysis of the resulting PIDO
membrane (Figure S4) reveals that the mass ratios of C,
N, O, H elements are detected to be 40.8%, 31.5%, 20.9% and
6.8%, respectively, similar to the theoretical ratio of the
cyclic imide dioxime, indicating sufficient oximation of
PAN. The massive existence of well-dispersed amidoxime
groups will render the resulting porous network membrane
with complexing and reducing ability to transform the
adsorbed AuCl,” into metallic gold. Additionally, the
hydrophilicity of PIDO membrane is further verified by
water contact angle tests. From Figure S5, the static water
contact angle of PIDO membrane is measured to be 14.5°,
indicative of its superhydrophilic character.?® Such an excel-
lent wettability and hydrophilicity coupled with 3D porous
structure will facilitate ultrafast infiltration of water into the
porous networks of PIDO and free diffusion of adsorbates in
solution to the chelating sites on the surface and inner space
of PIDO membrane. In addition, the stability of PIDO mem-
brane at high temperature is further analyzed through the
thermogravimetric measurement. As displayed in Figure S6,
2.1% and 33% of weight losses are found below 130 and
400°C), respectively, which are mainly caused by water
evaporation and pyrolysis of oxygen-containing functional
groups. In view of lower weight losses as compared to other
amidoxime group composites,””*® the fabricated PIDO
membrane possesses superior thermal stability.

The formation of the resultant PIDO membrane is
characterized via various techniques. Powder X-ray dif-
fraction (XRD) is firstly used to reveal the crystal struc-
ture of the obtained samples. From Figure S7, the
original PAN shows two strong characteristic peaks at
20 = 16.9° and 29.6°, corresponding to the (100) and
(110) reflections, respectively.”® After amidoxime reac-
tion, the characteristic diffraction peaks of PAN disap-
pear; while a broad peak appears at 21.5°, indicative of
the amorphous nature of the fabricated PIDO mem-
brane.® FT-IR is carried out to verify the amidoxime
transformation of nitrile. From Figure 1G, the nitrile
group stretch (C=N stretch, 2248 cm ™) from the pristine
PAN disappears completely in the resulting membrane®’;
while several characteristic signals associated with the
amidoxime group that is, C=N (1638 cm '), C—N
(1381 cm ™), and N—O (933 cm ) are clearly identified,
suggesting the effective conversion of nitrile groups to
cyclic imide dioxime and/or amidoxime groups.*>** Con-
sidering the similar structures between amidoxime and
imidedioxime, it is hardly to distinguish them from FT-
IR spectra. Thus, the chemical structures of the as-
obtained membrane are further elucidated by the solid-
state '*C nuclear magnetic resonance (NMR) spectra
(Figure 1H). Two characteristic peaks are detected at
30 and 121 ppm for the raw material (PAN).*® After ami-
doximation, the signal from the nitrile (C=N) of PAN

completely disappears, while it occurs a red-shift for the
peak at 30 ppm. Significantly, a strong signal appears at
150 ppm, accompanied by a weak peak at 160 ppm,
which correspond to cyclic imide dioxime and open-
chain amidoxime, respectively.” These NMR results indi-
cate that the predominant products are cyclic imide
dioxime rather than open-chain amidoxime during the
amidoximation process.””*' Considering the enhanced
tridentate coordination capability of cyclic imide dioxime,
the predominant formation of cyclic imide dioxime sites
is highly expected to boost the final extraction perfor-
mance toward gold. As reported, the hydroxyamidine
generated by the reaction of hydroxylamine with nitrile is
initially stabilized as a tautomer of amidoxime. Next, due
to the nucleophilic nature of imine nitrogen, the hydro-
xyamidine can undergo intermolecular cyclization with
adjacent nitrile groups, leading to the formation of imine
dioxime. Note that a concomitant small peak associated
with hydroxamic acid and amide groups is also detected
in the carbonyl region of 170-180 ppm, consistent with
the previous reports.>’** The existence of amidoxime
groups in the prepared porous network PIDO membranes
is further verified by the XPS spectrum (Figure 1I). In the
O 1s high-resolution XPS spectrum, the characteristic
band at 532.5 eV can be attributed to HN-C=N-OH from
imine dioxime and/or amidoxime groups; while the
appearance of carboxyl group at 530.9 eV might be origi-
nated from the part transformation of amidoxime groups
in the alkaline treatment.”>*® Meanwhile, N 1s spectrum
can be deconvoluted into characteristic peaks centered at
400.3 and 399.6 eV, corresponding to C=N and N—H
groups, respectively.?”*° All these aforementioned ana-
lyses provide convincing evidence for complete transfor-
mation of C=N groups in the pristine PAN into C=N in
the resulting PIDO membrane.

2.2 | PIDO membrane enabling gold
recovery

The abundant chelating coordination sites and potential
reducing capability of the fabricated PIDO membrane
prompts us to investigate its gold recovery performance
in detail. Herein, various operating conditions are carried
out to optimize the extraction efficiency toward precious
metals. The influence of solution pH on the Au(III)
recovery efficiency is initially analyzed by exposing the
PIDO membrane to HAuCl, solution with a concentra-
tion of 100 mg L™ under a wide range of pH conditions.
As shown in Figure 2A, above 99% of the recovery rate of
Au(III) is achieved between pH 1.0 and 4.0. A further pH
increase from 5.0 to 7.0 results in a slight decrease of the
recovery rate (e.g., 90.7% at pH 7.0), revealing that the
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FIGURE 2 (A) Effect of initial pH on the adsorption capacities of Au(III) on PIDO membrane (0.05 g L ™" of sorbent, 10 mg L™ initial

concentration). (B) Adsorption kinetics of different initial pH of Au(III). (C) {-potential of the poly(imine dioxime) (PIDO) membrane at
different pH values. (D) Adsorption isotherm of Au(III) on PIDO membrane (0.05 g L™! of sorbent, pH 3.0, 24 h for equilibrium, and a
temperature of 25°C). (E) comparison of Au(IIl) maximum adsorption capacities on multifarious adsorbents. (F) The influence of
temperature on adsorption capacities of Au(IIl) on PIDO membrane. (G) adsorption kinetics of different concentration of Au(III) (0.05 g L™*
of sorbent, pH 3.0). (H) elution and reusability of the spent PIDO membrane

fabricated PIDO membrane is particularly suitable for
extracting gold under acidic conditions. The phenome-
non is actually advantageous for gold extraction from e-
waste leachate since the e-waste is commonly digested in
strong acid solutions. However, a sharp drop for gold
uptake is found under basic pH conditions, accompanied
by merely 7.8% of the recovery rate under pH 12.0, con-
sistent with the previous literatures."*>* Such a negligi-
ble gold uptake under the strong basic condition signifies
the possible regeneration of the PIDO membrane loaded
with gold via the simple basic treatment. Meanwhile, the
influence of pH on adsorption kinetics is also studied. As
shown in Figure 2B, at pH 2.0, the adsorption equilib-
rium can be achieved in 20 min, accompanied by 99% of
Au(III) recovery efficiency. Further increasing solution

pH leads to reduced recovery rate and extended adsorp-
tion equilibrium time. Given the fact that solution pH
affects the existing form of metal species and surface
charge states on the membrane, the zeta potential values
at varying pH are monitored to make out the reason
behind the pH-dependent adsorption behavior. From
Figure 2C, the isoelectric point of PIDO membrane is
located at pH 5.2. At low pH (below 5.0), gold species
mainly exist in the form of AuCl,~ and AuCl;(OH) ,*
which tends to be electrostatically adsorbed by positively
charged PIDO membrane, responsible for the observed
high recovery efficiency of Au(III). When pH is higher
than zero potential point, the surface of PIDO membrane
becomes negatively charged due to the deprotonation of
amino and hydroxyl groups; while gold species mainly
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exist in the form of AuCl(OH);~ and Au(OH), .** Accord-
ingly, it occur the electrostatic repulsion between gold ions
and the membrane surface, yielding lower adsorption
capacity for gold ions. Further, the negative charges on
the PIDO surface increase with the increase of pH from
6.0 to 12.0. As a consequence, enhanced electrostatic
repulsion for gold ions leads to the attenuation of recovery
rate and the extension of adsorption equilibrium time.****
Considering the strongly acidic environment of the actual
gold-containing leachate, pH 3.0 is chosen to carry out the
subsequent gold recovery evaluation.

To determine the saturation adsorption capacity of
Au(IIT) on PIDO membrane, the adsorption isotherms are
obtained by immersing PIDO membranes (1.5 mg) into
Au(III) solution (30 ml) with various initial concentrations
at room temperature (Figure 2D). After stirring overnight
to achieve the adsorption equilibrium, aliquots of the solu-
tions are withdrawn and subjected to ICP analysis to deter-
mine the residual Au(IIl) concentration. It is evident that
the equilibrium uptake capacity gradually increases with
increasing Au(III) concentration in the range of 5-600 mg
L™'; while the curves level off when the initial concentra-
tion is higher than 1000 mg L', indicating that the sorp-
tion has reached the maximum value since all the active
site is fully occupied. It is noteworthy that the extraction
efficiencies of Au(III) are as high as almost 100% within the
initial concentration range 1-50 mg L~' (the inset in
Figure 2D). It should be noted that the spent PIDO mem-
brane could be easily taken out from solutions after the
treatment. The sorption data may be analyzed by the Lang-
muir adsorption isotherm and Freundlich adsorption iso-
therm model and the corresponding isotherm parameters
along with regression coefficients (R*) are summarized in
Table S1. In view of higher correlation coefficient of the
Langmuir model (R* > 0.9999) than the Freundlich iso-
therm equation (R*> = 0.9237), the adsorption behavior of
Au(IIl) on the surface of PIDO membrane is an uniform
monolayer adsorption via complexation mechanism.** As
usual, the Langmuir model can be defined more precisely
by separation factor (Ry). As shown in Figure S8, the Ry,
values of the PIDO membrane are all less than 1 with the
initial concentration of Au(IIl) ranging from 1 to 2000 mg
L, highlighting the favorable adsorption of Au(III) on the
PIDO membrane.”® From the adsorption isotherm, the
maximum adsorption amount of Au(Ill) on PIDO mem-
brane is calculated to be 9250 mg g~ ' based on the Lang-
muir model, very close to the experimental value of
8920 mg g *. To the best of our knowledge, the proposed
PIDO membrane exhibits an ultrahigh adsorption capacity
and remarkable extraction efficiency, outperforming all the
other gold capture materials reported in the literatures to
date (Figure 2E).%”**** Furthermore, the fabricated
PIDO membrane can be extended for the recovery of other

precious metals, for example, Pt and Pd. As displayed
Figure S9a,c, the saturated adsorption capacity of PIDO
membrane toward Pt(II) and Pd(IV) is as high as 3984 and
3103 mg g, respectively. Meanwhile, the extracted plati-
num and palladium species are in metallic Pt and Pd form
based on XRD characterizations (Figure S9b,d). Such a
record-breaking adsorption capacity of PIDO membrane
toward precious metals can be reasonably attributed to its
high specific surface area, fully exposed and abundant bind-
ing sites (100% of amidoxime) due to no extra supporting
materials or supplement.

The adsorption process is further analyzed by the ther-
modynamic model. The dependent relationship between
Au(IIT) adsorption capacity and operation temperature
(T) is demonstrated in Figure 2F. Notably, the adsorption
capacities increase with the increase of adsorption temper-
ature from 283 to 313 K. For instance, the adsorption
capacity increases from 7100 mgg ' at 283K to
10 800 mg g~ ' at 313 K under 2000 mg L™ " of the initial
concentration, indicating that the elevated temperature is
conducive to the adsorption of Au(IIT) on the surface of
PIDO membrane due to the increase in surface activity
and kinetic energy of the solute.*® In order to study the
spontaneity and feasibility of adsorption process, the ther-
modynamic parameters of Gibbs free energy (AGY),
entropy (AS°) and enthalpy (AH®) are deduced by Van't
Hoff equation (Table S2). At lower initial Au(III) concen-
tration (100 mg L"), AG is negative at all the tested tem-
peratures, indicating spontaneous adsorption of Au(IIT) on
the surface of PIDO membrane (Figure S10a). With the
increase of initial concentration, the adsorbed Au(III)
occupies more active adsorption sites, resulting in the
gradual increase of AG.>* Despite all this, AG® values are
still negative even at high concentration (Figure S10b),
confirming the feasibility and spontaneous nature of the
Au(IIT) adsorption onto PIDO membrane.*> Meanwhile,
AH® and AS° are further derived from the intercept and
slope of the plot of AG® versus T (Figure Slc). Note that
the enthalpy AH® values are all positive, indicating that
the adsorption of Au(IIT) on the PIDO surface is an endo-
thermic process, consistent with the positive correlation of
adsorption capacity with temperature. With increasing
gold ion concentration, more gold species are immobilized
on the membrane surface, resulting in the gradual weak-
ening of thermal effect and the decrease of AH®. In addi-
tion to this, the entropy AS° values are positive in all
cases, reflecting the increased randomness and chaos of
the solid/solution interface during the adsorption process.
That is, the adsorption of Au(IIT) on the PIDO membrane
surface is an entropy-driven process. Similarly, the mobil-
ity of Au(IIl) on PIDO membrane surface is gradually
restrained with the increase of Au(IIT) concentration, lead-
ing to the decrease of AS®.** To sum up, the adsorption of
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Au(IIT) on PIDO membrane is an endothermic and spon-
taneous process.

Having identified the superior sorption capacity of
gold, the recovery kinetic efficiency of PIDO membrane
is also studied to further explore the adsorption path-
ways. The time-dependent recovery performance is per-
formed with 50 mg of the PIDO membrane in 1 L Au(III)
solution with varying initial concentrations, in which
3 ml aliquots are collected at increasing time intervals for
the remaining concentration analysis in solution. From
Figure 2G, it is apparent that the PIDO membrane
exhibits extremely fast kinetics toward Au(III) in the ini-
tial 5 min and reached adsorption equilibrium within
approximately 10 min with as high as 99% of extraction
efficiency at an initial Au(III) concentration of 1 mg L™ ".
Further increasing initial Au(IIl) concentrations from
10 to 100 mg L', the adsorption time required to reach
equilibrium is extended to 30 min, accompanied by the
slightly reduced recovery efficiency (ca. 97.6% for 100 mg
L' of initial Au(III) solution). That is, the PIDO mem-
brane possesses ultra-high adsorption kinetics toward
Au(IIT) at both low and high initial concentrations. As
well known, the adsorption kinetics is associated with the
rate of mass transfer of Au(III) from the bulk solution
phase to the binding sites on the surface or inside of the
porous membrane. To obtain more information about the
main rate-determining step, the time-dependent adsorp-
tion data are fitted by three kinetics models (Figure S11),
namely, pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models, corresponding to a rate-
determining step of pore diffusion, chemical adsorption,
and intraparticle diffusion (including adsorbent surface
adsorption and pore diffusion), respectively. Based on the
linear regression analysis, the corresponding fitting kinetic
parameters of the three adsorption kinetics models men-
tioned above are listed in Table S3. Apparently, compared
with the pseudo-first-order (Figure Slla-c), the pseudo-
second-order kinetic model is more suitable to the Au(III)
adsorption process due to higher correlation coefficient
(R* > 0.9999) (Figure S11d-f), suggesting that the domi-
nant rate-determining step for the adsorption of Au(III)
onto PIDO membrane is supposed to be chemical adsorp-
tion rather than the others.*® Moreover, the intra-particle
diffusion model also matches well with the adsorption
data, indicating that adsorption of Au(III) on PIDO mem-
brane is involved in a multistage process (Figure S11g-i).
The initial stage is characterized by rapid adsorption of
Au(III) on the outer surface of PIDO membrane. The sec-
ond stage is mainly the diffusion process within particles.
With Au(III) entering the interparticle pores, the diffusion
resistance increases and the diffusion rate decreases. The
third stage enters the final equilibrium stage, in which all
available absorption sites in PIDO are completely

occupied, so the adsorption/desorption rate remains in
equilibrium.** That is, the adsorption of Au(III) on the
PIDO membrane involved in both the surface adsorption
and its inner diffusion into the channels/pores. The
observed fast adsorption kinetics of Au(III) is attributable
to the unique 3D hierarchical porous structure and
ultrathin thickness of PIDO membrane, reducing the ions
diffusion barrier and ensuring full contact of Au(III) spe-
cies with amidoxime binding sites inside the PIDO
membrane.

Taking into account the -cost-effectiveness of the
extracting process in the practical application, the efficient
desorption of gold and reusability of the PIDO membrane is
particularly important. To this end, 10 successive extraction-
desorption-reusability cycles of Au(Ill) on the fabricated
PIDO membrane are carried out. First, 0.05 g L' of PIDO
membrane is immersed into Au(III) solution with the initial
concentration of 10 mg L™ ". After Au(III) is extracted, the
gold-loaded PIDO membrane is eluted using a mixed solu-
tion of thiourea (04 g LY and Fe(NOs); (0.3 g LY to
restore the chelating active sites. Subsequently, the
regenerated PIDO membrane is subjected to next cycle of
Au(III) recovery under the identical conditions. The residual
Au(IIT) concentration in solution is measured with ICP-MS
and the desorption efficiencies are calculated. As shown in
Figure 2H, the elution efficiency of gold is still over 98% after
10 rounds, confirming the effectiveness of the regeneration
process and indicating the excellent recyclability of PIDO
membrane. After desorption, the color of the PIDO mem-
brane changes from golden brown to white, and the gold
particles on the surface of the membrane are completely
desorbed without affecting the surface morphology of the
membrane (Figure S12a-c). SEM image reveals that the
structural integrity of the PIDO membrane remained after
the successive adsorption and desorption treatments
(Figure S12d-f), guaranteeing the long-term stability and
subsequent recyclability. From the corresponding EDS spec-
trum of the regenerated PIDO membrane (Figure S12g-i),
the absence of discernable gold signals verifies the efficient
desorption of gold from the PIDO membrane. The elution
mechanism of gold can be described as follows*”:

Au+2CS(NH,), + Fe** = Au[CS(NH,),] " +Fe?".

Initially, Au® immobilized on PIDO membrane can be
oxidized into Au™ by Fe’*. Afterward, the generated Au™
ions tend to chelate with thiourea to generate stable com-
plex (AuCS(NH,), ") and are further released into the solu-
tion, rendering the exhausted PIDO membrane to be
regenerated. Meanwhile, the resultant Fe*" can effectively
restore the reducing active sites on PIDO membrane to
ensure the subsequent reusability. After assessing the effec-
tiveness of gold desorption from PIDO membrane, the
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recycling ability of this membrane is then confirmed by
repeating the capture and elution procedure for 10 times. It
is noteworthy that the regenerated PIDO membrane pos-
sesses over 98% of Au(Ill) recovery efficiency after
10 adsorption/elution cycles, indicative of its excellent reus-
ability. By and large, the uptake capacity of gold on the
regenerated PIDO membrane maintains unchanged
throughout the 10 cycles. Such a satisfactory reusability
together with excellent structural stability, superior recov-
ery performance, and ease of scalable preparation, renders
the fabricated PIDO membrane a sustainable adsorbent for
gold recovery in the future practical applications.

2.3 | Recovery mechanism of Au(IIl) on
PIDO membrane

To gain a deep insight into the interactions of Au(III)
with PIDO Membrane, the samples before and after
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(©) . (H)
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AU(IIT) extraction are compared based on XRD, SEM,
EDX, transmission electron microscopy (TEM), and
FT-IR analyses. Upon immersing the white PIDO mem-
brane into gold ions solution (with a concentration of
100 mg L"), the color of the membrane changes rapidly
from white to golden yellow within 10 min by the naked
eye (Figure 3A), indicating a possible spontaneous in situ
redox reaction of Au(III) on the PIDO membrane surface
accompanying the adsorption process.”” In addition, the
surface of the initial white PIDO membrane is observed
to be covered with a layer of gold particles under the elec-
tron microscope (Figure 3B). In order to further confirm
the above conclusion, XRD characterizations of PIDO
membrane before and after Au(IIT) adsorption are carried
out (Figure 3C). As expected, after Au(III) adsorption,
several strong diffraction peaks are observed at 38.2°,
44.4°,64.5°, 77.5° and 81.7°, in accordance with Au (111),
(200), (220), (311) and (222) crystal planes of metallic
gold (JCPDS No. 04-0784), respectively,” revealing the
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FIGURE 3 (A) Optical photograph of poly(imine dioxime) (PIDO) membrane before and after Au(III) uptake. (B) Microscope
photographs of PIDO membrane before and after Au(III) uptake. (C) X-ray diffraction (XRD) spectra of PIDO membrane after Au(III)
uptake. (D) Scanning electron microscopy image and (E) corresponding energy dispersive X-ray spectroscopy mappings of PIDO membrane
after Au(III) uptake. (F-H) transmission electron microscopy image of PIDO membrane after Au(III) uptake. (I) Fourier transform infrared

spectroscopy spectra of PIDO membrane after Au(III) uptake
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excellent spontaneous reducing capability of the fabri-
cated PIDO membrane and thus contributing to the
recovery capacity for gold. Meanwhile, the broad peak
around 21.5° in the post-sorption sample can be still
detected with a similar intensity as compared to the pris-
tine, indicating that the PIDO membrane loaded with
gold retains its structural integrity during the Au(III)
uptake and subsequent reduction process. This hypothe-
sis is further evidenced by SEM and TEM images. The
SEM image of the PIDO membrane after Au(III) adsorp-
tion is shown in Figure 3D, in which the typical sizes of
the recovered gold particles anchored on the PIDO mem-
brane range from dozens of nanometer to submicrometer
scale. Besides, it is worth noting that EDS Elemental
mapping analysis reveals gold particles are homoge-
nously distributed throughout the entire surface of the
membrane (Figure 3E). Furthermore, TEM analysis also
confirms the presence of gold nanoparticles on the mem-
brane surface after Au(IlI) adsorption (Figure 3F,G).
From the high resolution TEM (Figure 3H), the lattice
distance of 2.35 A corresponds to the (111) lattice of
metallic Au,*® providing powerful evidence for the gener-
ation of metallic state Au and suggesting that the gold
extraction on the PIDO membrane is based on a com-
bined adsorption/reduction mechanism. Besides, FT-IR
spectra of PIDO membrane before and after Au(III)
extraction are also compared. As displayed in Figure 3I,
after Au(IIl) capture, the decreased intensity and slight
shifting to high wavelength are observed for C=N, C—N
and N—O bands, suggesting the strong chelating action
between amidoxime functional groups and Au(III).*
Meanwhile, the peak around 3392 cm ™}, corresponding
to stretching vibrations of —OH and —NH, becomes wea-
ker and broader after Au(III) capture, revealing their par-
ticipation in the complexing and reduction of Au(III).**°
The above analyses fully verify that the PIDO membrane
is capable of effectively extracting Au(III) species via
strong chelating effect from aqueous media and further
reducing them into metallic gold due to the immanent
redox capability of imide dioxime groups, which is con-
ducive to rebate the environmental pollution and energy
consumption.

To seek further support for the synergistic adsorption
and reductive mechanism of Au(III) on the PIDO mem-
brane, the PIDO membranes before and after Au(IIl)
capture are characterized by XPS. Compared with the
survey XPS spectrum of the pristine PIDO membrane
(Figure 4A), new peaks assigned to Au 4d and 4f evi-
dently appear in the PIDO membrane after the Au(III)
extraction. Meanwhile, the peaks at 84.3 and 87.9 eV are
assigned to Au 4f;, and Au 4f5, (Figure 4B), respec-
tively.® Further, the valence state of the recovered gold is
further explored by resolving the characteristic peak of

Au 4f. Tt is noteworthy that Au(0) (84.2 and 87.9 eV),
Au(T) (85.2 and 88.9 eV) and Au(III) (86.7 and 90.7 eV)
coexist in the PIDO membrane after the Au(IIl) extrac-
tion."® Such different valence states of Au species on the
PIDO membrane indicate the occurrence of a redox reac-
tion between the sequestrated Au(Ill) and amidoxime
groups. Additionally, the area ratios of the three fitting
peaks for Au(0), Au(I), and Au(IIl) are calculated to be
71.2%, 13.6%, and 15.2% respectively, in which the domi-
nant Au(0) component indicates the strong reducing
capability of the fabricated PIDO membrane toward
AUu(III). That is, Au(IIT) can be effectively reduced by the
PIDO membrane into Au(I) and Au(0) during the Au(III)
adsorption process due to ultrahigh content of N-
containing amidoxime groups. The observation is consis-
tent with the former literature reports that Au(III) can be
reduced to Au(I) and Au(0) by the reductive nitrogen
centers."®* To further identify the active sites of the
PIDO membrane participated in coordination of Au(III)
and subsequent reducing, the chemical states of N and O
atoms before and after the interaction of the PIDO mem-
brane with Au(III) adsorption are explored. As shown in
Figure 4C, the intensity of N 1s decreases significantly
and the binding energy increases notably after capturing
AU(IIl), indicating that there is a strong interaction
between Au(III) and N-containing functional groups.®
Additionally, the spectrum of N 1s can be deconvoluted
into two characteristic peaks at 400.3 and 399.6 eV
(Figure 4D), which are attributed to C=N and C-N-H,
respectively. Note that both C=N and C-N-H groups shift
to higher binding energy after binding with Au(III). The
content of C=N basically remains unchanged; while the
percentage of C-N-H decreases from 66.5% to 49.5% after
capturing Au(IIl), indicated that imines in PIDO are
involved in the chemical coordination and reduction of
Au(III), resulting in the increased electron density of N
atoms after gold capture.’>' Further, a new peak associ-
ated with -NO, appears at 399.1 eV, caused by the oxida-
tion of C-N-H during the Au(IIl) adsorption/reduction
process. The aforementioned results fully demonstrate
the coexistence of adsorption and reduction between the
imines groups in PIDO and Au(III).”>>* Likewise, the
spectrum of O 1s is further fitted into two bands at
532.3 eV and 531.1 eV (Figure 4E), corresponding to
C=N—OH and COOH, respectively, in which the car-
boxyl group is originated from the part conversion of the
amidoxime group during the alkaline treatment. After
Au(Ill) capture, the peak associated with C=N—OH
slightly shifts to lower binding energy with the decreased
peak area from 86.8% to 74.2%; while the content of COOH
group increases from 13.2% to 25.8%, indicating the strong
chelation of the imide dioxime group with Au(III).**
Additionally, C 1s spectrum can be deconvoluted into three
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FIGURE 4 (A) X-ray spectroscopy (XPS) spectra of poly(imine dioxime) (PIDO) membrane before and after Au(III) uptake. (B) high-
resolution XPS spectra of Au 4f. (C,D) N 1s, (E) O 1s and (F) C 1s XPS spectra of PIDO membrane after Au(III) uptake. (G) Schematic
diagram of possible Au(III) adsorption and reduction mechanisms on PIDO membrane

characteristic peaks at 284.8, 2858, and 287.9eV
(Figure 4F), corresponding to C—C, N—C=N and COOH,
respectively.'>* As compared to the bare PIDO, the peak
assigned to N—C=N in gold-loaded PIDO shifts toward
high binding energy and the corresponding content
decrease from 41.2% to 24.3%, further indicating that

N—C=N group is involved in the adsorption/reduction of
Au(IID).>>>* Based on the above results, a possible recovery
mechanism of Au(IIl) onto the PIDO membrane is pro-
posed and presented in Figure 4G. First, Au(III) species are
anchored on the PIDO membrane via the chelation of
AuCl,” with the protonated amide and -electrostatic
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interactions in acidic media. Next, the captured Au(III)
ions are reduced by the redox-active imide dioxime group
to Au(I) and Au(0), giving rise to gold particles enriched
in the skeleton of the PIDO porous network membrane.
Finally, the occupied adsorption sites are restored to che-
late additional Au(III) species, responsible for the
resulting unprecedented recovery capacity of gold beyond
expectation.

2.4 | Theoretical proof for Au binding on
PIDO membrane

In an effort to gain comprehensive insight on the binding
behavior of various metal ions on the PIDO surface, the
density functional theory (DFT) calculations are carried
out using Gaussian 16 with B3LYP. Considering the coex-
istence of the dominant cyclic imine dioxime and minor
open-chain amidoxime in PIDO, the binding energies
(Eping) of various metal ions (e.g., Au(IIl), Pt(II) and
Cu(Il)) in both cyclic imine dioxime and amidoxime
units are calculated. The Ey;,q values of Au, Pt and Cu
are calculated by referring to Au(Ill), Pt(II) and
Cu(Il) ions in the respective AuCls, PtCl, and CuCl, sys-
tems based on the sequential adsorption of metals by N-
and O- sites in PIDO. Firstly, Ep;,q is calculated by
removing chloride from AuCls, PtCl, and CuCl, with the
protonated amino and hydroxyl radicals of cyclic imine
dioxime or amidoxime in acid condition to form HCI
molecules. As shown in Figure 5A, —0.66 eV of binding
energy is required for the cyclic imine dioxime unit to
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capture one Au atom; while the corresponding binding
energy greatly reduces to —2.93 eV upon the second Au
atom continues to be sequestrated, which indicates the
gradual exothermic binding process and is consistent
with the exothermic reaction in the aforementioned ther-
modynamic analysis. Such a stepwise reduction in bind-
ing energies is energetically conducive to efficient
adsorption and agglomeration of Au. Likewise, cyclic
imine dioxime strongly binds the single Pt atom at a
lower binding energy of —1.27 eV, and more negative
binding energy (—2.45 eV) is demanded to capture the
second Pt atom. Evidently, both Pt and Au possess a simi-
larly gradual exothermic binding process, thus providing
a driving force for their adsorption and subsequent
agglomeration. Although the initial binding energy of
single Pt atom on the cyclic imine dioxime is lower than
that of single Au atom, the capture of the second Au is
more energetically favorable as compared to the second
bound Pt, which coincides with the experimental capture
capacity data (9250 mg g~ * for Au and 3984 mg g ! for
Pt). As for Cu, the binding energy of one Cu atom is
1.63 eV, indicating that the capture of Cu atom is hin-
dered in terms of energy. Although the binding of the
second Cu atom results in the declined binding energy
(0.33 eV), the overall positive binding energy is still
adverse to the capture of Cu.

Next, the adsorption mechanism of various metals on
a small amount of amidoxime structure is also probed via
DFT calculations. As demonstrated in Figure 5B, the
stepwise binding energies of single Au atom and two Au
atoms captured by amidoxime are —0.41 and —2.49 eV,
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Density functional theory calculations for energy of binding (Eping) changes in sequential adsorption in multinuclear

adsorption of Au, Pt, and Cu on a model unit of cyclic imine dioxime (A) and amidoxime (B)
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respectively. It is noteworthy that the binding capability
of amidoxime toward Au is theoretically weaker than
that of cyclic imine dioxime; while there exists efficient
aggregation driving force for gradual exothermic action
in the amidoxime structure. Additionally, there is an
identical variation trend in the binding energies of one
and two Pt atoms bound by the respective amidoxime
and cyclic imine dioxime, accompanied by the negative
overall binding energy, in which the exothermic effect
during the binding process is responsible for favorable
adsorption agglomeration of Pt, Au. For Cu, the binding
energies of the first and the second Cu atom bound by
amidoxime are 1.89 and 0.66 eV, respectively, indicating
that it cannot occur the adsorption of Cu atom on ami-
doxime in terms of energy, consistent with the extremely
low separation coefficient (K;) due to the adverse adsorp-
tion of Cu on PIDO. These DFT theoretical calculations
are well consistent with the former experimental observa-
tions, where the fabricated PIDO membrane can selec-
tively recover Au from e-waste despite the existence of
Cu with high content.

2.5 | Authentic gold recovery from
waste CPUs

The efficient and selective extraction of precious metals
from real e-waste sources containing various metals is
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rather challenging. Encouraged by the comprehensive
extraction experiments in Au(III) standard solution men-
tioned above, we further testify the feasibility of the PIDO
membrane in the authentic extraction applicability of
gold from e-waste. For this purpose, the discarded CPUs
(Figure 6A), containing a large amount of metallic cop-
per, nickel and gold, and so forth. (Figure 6B), are
mechanically disassembled to obtain metal scraps, and
further immersed into aqua regia to leach metals from
CPUs. The resulting blue acidic leachate solution is tested
to contain 1556 mg L' Cu(II), 234 mg L™' Ni(ID),
8.84 mg L' Fe(Ill), 1.24 mg L™ Co(II), 1.03 mg L *
Pb(II), 0.58 mg L' Cr(VI) together with 23.5 mg L™*
Au(IIl). In view of the extremely high acidity of aqua
regia, the obtained CPU leachate is adjusted to pH 3.0
with KOH solution. In a typical experiment, 5 mg of the
PIDO membranes are soaked in 100 ml of acidic CPU
leachate, in which the concentrations of various metal
ions in the tested leachate are determined by ICP-OES
and the corresponding recovery efficiencies are calculated
based on the content variation of each metal ion. As dis-
played in Figure 6C, the recovery efficiency of Au(IIl) on
PIDO membrane reaches to over 99%; while the concen-
trations of other metal ions before and after treatment
remain basically unchanged, indicative of the superior
selectivity of PIDO membrane toward Au(IIl) from the
leachate solution of e-waste despite the presence of inter-
fering metal ions, especially Cu(Il) and Ni(II) at rather
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(A) Optical photograph and (B) Scanning electron microscopy image and Energy dispersive X-ray spectroscopy mappings of

central processing unit (CPU). (C) The removal performance and (D) the affinity of various metal elements in CPU by poly(imine dioxime)
(PIDO) membrane. (E) Optical photograph and microscope photograph of gold powder. (F) X-ray diffraction spectrum of gold powder
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high concentrations. In order to reveal the recovery selec-
tivity of PIDO membrane toward Au(IIl), the affinity of
PIDO membrane to various metal ions is evaluated by
the distribution coefficient (K;). Generally speaking, an
adsorbent with a Ky value >10* ml g ! is regarded to pos-
sess excellent adsorption performance.*® From Figure 6D,
K4 values of Au(IIl), Cu(Il), Ni(Il), and Fe(III) are
2.6 x 10°, 0.9, 8, 1 ml g ', respectively. Evidently, K4
value of Au(Ill) is 4-5 orders of magnitude higher than
other competitive metal ions. Further, the separation fac-
tor (SF) of A and B two ions (SF4,p) is determined by
K4*/K4® to quantify the adsorption preference, in which
above 100 of separation factor signifies usually excellent
separation degree.” In our case, the separation factor
values for Au(III)/Cu(Il), Au(III)/Ni(II), Au(III)/Fe(III),
Au(IID)/Co(II), Au(IIl)/Pb(II), and Au(III)/Cr(VI) are
2.8 x 10°, 3.1 x 10% 2.2 x 10*% 1.5 x 10% 5.0 x 10°, and
8.4 x 10°, respectively, highlighting the superior selectiv-
ity of PIDO membrane toward Au(Ill) over other
coexisting metal ions. The phenomenon is well consistent
with the corresponding hardness values of Cu(II), Ni(II),
Fe(I1I), Co(II), Pb(II), Cr(VI) and Au(III) (0.55, 1.54, 2.6,
1.5, 0.93, 2.36, and 0.304, respectively).”® Accordingly, as
compared to base metals ions, soft Au(IIl) species
possesses more preferable affinity toward N sites in ami-
doxime group based on the HSAB theory. More signifi-
cantly, the distinctive gold species in form of AuCl,~ or
AuCl;(OH)™ under acidic conditions are also responsible
for their easy immobilization on the positively charged
PIDO surface via electrostatic attraction; whereas other
metal cations tend to be repulsed by the positively
charged ADH@BC surface, accordingly generating low
recovery efficiency.

Upon selective gold extraction from e-waste leach-
ate, it is necessary to separate gold in elemental form
from the PIDO membrane. To this end, the Au-loaded
PIDO membranes are calcined at 1000°C in air for 5h
to decompose the organic constituents. Subsequently,
metal powder pellets are collected and treated with
concentrated hydrochloric acid to remove the unexpect-
edly physical adsorbed impurity. Under an optical
microscope, the golden solid particles is observed
(Figure 6E) and proved to be zero-valent metallic gold
via XRD characterization (Figure 6F). It is noteworthy
that there are no additional peaks from other metals or
compounds, revealing high purity of the recycled gold
from the e-waste leachate. Based on SEM observation
(Figure S13a,b), the recovered gold particles are micron
scale. From EDX spectrum (Figure S13c), no evidence
of any other metals other than Au is found despite
high concentrations of competing ions, such as Cu(Il),
Ni(II), etc., consistent with XRD results. To evaluate
the metal contents and purity of the recovered gold,

the resulting solid powder is dissolved into aqua regia
and subjected to subsequent elemental analysis via
ICP-OES. As a consequence, the purity of the recov-
ered gold pellets is identified to 23.6 karat, higher than
those reported in most literatures.>** In order to more
intuitively evaluate the economic feasibility of gold
recovery from the CPU leaching solution, the produc-
tion cost of PIDO membrane and the profit earned dur-
ing gold recovery process are roughly calculated based
on the price of the input raw materials, current gold
price as well as the recovered gold amount using PIDO
membrane. From the details supplied in Table S4, the
cost of PIDO membrane is as low as $0.097/g, far less
than those for other gold adsorbents reported in the lit-
erature."”*>’®! More significantly, the generated gold
income and profit/cost ratio for per gram PIDO mem-
brane are $584.4 and 6024.8, respectively, prevailing
over other gold adsorbents by an overwhelming major-
ity."**57"%! In other words, the fabricated PIDO mem-
brane possesses incomparable advantage in the
economic benefits, thus ensuring cost-effective gold
recovery from actual e-waste.

3 | CONCLUSION

To conclude, freestanding, hierarchically porous, hydro-
philic, pure PIDO membranes can be massively fabri-
cated via a simple evaporation-induced self-assembly
technique based on the Marangoni effect. Thanks to
abundant amidoxime binding sites, high specific surface
area, ultrathin thickness, hierarchically porous character-
istics, excellent hydrophilicity, and favorable mass
transfer of adsorbates, the resulting PIDO membrane
demonstrates excellent gold recovery performance,
including record-breaking capacity, ultrafast kinetics,
superior selectivity, outstanding regeneration and reus-
ability. Furthermore, the real applicable feasibility of the
fabricated PIDO membrane is exemplified in selectively
and efficiently recovering gold from waste CPU leachate.
The gold recovery mechanism is elucidated by XPS and
DFT calculation, involving an energetically favorable
adsorption/reduction process between cyclic imine
dioxime and Au(IIl). In view of simple and fast
processing, easy scaled-up production, low cost, mild
condition, high reproducibility, and no need for expen-
sive equipment, the current synthetic strategy fully meet
the requirement for the large-scale economic extraction
application of precious metals from real e-waste.
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