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Urban mining of precious metals from electronic waste, such as
printed circuit boards (PCB), is not yet feasible because of the
lengthy isolation process, health risks, and environmental impact.
Although porous polymers are particularly effective toward the
capture of metal contaminants, those with porphyrin linkers have
not yet been considered for precious metal recovery, despite their
potential. Here, we report a porous porphyrin polymer that captures
preciousmetals quantitatively from PCB leachate even in the presence
of 63 elements from the Periodic Table. The nanoporous polymer is
synthesized in two steps from widely available monomers without
the need for costly catalysts and can be scaled up without loss of
activity. Through a reductive capture mechanism, gold is recovered
with 10 times the theoretical limit, reaching a record 1.62 g/g. With
99% uptake taking place in the first 30min, themetal adsorbed to the
porous polymer can be desorbed rapidly and reused for repetitive
batches. Density functional theory (DFT) calculations indicate that
energetically favorable multinuclear-Au binding enhances adsorption
as clusters, leading to rapid capture, while Pt capture remains pre-
dominantly at single porphyrin sites.

gold reduction | photoreductive recycling | platinum capture | urban
mining | water treatment

Electronic devices have become (1–3) an integral part of our
human experience and their production to meet the in-

creasing demand generates significant electronic waste (e-waste).
A good example is Printed Circuit Boards (PCBs), which amount
to around 50 million tons per annum with an 8.8% increase
every year (4–6). Although PCBs contain more precious metals
than the ores in mines (7), 80% of this waste still goes to landfills
(4) chiefly because of the lack of selective, high-yield, noncyanide
recovery procedures (6). One current method for urban mining is
based on pyrometallurgy (8), which produces hazardous waste
(9); this approach is mainly practiced in developing countries (1,
3). Hydrometallurgy (9) can offer the needed selectivity since the
use of digestive solutions is more environmentally friendly (10),
while biometallurgy approaches remain elusive (11).
The ideal method (3) for precious metal recovery from

e-waste, therefore, should entail selective capture from chemi-
cally digested solutions without the need for incineration. It has
been reported that nitrogen- or sulfur-bearing adsorbents pro-
vide the necessary affinity for high-uptake capacities. For example,
imidazole immobilized on mesoporous silica and N,N-dimethyla-
minoethyl methacrylate (DMAEMA) covalently bonded onto a
commercial polyethylene-coated polypropylene skin-core structure
fiber have been reported (12, 13) as precious metal adsorbents.
Recently, our team reported (14) that cyclodextrins could copreci-
pitate with gold ions by forming enzymelike complexes, an approach
that could provide an economical means for gold recovery. Zirconium-
based metal organic frameworks, such as UiO-66 and UiO-66-NH2,
have also been screened (15) for precious metal uptake.

Biomaterials-based adsorbents, such as cross-linked poly-
saccharide gels and chemically modified persimmon tannin gels,
have been investigated for precious metal recovery (16, 17), with
high gold adsorption capacities of 7.57 and 7.7 mmol/g, respectively.
Most adsorbents, however, are often tested in pure metal solutions
or in the presence of a limited number of competing metals. These
protocols, however, have economically less feasible uptake capac-
ities or selectivities and are rarely reported for their applicability in
actual e-waste or wastewater. A more targeted approach, employing
strongly metal-binding chelators, is needed.
Porphyrins feature (18) remarkably high binding affinity and

selectivity for transition metals, particularly the precious metals.
Such powerful organic functionalities could, in principle, be
employed in permanently porous network polymers in order to
immobilize them for the recyclable separation of metals from a
complex matrix. Two recent articles, one by our group (19) and
another from Dichtel and coworkers (20), focus on removing
emerging organic micropollutants from water; neither metals nor
porphyrin-containing porous polymers, however, were addressed.
The present challenge is to install porphyrins into materials, while
using sustainable methods and starting materials.
Reports on chelator-containing porous polymers began (21)

with the use of phthalocyanine-containing nanoporous network
polymers. While catalysis is usually the application of choice
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when utilizing these superstructures (22–29), CO2 capture and
conversion have also been pursued (30–34). Despite the great
promise in the use of porphyrins for e-waste treatment, recent
progress has been lacking.
In this work, we report a highly porous, exceptionally stable,

and very easy-to-build porphyrin network polymer for precious
metal capture from e-waste. By linking porphyrins with phena-
zines, we have imparted the characteristics of robustness and
oxidative resistance simultaneously. The covalent organic poly-
mer, COP-180, captures gold at nearly 10 times the theoretical
equivalence from a mixture of 63 competing metals. The sorbent
can be used multiple times without loss of activity. Even without
recycling, we show that the metal-isolation process is economi-
cally viable. Density functional theory (DFT) calculations con-
firm the preferential formation of metal clusters, a necessary
mechanism for outstanding gold selectivity.

Results and Discussion
Synthesis of a Porphyrin Network Polymer. A porphyrin-based nano-
porous COP (COP-180) was designed and synthesized (Fig. 1) in
two steps from commercial building blocks for precious metal re-
covery from acidic digests of e-waste solutions. After preparing the
porphyrin tetranitro monomer (TNPPH2) following literature meth-
ods (35) with slight modifications, the nanoporous polymer was
synthesized by a Wohl–Aue coupling reaction (36) with phenyl-
enediamine in the presence of KOH. The Brunauer–Emmett–Teller
(BET) specific surface area of the synthesized polymer was found to
be 704 m2 g–1 and the polymer shows (Fig. 1B and SI Appendix, Fig.
S1A) hierarchical properties with an average pore size of ∼15 nm.
In the Fourier transform infrared spectroscopy (FTIR) spec-

trum of COP-180, the peaks of =C–H (bending), N–H (bending),
C=N (stretch), C=C (stretch), =C–H (stretch), and N–H
(stretch) were observed at 796, 967, 1,465, 1,596, 3,030, and
3,371 cm–1, respectively, all common features (18) of a porphyrin

macrocycle. The peaks at 1,346 and 1,516 cm–1 indicated the
existence of unreacted nitro groups in the final product. The 4.7
wt % of oxygen, as determined by elemental analysis, can be
associated with the nitro groups and possibly with by-products
such as phenazine oxide (SI Appendix, Fig. S1B and Table S1).
The amorphous nature of the polymer was established (SI Ap-
pendix, Fig. S2) from its powder X-ray diffraction pattern. COP-
180 was thermally stable up to almost 400 °C under both nitrogen
and air atmosphere (SI Appendix, Fig. S3). The nitrogen (1 s)
X-ray photoelectron spectroscopy (XPS) spectra of COP-180
show (Fig. 1D and SI Appendix, Fig. S4) pyrrole nitrogens at the
characteristic 397- and 399-eV positions (18) and a peak around
398 eV which arises after metalation.
COP-180 features phenazine linkages (37, 38) and shows ex-

ceptional stability under acidic conditions (SI Appendix, Fig. S5).
The use of Wohl–Aue conditions, however, is also known (39) to
give azo adducts. Although azobenzene-based porous polymers
were shown previously to be stable enough for CO2 capture
applications by El-Kaderi and coworkers (40) and in our group
(41), these polymers cannot withstand aqua regia conditions and
therefore were deemed not feasible for e-waste treatment. De-
spite the low solubility of tetranitrophenyl, porphyrin is expected
to lead to a dominant Michael addition for the coupling of
monomers and hence the phenazine selectivity (SI Appendix,
Scheme S1). We prepared a model compound from TNPPH2
and aniline to prove that phenazine formation is preferred. The
adduct showed a peak at m/z 1,023.4908 in the high-resolution
mass spectrum (Fig. 1C), indicating quantitative phenazine for-
mation. In addition, we prepared a control polymer that features
methyl substituents for suppressing phenazine formation (SI Ap-
pendix, Scheme S2). The network polymer, dubbed COP-180Azo,
was synthesized by following the same reaction procedure as that for
COP-180 except for the addition of 2,3,5,6-tetramethylbenzene-1,4-
diamine instead of p-phenylenediamine to block the phenazine
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Fig. 1. Synthesis and characterization of COP-180. (A) Two-step synthesis of COP-180 from commercially available monomers. (B) Nitrogen adsorption–
desorption isotherms of COP-180, COP-180-Au, and COP-180-Pt measured at 77 K. Filled and empty symbols represent adsorption and desorption, re-
spectively. (C) Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry analysis of a monomeric model compound con-
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formation. Formation of the azo linkage was immediately evident
from the color changes observed during the synthesis. The resulting
product was nonporous and lacked the phenazine carbon signal at
128 ppm in the 13C solid-state cross polarization magic angle spinning
(CP/MAS) NMR spectrum (SI Appendix, Fig. S1D), showing that a
substantially different superstructure had resulted. Although the
linkage functionality would not ordinarily present a concern for
precious metal recovery––since the active adsorption sites are the
porphyrin rings we wanted to clarify the structures of the materials.
We also prefer phenazine linkages for their outstanding chemical
stability.

Porphyrin Network Polymers as Precious Metal Scavengers. Single-
metal adsorption efficiencies were tested using a concentrated
(3,000 ppm) standardized solution of noble metals. Excessive
spiked loading is often used to represent immediate performance

with induced saturation. Uptake capacities for gold (21.6%),
platinum (13.3%), silver (8.5%), copper (4.1%), and palladium
(2.1%) were observed (SI Appendix, Table S2). Surprisingly,
other competing ions, for example nickel, showed only negligible
uptake (0.04%). The BET specific surface areas of metal-loaded
COP-180s were decreased, indicating pore-filling behavior
(Fig. 1B and SI Appendix, Fig. S6).
The remarkably high uptake and selectivity for gold and

platinum, even at elevated concentrations, prompted us to study
them in detail. The gold and platinum adsorption isotherms were
collected using standardized solutions in batch conditions and
fitted by the Langmuir adsorption isotherm model. Accordingly,
the maximum uptake of gold in COP-180 was found to be 1.62 g/
g. This value is almost 10 times higher than the value predicted
by theory (0.173 g/g), using a scenario in which each porphyrin
unit can accommodate only one metal ion. On the contrary, the
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experimental adsorption amount of platinum in COP-180 was 0.197 g/
g (Fig. 2), a value similar to the theoretical capacity of 0.171 g/g.

Mechanism. The unprecedented adsorption of gold ions implies
that other adsorptive mechanisms are involved during gold up-
take. A viable pathway would therefore be reductive immobili-
zation of gold ions into gold metal clusters, as adsorptive binding
would require a similarly high uptake for platinum ions. Phen-
azines, which are known to be redox-active and are used in bi-
ological electron transfer reactions (42), may be responsible for
the reductive adsorption in COP-180. In addition, porphyrin and
its derivatives are known for their activity as photosensitizers and
photoredox catalysts (43). Judging from the ultraviolet/visible
(UV/vis) absorption spectrum of COP-180 (SI Appendix, Fig.
S7), its UV/vis light absorption could induce a photocatalytic
reduction of gold (44): AuCl4

– + 3e– → Au (s) + 4Cl– (aq),
+1.002 V. Incidentally, the adsorbed amounts of gold (Fig. 2A
and SI Appendix, Fig. S8) were found to be 1.62 g/g under the
ambient light and 1.54 g/g in the absence of light. In addition,
artificial light irradiation (halogen lamp, 42 W, 630 lm) further
increased the gold adsorption capacity of COP-180 (Fig. 2A) up
to a record 1.89 g/g. In a control experiment, we negated the
inevitable heating from the light source by carrying out adsorp-
tion in the dark; a capacity of 1.57 g/g at 34 °C resulted.
The X-ray diffraction (XRD) pattern of gold captured within

COP-180 displayed elemental gold peaks confirming reductive
adsorption (Fig. 2G), whereas Pt-loaded COP-180 showed only
broad signals from the amorphous porous polymer. Single gold
and platinum atoms were observed, and grown crystals of gold in
0.4–1.5-μm sizes were also clearly observed under the electron
microscope. Elemental mapping showed (Fig. 2H and SI Appendix,
Fig. S11) clustered gold, while platinum was spread over the entire
surface of the adsorbent. Also, the XPS spectrum of Au-loaded
COP-180 revealed oxidation states of gold as 0 at 83.99 (4f7/2)
and 87.89 (4f5/2) eV, +1 at 84.78 (4f7/2) and 88.83 (4f5/2) eV, and +3
at 87.93 (4f7/2) and 92.19 (4f5/2) eV. Platinum, on the other hand,
showed (Fig. 1D) only a +2 state at 72.40 (4f7/2) and 75.74 (4f5/2)
eV. Silver is the only other metal that also shows (SI Appendix, Figs.
S2 and S4) nanoparticle cluster formation, despite the low uptake
capacities when compared to gold.
The photocatalytic reaction requires a constant electron sup-

ply, and the electron-rich conjugated network of porphyrins and

phenazines are thought to meet this requirement. This behavior
is particularly evident since reductive adsorption also takes place
in the dark, albeit at the decreased capacity of 1.54 g/g. This
capacity is, nonetheless, still nine times higher than the theo-
retical complexation limit. Nitrogen heteroatoms serve both as
primary adsorption sites when Pearson’s hard–soft acid–base
theory (45) is taken into account, and also as reductants, where
they are commonly used in nanoparticle synthesis methodologies
(46), and where Marcus theory predicts (47) the presence of
radical intermediates to form polyamines or nitrous oxides.
The size of the porphyrin cavity (∼4.10 Å for free-base por-

phyrin) is important to consider when describing the capture of
divalent ions. It is claimed (18) that if the metal ion size is larger
than 80–90 pm, it is more difficult for the ion to enter the ring
and, rather, it remains in the sitting-atop form. The ionic radii
(44) of platinum (II), palladium (II), and copper (II) are 74, 78,
and 71 pm, respectively, and these values match our criteria.
Accordingly, these metals are captured in good agreement with
ionic radii requirements. Our results also correspond well with
the thermodynamic stability of metalloporphyrins, where a trend
(18) can be illustrated as follows: Pt (II) > Pd (II) > Ni (II) > Co
(II) > Zn (II) > Mg (II) > Cd (II) > Sn (II).

Theoretical Proof of Au Clustering on Porphyrins. We performed
spin-polarized DFT calculations with the Vienna Ab initio
Simulation Package (48) using the Heyd–Scuseria–Ernzerhof-06
(HSE06) (49) hybrid functional. A single COP-180 unit was used
to calculate the binding energy of Au and Pt in COP-180, where
the metals were adsorbed sequentially (Fig. 3) at the central N
ions of the porphyrin unit to calculate the stepwise binding en-
ergy, Ebind, of Au and Pt. The results show that Au has a con-
sistent binding energy (−0.67 eV) upon capture of a second Au,
whereas Pt is more energetically favorable (–3.10 eV) if only a
single Pt is captured. The DFT-calculated data clearly agree with
the experimental data, particularly in showing the near-
theoretical capture capacity for Pt, while exceeding 10 times
theoretical capacity for Au.
The Ebind values of Au and Pt were calculated with reference

to the Au3+ and Pt2+ ions, implemented to the system as AuCl3
and PtCl2, respectively. For example, the first Ebind was calcu-
lated by removing two Cl– ions of AuCl3 and PtCl2 as gas-phase
HCl molecules with the protons of the NH radicals of porphyrin.
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Fig. 3. DFT calculations for Au, Pt, and Cu adsorption on COP-180. (A) Spin-polarized DFT calculations for energy changes in multinuclear adsorption of Pt
and Au on a model unit of COP-180. (B) Energy of binding (Ebind) in sequential adsorption of AuCl3, (C) PtCl2, and (D) CuCl2.
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The remaining Cl– ion of the AuCl was artificially removed by
forming a HCl molecule with additionally supplied H atoms.
We found that the porphyrin unit of COP-180 binds strongly a

Pt2+ ion with Ebind of –3.10 eV. The positive Ebind of the second
binding Pt (0.98 eV) shows, however, that Pt prefers to be
atomically separated over porphyrin units because of the lack of
the driving force of agglomeration. On the other hand, a stepwise
exothermic binding process was observed in Au binding calcu-
lations. The Ebind of the first binding Au3+ ion (Ebind = –0.62 eV)
was slightly increased up to –0.67 eV for the second bound Au
atom, which supplies an exothermic energetic trend, a driving force
of Au agglomeration. For copper adsorption, the initial Ebind was
slightly higher than that of Au (–0.87 eV) but the addition of a
second Cu was energetically forbidden (Ebind = 1.73 eV, Fig. 3D).
These findings tailor the experimentally observed inversed trend in
elemental distribution of Au and Pt over COP-180, while Cu was
the least favored (Fig. 3) in overall total adsorption.

Metal Selectivity and Effects of pH. The adsorption behaviors of Au
and Pt also differ under varying pH conditions. At pH 2, 99% of
gold ions were removed (Fig. 2 C and D) within 30 min, while Pt
uptake was more sluggish at 77.4% within 24 h. Basic pH ad-
versely affected gold uptake, perhaps as a consequence of gold
metal speciation from auryl chloride ions to hydroxide com-
plexes, and the corresponding anionic repulsion with deproto-
nated porphyrin nitrogens. Near-quantitative recovery of gold
was achieved within 6 h by using a mixture of dilute HNO3 and
HCl at warm temperatures. Gold adsorption and desorption
trials were then repeated (Fig. 2 E and F) three times with the
maintained adsorption efficiencies of more than 93%.

Competing Metals Test. E-waste contains (SI Appendix, Table S3)
a large amount of common metals such as sodium, copper, tin,
zinc, and iron in an acid digest (10) and selectivity, in low concen-
trations, is the ultimate test for a proposed adsorbent. For this
purpose, we chose multielement standard solutions commonly used

Electronic waste (PCBs)
in 1M HNO3 and HCl solution
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Fig. 4. Testing COP-180 in a mixture containing all common metals in the Periodic Table and gold capture from actual electronic circuit boards. (A) Mixed-
metal selectivity test results summarized on a periodic table. (B) Real-life application of COP-180 for gold recovery from PCBs. The gold ingot is >99.6% pure.
(C) Corresponding adsorption efficiencies of metals that are found in PCBs.
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for inductively coupled plasma mass spectrometry (ICP-MS), since
they contain a variety of metals in a single solution with calibrated
concentrations. The COP-180 was treated (Fig. 4A and SI Appendix,
Table S4) with four different standard solutions covering almost all
common metals in the Periodic Table. From direct competition of
all metals in acidic solution, precious metals such as platinum
(99.8%), palladium (99.8%), and gold (99.4%) were found to be
captured selectively. Other precious metals also showed relatively
high or moderate adsorption efficiencies; these included iridium
(68.9%), rhodium (63.3%), ruthenium (40.4%), copper (12.4%),
and silver (24.8%).
In a parallel experiment, COP-180 was treated with combi-

nation of two or more standard mixed-metal solutions. The
metal adsorption efficiencies in these experiments were found to
be almost maintained, or even higher than before, with the val-
ues of 99.7, 99.4, and 98.8, 62.5, 59.0, 43.4, and 17.7% for plat-
inum, palladium, and gold, iridium, copper, rhodium, and
ruthenium (SI Appendix, Fig. S9), respectively. Most of the
common elements in the solution showed low adsorption effi-
ciencies of less than 3%. These results indicate that the synthe-
sized COP-180 can be used effectively for the purpose of
recovering precious metals from mixed-metal solutions.

Authentic e-Waste Gold Capture Test and Economics. The ultimate
test for COP-180 was to verify the applicability of COP-180 in
acid-digested e-waste for precious metal recovery (Fig. 4B).
Seven PCBs were collected from junkyards and treated with di-
lute aqua regia. The digests were filtered and adjusted to pH ∼2
by adding KOH. COP-180 was added to the metal leachate and
the solution was stirred vigorously at room temperature. After
filtration, COP-180 was analyzed for metal content. Gold was
found (Fig. 4C) to be captured with 94% efficiency. We attribute
this result to the reductive adsorption process that we observed
previously with pure metal isotherms. Upon recovery of the
captured gold, a small gold ingot (>99.6% purity) was formed
(Fig. 4B) in the vial.
Lastly, we calculated the rough economics of gold recovery

from PCBs, as e-waste recycling in the commercial sector would
be driven by the profits of precious metal recovery and resale.
COP-180 was found to cost $5/g based on its chemical starting
materials (SI Appendix, Table S6), while the gold captured by 1 g
of COP-180 would be worth approximately $64. The cost of the
polymer is in line with our previous estimates of other porous
polymers (50–52). The profit margin can be expected to increase

significantly across each subsequent recycling operation, al-
though single-use gold extraction appears to be economically
viable.

Materials and Methods
Detailed experimental procedures and characterization can be found in
SI Appendix.

Synthesis of COP-180. The porphyrin monomer, 5,10,15,20-Tetrakis(4-nitro-
phenyl)-21H,23H-porphyrin (1 g), p-phenylenediamine (275 mg), and KOH
(710 mg) were added to dry DMF (200 mL). The mixture was stirred for 1 h
under nitrogen purge. The mixture was heated to 150 °C and refluxed for
24 h under a N2 atmosphere. After cooling to room temperature, the re-
action mixture was poured into 1 L of deionized (DI) water and stirred for 1
h. The precipitate was collected by filtration and purified by Soxhlet ex-
traction with water and acetone for 1 d each. The product was dried at
150 °C for 1 d in a vacuum oven. Yield: 75%.

Precious Metal Capture from Actual e-Waste. PCBs were obtained from the
local junk shop. First, the PCBs were soaked in 10 M of NaOH solution for 1 d
to remove the surface epoxy coating. The PCBs were removed from the basic
solution and washed with tap water before soaking them in 4 L of an HNO3/
HCl (1 M each) solution. The temperature of the solution was raised to 40 °C
and held for 2 d. The PCBs were taken out and the acidic solution was fil-
tered to remove any undissolved components. Sufficient KOH was added to
the solution to give a positive pH value, and DI water was added to give a 5 L
final solution. COP-180 (1 g) was added to the solution and the mixture was
stirred for 2 d. After filtering, the COP-180 was washed thoroughly with DI
water. The metals adsorbed on COP-180 were analyzed by ICP-MS and their
amounts were compared with the metal concentrations of the solution
before COP-180 addition.

Data Availability. All procedures and results of experiments are described in
detail in the main text and SI Appendix.
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