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A customized MOF-polymer composite for rapid gold

extraction from water matrices

Tianwei Xue't, Tao He?t, Li Peng'*, Olga A. Syzgantseva®, Ruiqing Li', Chengbin Liu',
Daniel T. Sun?, Guangkuo Xu', Rongxing Qiu', Yanliang Wang’, Shuliang Yang®*, Jun Li'*,

Jian-Rong Li**, Wendy L. Queen®

With the fast-growing accumulation of electronic waste and rising demand for rare metals, it is compelling to
develop technologies that can promotionally recover targeted metals, like gold, from waste, a process referred
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to as urban mining. Thus, there is increasing interest in the design of materials to achieve rapid, selective gold
capture while maintaining high adsorption capacity, especially in complex aqueous-based matrices. Here, a
highly porous metal-organic framework (MOF)-polymer composite, BUT-33-poly(para-phenylenediamine)
(PpPD), is assessed for gold extraction from several matrices including river water, seawater, and leaching so-
lutions from CPUs. BUT-33—-PpPD exhibits a record-breaking extraction rate, with high Au®* removal efficiency
(>99%) within seconds (less than 45 s), a competitive capacity (1600 mg/g), high selectivity, long-term stability,
and recycling ability. Furthermore, the high porosity and redox adsorption mechanism were shown to be un-
derlying reasons for the material’s excellent performance. Given the accumulation of recovered metallic gold
nanoparticles inside, the material was also efficiently applied as a catalyst.

INTRODUCTION

With the ever-growing consumption of electronics and new energy
industries, gold extraction via traditional virgin mining from ore is
unable to meet the growing demand (1-7). Thus, it is imperative to
complement virgin mining with the development of efficient routes
to extract gold from nonconventional sources like electronic waste
(e-waste) (8-10). For the recovery of gold from e-waste, adsorption
technologies based on porous materials having an abundance of ad-
sorption sites and fast gold removal from solutions have attracted
much recent attention, resulting in a number of reports aimed at
the extraction of gold from waste streams using a host of porous ad-
sorbents such as metal-organic frameworks (MOFs) (11-17), cova-
lent organic frameworks (18, 19), porous aromatic frameworks (20),
and porous polymers (9, 21). Furthermore, it has been shown that
postsynthetically functionalizing such porous materials with
desired functionality is an effective strategy to prepare excellent ad-
sorbents having high gold extraction capacity. However, some func-
tionalization strategies also reduce the porosity of these porous
materials sharply where the specific surface area can drop below
500 m?/ g (13-15, 19), even below 50 m?/ g (16, 18). Limited porosity
can limit the exposure of adsorption sites, reducing the extraction
rate and requiring hours or days to reach equilibrium. What is more,
during the gold extraction process, gold often exists in complex
water matrices (river water, seawater, e-waste leaching solution,
etc.) with high concentrations of other interferents including
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competing metal ions and organic interferents. Thus, a material
should be selective, stable over long term, and offer high gold capac-
ity and removal efficiency in varied complex water matrices;
however, reported adsorbents rarely evaluate their performance in
complex matrices (9, 12-16, 18-21). This prompted us to explore
the design of suitable porous adsorbents for the efficient and selec-
tive extraction of gold from different water matrices.

Here, a Ni(II)-pyrazolate (pz) MOF, Beijing University of Tech-
nology (BUT)-33, with ultrahigh porosity was rationally designed;
given the material’s large mesopores and excellent chemical stabil-
ity, it was selected as a porous support for poly(para-phenylenedi-
amine) (PpPD) (Fig. 1). The large internal surface area and suitable
pore size of BUT-33 promoted a high polymer loading and more
dispersed adsorption sites, leading to high adsorption capacity
with outstanding removal rate for gold species from aqueous
systems. This redox-active composite can also selectively extract
gold from several complex matrices including river water, seawater,
and leaching solution obtained from the computer central process-
ing unit (CPU). Last, benefiting from the gold nanoparticles in situ
generated by the redox-active polymer in the MOF, the gold-con-
taining composite is found to be a highly efficient catalyst.

RESULTS

Synthesis and characterization of BUT-33-PpPD

To meet the requirements of adsorbents with rapid extraction
speed, high removal rate, and excellent adsorption capacity in
complex matrices, it is necessary to seek a proper host material
that is highly porous and has immobilized and dispersed functional
guests. On the basis of our previous report (22), BUT-33 with the
sodalite-type net was synthesized using an ingeniously designed
planar ligand, 2,4,6-tris[4-(pyrazolate-4-yl)phenyl]-1,3,5-triazine
(H5TPTA). Topologically, the period structure in BUT-33 consists
of TPTA®*™ ligands and Niypzg clusters in which each Ni(II) atom is
linked to four N atoms of pyrazolate group in a square planar
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Fig. 1. Schematic illustration for the synthesis of BUT-33-PpPD and gold extraction.

geometry. Each square Niypzg cluster coordinates to eight total
TPTA’" ligands, thereby forming the the-a topological net
(Fig. 2A). Each Ni(II) is undercoordinated, forming open metal
sites, which can promote the polymerization of monomers. In the
structure, eight TPTA’™ linkers spreading over the faces and six
Niypzg clusters located at the vertices make up an octahedral cage,
which forms a cavity having a diameter of 18.4 A. These cages are
arranged in a way that gives rise to another larger cavity having a
diameter of 27.8 A with open three-dimensional (3D) channels of
aperture 22.4 A, spreading along three crystallographic axial direc-
tions. Such a structure provides the space necessary for the polymer-
ization of monomers and the accommodation of polymeric chains.
The obtained MOF has a non-interpenetrated framework, provid-
ing a notable internal surface area of 4090 m*/g and empty meso-
porous cages of ~2.6 nm diameter (Fig. 2G and fig. S1) and open
Ni(II) coordination sites, which offer a perfect platform for anchor-
ing the polymer orderly in the MOF pores. The monomer, para-
phenylenediamine (pPD), was selected because it can readily
access the pores of BUT-33 for in situ polymerization and contains
an abundance of amine groups (—NH,), which promote the active
sites for gold capture (23). Further, density functional theory (DFT)
calculations were used to assess the feasibility of PpPD binding to
Ni** sites (fig. S2 and table S1). The binding energies between the N
of the monomer, dimer, and trimer and the Ni of BUT-33 indicate
that the polymer has favorable interactions with the internal MOF
surface. We believe that these interactions, combined with the
unique cages containing open metal sites, allow the polymerization
to occur throughout the MOF structure and readily become an-
chored inside, making polymer evenly disperse and tightly inter-
twine in MOF channels to expose more active sites and not easy
to be lost in the actual application.

The in situ polymerization protocol was adapted for construct-
ing MOF-polymer composite (24). In this case, 0.3 M pPD
monomer and 20 mg of BUT-33 were used to prepare the MOF-
polymer composite denoted as BUT-33-PpPD, which caused the
MOF color change from yellow to dark gray (Fig. 2, B and C), indi-
cating the successful formation of the highly conjugated polymer.
Powder x-ray diffraction (PXRD) patterns show that, after polymer-
ization, the structural integrity of BUT-33 was maintained
(Fig. 2D). Scanning electron microscope (SEM) images indicate
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that the morphology of the MOF does not show obvious change,
implying that most of polymer stays inside the pore (Fig. 2, E and
F). Worth noting, nitrogen adsorption and desorption experiments
demonstrate that the BET surface area of the composite after poly-
merization has decreased to 2743 m*/g (Fig. 2G) because of the oc-
cupation of PpPD in the MOF pores, but this is still already higher
than the surface areas of most MOFs, much less those that are func-
tionalized with polymers (25-28). Further, the element analysis
(table S2) and thermogravimetric analysis (fig. S3) indicated that
~18 wt % PpPD is found inside of BUT-33-PpPD. Compared to
other three MOF-PpPD composites synthesized under the same
conditions (table S3 and fig. S4), BUT-33-PpPD exhibits much
higher surface area and contains larger amount of PpPD, which is
one of the key factors for efficient gold capture. It indicates that the
polymer host plays an important role in the MOF-polymer systems.
Fourier transform infrared spectroscopy (FTIR) and Raman spec-
troscopy further indicate the structural integrity of BUT-33 (fig.
S5). X-ray photoelectron spectroscopy (XPS) is used to probe the
N Is region of the BUT-33-PpPD spectrum (Fig. 2H). The peaks
at 389.9, 400.0, and 401.9 eV are derived from =NR, R,NH, and
RNH,, respectively, which confirm the existence of PpPD (29).
Further, the matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF-MS) of the digested
BUT-33-PpPD sample also provides evidence of the polymeriza-
tion of pPD and reveals oligomeric chains made up of seven mono-
meric units (fig. S6), which indicates that the MOF pore size limits
the propagation of the polymer chain.

Adsorption performance with respect to Au-spiked

water samples

Next, the performance of the composite for Au®" recovery was eval-
uated. BUT-33-PpPD (5 mg) was soaked in different concentra-
tions of Au’* solutions [100 to 5000 parts per million (ppm)],
and the maximum uptake of gold is found to be approximately
1600 mg/g (fig. S7), which is five times higher than that of the
bare BUT-33 MOF, indicating that the functional groups on the
polymer chains greatly enhance the gold capture. It is worth
noting that composites with different loading amounts of the
PpPD can be obtained by changing the concentration of
monomer in the initial impregnation step. The adsorption

20of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

* C | BuT-33-PpPD
i TR RN

? F

El BUT-33-PpPD

g P

>

o=

e BUT-33

8 .

=

b l Simulated
I -
10 20 = -

E G 206 (degree) H |
9 15004 -
2 BUT-33 i
© 8 , !
£ 1200 SAger = 4090 m%/g ; { _
; 9—9—0—,0—0-0—0—0-\)-0=ﬁ=01000“"° ? g
m 900 7 "p z 100 nm
B / 23 & > i
3 o éo—o—o—a-o—o—e-u-se=sw'b° 2
% 600 y 29 f/uw-o 2
© i & 2
> s00] pp*°  BUT-33-PpPD
5 ’ SAger = 2743 m?lg
®
> 0
= 00 02 04 06 08 10 404 402 7 = i
4

PIF, (relative pressure)

Binding energy (eV)

Fig. 2. Characterizations of BUT-33 and BUT-33-PpPD. (A) Structure of BUT-33 containing two kinds of pores. Sample pictures of (B) BUT-33 and (C) BUT-33-PpPD. (D)
PXRD patterns of BUT-33 and BUT-33-PpPD compared to the simulated pattern of BUT-33. a.u., arbitrary units. SEM images of (E) BUT-33 and (F) BUT-33-PpPD. (G) N,
adsorption and desorption isotherms for BUT-33 and BUT-33-PpPD. (H) N 1s x-ray photoelectron spectrum of BUT-33-PpPD. (I) HAADF-STEM image and corresponding

EDX elemental maps from a slice of BUT-33-PpPD after gold adsorption.

capacities of these materials (5 mg) were measured in 10 ml of
1000 ppm Au’* solutions over the course of 24 hours. When the
quantity of gold extracted is plotted as a function of polymer
loading, one observes a volcano-type curve (Fig. 3A), and the com-
posite with 18% PpPD shows the highest adsorption capacity, which
means that superfluous guest polymer molecules likely begin to
block some pores, limiting the exposure of adsorption sites. More-
over, when the Au®* adsorption capacity of several as-synthesized
MOEF-PpPD composites are compared, including Fe-BTC-PpPD,
UiO-66-PpPD, MIL-127-PpPD (table S3), and other porous frame-
work materials (table S4), BUT-33-PpPD has several advantages.
For instance, the material exhibits an excellent adsorption capacity
(1600 mg gold/g) and rapid extraction (Au>* removal >99% within
45 s), which are among the best reported to date. This excellent per-
formance could be ascribed to the ultrahigh porosity of BUT-33,
which provides easy access to a large number of exposed adsorption
sites.

Next, a simulated e-waste solution containing 10 ppm Au’* and
100 ppm of common competitive ions was used to assess the selec-
tivity, extraction kinetics, and acid/base stability of BUT-33-PpPD.
Na®, Mg**, Ca**, and K* were carefully selected because they are
commonly found in surface water, while Ni**, Zn®*, and Cu®" are
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often found in leaching solutions of e-waste (Fig. 3B). For this sol-
ution, the removal percentage of Au’* for BUT-33 is only about
60%, while BUT-33-PpPD removed over 99% Au’* without
obvious adsorption of other competing metal ions (Fig. 3C); this
indicates that the introduction of PpPD polymer greatly enhances
the gold scavenging ability of composite. The calculated distribution
coefficient (K4 = 67,000) value of BUT-33-PpPD for Au’t is 77
times that for Cu** and 280 times that for Ni**, which reflects the
high affinity to gold of the designed BUT-33-PpPD (fig. S8). In ad-
dition, this composite achieves impressive gold uptake and simulta-
neously preserves the fast extraction speed observed for the host
BUT-33. More than 90% of Au’" is extracted under 15 s, more
than 95% of Au’" is extracted under 30 s, and more than 99% of
Au®" is extracted under 45 s (Fig. 3C), which is faster than that of
other materials reported to date (tables S3 and S4 and fig. S9). To
further evaluate the gold capture ability of the composite at low con-
centrations, 10 ml of solution with 1 ppm Au®" was treated by 5 mg
of BUT-33-PpPD, and inductively coupled plasma mass spectrom-
etry (ICP-MS) showed that the concentration of Au’" in the treated
solution is lower than 0.1 parts per billion (ppb). Furthermore, it
was observed that pH does not hinder the composite’s extraction
properties, and this composite maintains more than 99% removal
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Fig. 3. Adsorption performance of BUT-33-PpPD in Au>* solution. (A) Au>* removal performance optimization for BUT-33-PpPD composites with different amounts
of PpPD loading. (B) Selectivity adsorption of BUT-33-PpPD in solution with common competing metal ions. The concentration of metal ions before adsorption (red) and
after adsorption (blue). (C) Extraction speed of BUT-33—-PpPD and BUT-33. (D) Evaluation of adsorption performance of BUT-33-PpPD in solution with different initial pH
values. (E) Evaluation of cyclability of adsorbent by ascorbic acid. Percent removal of AU after multiple extractions (red) and regeneration cycles (blue). (F) PXRD pattern
of BUT-33-PpPD after 15 cycles calcined at 900°C in air and subsequently treated with concentrated hydrochloric acid to recover metallic Au.

percentage for gold in solutions between pH 3 and 11 (Fig. 3D). Last
but not least, the actual wastewater usually only contains a small
amount of gold, requiring an adsorbent material to have the
ability of recycling and regeneration to concentrate the gold from
the solution. To evaluate the composite’s cyclability, 20 mg of
BUT-33-PpPD was added to 100 ml of a 100 ppm Au** solution.
In the first three treatments, the removal percentage of gold can
reach more than 99%, while in the next two cycles, the removal per-
centage gradually decreases, which is attributed to the oxidation and
occupation of the N-containing functional active sites by the ad-
sorbed Au species in the polymer. To regenerate the active sites,
the composite was treated with 0.002 M neutralized ascorbic acid
every five cycles, allowing the removal efficiency to recover. The
results show that the composite could retain 99% removal after 15
cycles (Fig. 3E). After gold enrichment in the adsorbent, the com-
posite was calcined at 900°C in the air to decompose the material
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and subsequently treated with concentrated hydrochloric acid to
remove the dissolvable metal impurities for gold recovery. The
PXRD patterns indicate that the final yellow solid is metallic gold
(Fig. 3F). Then, the solid was digested with aqua regia and used
for the ICP optical emission spectrometer (ICP-OES) test. Gold
content exceeds 99%, and it does not contain other competing
metals present in aqueous solutions.

Extraction of Au from complex water matrices

Because of gold scarcity, there are increasing numbers of reports
making great efforts to design materials for gold recovery (table
S4). For this, the performance of BUT-33-PpPD was assessed in
several complex streams including river water and seawater. Conse-
quently, 10 ppm of Au®* and more than 150 ppm of Cu** and Ni**
were added into the Yangtze River water (Nanjing, China) contain-
ing a large number of microorganisms, organic matter, and salts.
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For this, 5 mg of BUT-33-PpPD was soaked in 10 ml of this solu-
tion. In less than 1 min, the composite extracted more than 99% of
Au’* and was almost not affected by the interfering substances
(Fig. 4A and fig. S10A), possibly because the pores of BUT-33 act
as a gatekeeper to prevent the larger interfering organic substance
from approaching and blocking the adsorption sites, while smaller
Au’* can shuttle freely. The long-term stability of BUT-33-PpPD
was also tested; for this, 20 mg of the composite was soaked in
100 ml of Yangtze River water. After 1 month, the PXRD patterns
and SEM images confirm the structural and morphological integrity
of BUT-33-PpPD (fig. S11, A and B). In addition, ICP-OES and
MALDI-TOF-MS were applied to prove no loss of Ni or polymer
(fig. S11, C and D). In view of the excellent performance of BUT-
33—PpPD in river water, we next aimed to assess the material in an
even more complex liquid. Seawater is considered one of the most
complex liquid substrates on earth. It contains more than 80
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elements, andsome of which are at ultrahigh concentrations. For
example, the concentration of sodium ions can be as high as
10,000 ppm, which could seriously interfere with the efficiency of
gold capture (30). To evaluate the performance of the composite
in seawater, 5 mg of BUT-33-PpPD was treated with 10 ml of
East China Sea water (Xiamen, China) spiked with 5.9 ppm Au’*.
Within 20 min, more than 99% of Au>* was removed despite the
complexity of the seawater (Fig. 4B and fig. S10B); this demonstrates
that the material can function in highly complex environments,
where there are large concentrations of competing ions.

Because of the ever-increasing demand for electronic devices,
there is an accumulation of a large number of retired electronic
devices (31). Although e-waste contains gold, copper, nickel, rare
earth elements, and other materials, only about 17.4% of e-waste
is currently recycled (32). It can be seen that there is a huge space
for recovering the metals from the e-waste, and thus, effective
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elemental maps from (D) AMD CPU and (F) Intel CPU.
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adsorbents are highly desirable. With this in mind, the ability of this
composite to extract gold from the real e-waste leaching solution
was evaluated. Two electronics, AMD CPU (Fig. 4D) and Intel
CPU (Fig. 4F), removed from abandoned computers were treated
respectively by an aqueous solution of N-bromo succinimide and
pyridine (fig. S12) (33), a simple and environmentally friendly
method that can leach metals under neutral conditions. After dilu-
tion, the leaching solution of AMD CPU resulted in a 2.3 ppm Au
solution also containing 850 ppm of Cu, 76 ppm of Ni, and small
amounts of Zn and Al Next, 10 ml of this solution was treated with
5 mg of BUT-33-PpPD, and more than 95% of gold was extracted in
5 min (Fig. 4C and fig. S10C). The leaching solution of the Intel
CPU had a metal composition of 1.4 ppm of Au, 410 ppm of Cu,
53 ppm of Ni, 8 ppm of Zn, and 0.9 ppm of Pd. Following a similar
treatment, >99% of gold was extracted in 5 min (Fig. 4E and fig.
S10D). Although a small amount of Cu was also removed, the ad-
sorption capacity is quite low. Furthermore, Cu is easily desorbed
and dissolvable in HNOj3, and therefore, the purity of final gold
will not be influenced.

Selective extraction mechanism of Au

To further understand the extraction mechanism, various charac-
terization techniques were performed. It is expected that Au’*
ions interact with the nitrogen-containing active sites on PpPD in
the BUT-33 pores, and then, Au®" is subsequently reduced to gold
with lower valence state by the redox-active polymer. The PXRD
patterns of the material after extraction (denoted as BUT-
33-PpPD@Au) indicate the presence of metallic gold (fig. S13A).
The peaks at 38°, 42°, 65°, and 77° correspond to the (111), (200),
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(220), and (311) crystallographic planes of AW, respectively. Ac-
cording to the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image and corresponding
energy-dispersive x-ray (EDX) elemental maps of the serially
sliced BUT-33-PpPD@Au composite crystals, it was observed
that the gold is evenly distributed throughout the composite
(Fig. 2I). Furthermore, the redox activity of PpPD was verified by
XPS. The Au 4f region of the BUT-33-PpPD@Au spectrum dem-
onstrates the existence of reduced Au® and Au* (fig. S13C). More-
over, the N 1s region of the BUT-33-PpPD@Au spectrum (fig.
S13D) indicates that a great deal of RNH, and R,NH groups is ox-
idized to=NR groups, confirming the redox adsorption mechanism
in the gold capture process. The DFT calculations reveal that Au, in
its oxidized and reduced state, forms a planar complex (Fig. 5A)
with the PpPD chains, not distorting heavily their geometry. Such
a nondistorted geometrical configuration is favorable for the effec-
tive adsorption of Au’* by the BUT-33—PpPD composite, because it
implies the preservation of MOF-polymer contacts and does not
require their disruption. Considering the oxidation-reduction ca-
pacity of the pPD oligomer and polymer chains, it ranges within
—5.2 to —6.5 eV, as estimated using corresponding monomers as
the proxy (34) for the absolute energy-level alignment of PpPD.
Hence, among all tested cations, it is suitable only for the reduction
of Au**/Au" species (Fig. 5B). The redox potential of all other con-
sidered cations is too high for reduction by PpPD (35). Moreover, a
suitable range of ionization potentials of oligomeric and polymeric
pPD systems makes the reduction affordable in a wide range of pH,
including the experimentally tested one between pH 3 and pH 11
(Fig. 5C). Therefore, both the favorable adsorption pattern and
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Fig. 5. DFT calculations for adsorption mechanism of Au. Physicochemical origins of the selectivity of BUT-33-PpPD toward Au. (A) Structures of the Au>**/°-PpPD
complexes. Au, C, N, and H atoms are colored gold, beige, blue, and white, respectively. (B) Redox potentials of Au**/Au’, Au*/Au® couples, and competing cations Cat™*/
Cat® (47). Favorable range of redox potentials, enabled by PpPD, is denoted in yellow. (C) pH dependence of redox potential for Au**/Au® and Au*/Au® couples and its

range favorable for reduction, enabled by PpPD and marked in yellow.
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the suitable redox properties make PpPD-based composite an effi-
cient material for selective Au®* extraction from aqueous solutions.

This mechanism not only provides high selectivity for the com-
posite but also skillfully saves the reduction step after gold concen-
tration, allowing the material to be directly used in a number of
appealing applications related to catalysis (36). To demonstrate
this, the BUT-33-PpPD composite containing recovered Au was
proven to act as an excellent catalyst candidate for the reduction
of methylene blue and 4-nitrophenol, which has been a challenge
in the field of environmental restoration (figs. S14 and S15).

DISCUSSION

Briefly, a MOF-polymer composite has been synthesized via in situ
polymerization of pPD inside of a MOF, BUT-33. By properly se-
lecting a MOF with an ultrahigh surface area (4090 m*/g) and po-
rosity as the polymer host, the resulting BUT-33-PpPD composite
also displays a high surface area (2743 m?/g). It is thought that the
remaining porosity provides accessibility to a large quantity of
metal-scavenging functionality on the polymer backbone. The com-
posite is shown to rapidly and selectively extract gold from several
highly complex aqueous matrices including river water, seawater,
and leaching solutions of two different CPUs. The composite
offers a notable adsorption capacity of 1600 mg/g, long-term stabil-
ity in water, and recycling usability. The former is attributed to the
redox-active sites of polymer, where Au®* is reduced into its metal-
lic state after adsorption. The resulting gold nanoparticles further
afford the composite with catalytic activity. Overall, the composite’s
excellent performance helps to make a future case for the potential
use of MOF-polymer composites in applications coupled to recy-
cling and reusing targeted precious metals extracted from e-waste.
The rational selection of MOF and polymer building blocks can
allow us to fine-tune the resulting composites toward the selective
separation of a number of different species from liquid and
gas streams.

MATERIALS AND METHODS

Materials

All chemicals were used without further purification unless other-
wise specified. p-Phenylenediamine, 4-bromobenzonitrile, and fert-
butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-
1-carboxylate were supplied by Energy Chemical. Gold trichloride
and tetrakis(triphenylphosphine)palladium were bought from
Sigma-Aldrich. 3,3',5,5'-Azobenzene tetra carboxylic acid, trimesic
acid, and terephthalic acid were purchased from Acmec. Sodium
hydroxide, iron(III) chloride hexahydrate (97%), copper(II)
nitrate trihydrate (99%), nickel(II) nitrate hexahydrate (99%),
sodium nitrate (99%), magnesium(II) nitrate hexahydrate (99%),
potassium nitrate, zinc(II) nitrate hexahydrate (99%), potassium
carbonate, sodium carbonate, sodium sulfate, and all solvents
were provided by Sinopharm Chemical Reagent Co. Ltd. The
Yangtze River water was collected in Nanjing, China (latitude:
32.156613, longitude: 118.800723). The East China Sea water was
collected in Xiamen, China (latitude: 24.442217, longitude:
118.075667).

Xue et al., Sci. Adv. 9, eadg4923 (2023) 29 March 2023

Synthesis of BUT-33

H;TPTA (0.40 mmol, 200 mg) was ultrasonically dissolved in 20 ml
of N,N'-dimethylformamide (DMF) in a 15-ml high-pressure
vessel. Ni(OAc),-4H,0 (0.60 mmol, 150 mg) was dissolved in
20 ml of DMF, then poured into the vessel, and mixed. The resulting
mixture was then heated in an oil bath of 150°C for 2 hours, and a
transformation from the green precipitate to a yellow solid was ob-
served in the first 30 min of the reaction. After cooling down to
room temperature, the yellow solid (155 mg of activated sample,
65% yield based on H;TPTA) was collected by filtration, washed
with DMF (3 x 50 ml) and acetone (3 x 50 ml), and dried under
reduced pressure at 120°C.

Synthesis of BUT-33-PpPD

Twenty milligrams of BUT-33 were activated overnight at 125°C
under a dynamic vacuum using a Schlenk line and an oil pump.
After activation, it was cooled down to room temperature. A total
0f0.48 g of pPD (0.24, 0.72, or 0.96 g; table S3 shows the relationship
between adding amount of pPD and loading amount of PpPD in
BUT-33) was dissolved in 20 ml of anhydrous methanol, which
was loaded in a 50-ml round-bottom flask. The methanol solution
was then transferred to the BUT-33—containing flask in an air-free
way. The mixture was allowed to stir at 300 rpm for 1 hour. Then,
the reaction was exposed to air and heated to 50°C for 24 hours.
After cooling down to room temperature, the dark gray powder ob-
tained was washed with methanol several times and dried under
vacuum overnight for further use.

Characterization

PXRD was tested on Rigaku Ultima-IV X with a Cu Ka source
(1.54056 A) at 40 kV and 30 mA. All nitrogen adsorption measure-
ments were performed on an ASAP 2020 HD88 instrument. XPS
measurements were tested by Quantum 2000XPS with an
Omicron hemispherical energy analyzer. SEM characterizations
were performed on ZEISS Sigma. STEM images were collected by
TECNALI F30, and corresponding STEM-EDX spectroscopy was
performed. MALDI-TOF-MS analysis was performed using auto-
flex maX MALDI-TOF MS. FTIR spectra were collected using
Nicolet iS50. The Raman data were collected using a Renishaw
Invia instrument. The thermogravimetric analysis curve was ob-
tained using TGA 449F5.

BUT-33—-polymer interactions
DFT calculations were used to elucidate the interactions between
BUT-33 and pPD. The periodic unit cell of BUT-33 is selected for
DFT calculations. We chose some possible structures (one
monomer, two dimers, and one trimer) to investigate the feasible
binding configurations of the polymer to the MOF internal surface.
The DFT implemented in CP2K is based on a hybrid Gaussian
plane wave scheme, the orbitals are described by an atom-centered
Gaussian-type basis set, and an auxiliary plane wave basis set is used
to reexpand the electron density in the reciprocal space. The 2s, 2p
electrons of O, the 2s, 2p electrons of C, the 2s, 2p electrons of N,
and the 3s, 3p, 3d, 4s electrons of Ni are treated as valence; the re-
maining core electrons are represented by Goedecker-Teter-Hutter
(GTH) pseudopotentials. The Gaussian basis set of Ni is double-{
with one set of polarization functions (DZVP), and others are
triple-{ with two sets of p-type or d-type polarization functions
(TZV2P). The energy cutoff is set to 400 Ry. We use Perdew-
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Burke-Ernzerhof (PBE) functions to describe the exchange-correla-
tion effects, and the dispersion correction is applied in all calcula-
tions with the Grimme D3 method. Due to the large size of the cells,
only the T’ point in the reciprocal space is used in our calculations.
For geometry optimization, the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimizer is used.

The structure of BUT-33 is initially modeled with a cubic cell.
The cells are optimized under 3D periodic boundary conditions.
Possible adsorption conditions of chemical oxidation polymers of
pPD are calculated. The binding energies (AE) of each configura-
tion are determined as the difference energy difference before and
after PpPD microparticles adsorbed, as shown in Eq. 1

AE = Eyor+poly — Emor — Epoly (1)

Au-PpPD interactions

To model Au-PpPD interactions, DFT calculations were performed.
PpPD chain was represented by an oligomer in its reduced or oxi-
dized form, containing either —-NH— or —N=sites. The Au’" cation
and Au’ atom were positioned between two model polymer chains
and allowed to fully relax. All the calculations are performed using
the PBE density functional (37) along with Grimme's D3 dispersion
correction (38), as implemented in the CP2K package (39). The
wave function was represented applying Gaussian-type double-{
basis set (DZVP-MOLOPT) (40), while the electron density was ex-
panded in the plane wave basis set with the 600-Ry cutoff. The core-
valence interactions were described using norm-conserving GTH
pseudopotentials (41). The range of PpPD ionization potentials
was evaluated using the energies of highest occupied molecular
orbital (HOMO) levels of pPD, computed at the DFT-B3LYP
(42—45) level, as suitable monomeric proxy (34) for the assessment
of the absolute energy-level alignment of polymeric PpPD chain.
Structures are visualized with the VMD program (46).

Gold extraction

Following procedures previously described in (11), different con-
centrations of Au®" solution were prepared using AuCl; and dis-
tilled water. Five milligrams of each sample was added to 10 ml of
the aforementioned solution and was placed in a TCS10 constant
temperature mixer at 800 rpm and held at a constant temperature
of 25°C. The samples were allowed to shake for 24 hours to allow
equilibrium. Afterward, the solutions were filtered using a 25-mm
hydrophilic polytetrafluoroethylene (PTFE) membrane syringe
filter with 0.22-um pores to remove any solids for subsequent ele-
mental analysis by ICP-OES. After analysis, the capacity, Q. (mg/g),
was calculated using Eq. 2

(Co—Co)V
m

Qe = (2)

where C, is the initial concentration, C, is the equilibrium concen-
tration, V is the volume, and m is the mass of the initially used
composite.

Gold extraction in complex matrices

Following procedures previously described in (11), the composite
selectivity for removing trace amounts of gold was evaluated. This
was achieved by testing the materials’ performance in solution
where other metal ions are up to 10 times the concentration of
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gold such as Na*, Mg**, Ca®*, K*, Ni*", Zn*", and Cu®". What is
more, the performance of composite in real-world samples was
tested. First, water samples were obtained from the Yangtze River
and spiked with 150 ppm of Cu and Ni and 10 ppm of Au. After-
ward, 5 mg of each sample was added to 10 ml of the river water. For
the pH study, the pH was adjusted using 0.02 M aqueous solutions
of HNOj; or NaOH. Five milligrams of BUT-33-PpPD were added
after a desired pH was reached, and the pH was remeasured. Sea-
water was obtained from East China Sea and spiked with 5.9 ppm
of Au. Afterward, 5 mg of each sample was added to 10 ml of the
seawater.

All samples were placed in a TCS10 constant temperature mixer
at 500 rpms and held at a constant temperature of 25°C. All samples
were allowed to shake for 24 hours to allow equilibrium. Afterward,
the solutions were filtered using a 25-mm hydrophilic PTFE mem-
brane syringe filter with 0.22-um pores to remove any solids for sub-
sequent elemental analysis.

Gold extraction from leaching solution of AMD CPU and
Intel CPU

The AMD and Intel CPUs were obtained from two abandoned
computers in Xiamen University. Following procedures previously
described in (11), the leaching solution was prepared by mixing
119.034 ml of distilled water with 0.966 ml of pyridine (100 mM)
and 0.750 g of N-bromo succinimide (35 mM). Ten milliliters of
this solution was used as the leaching solution and allowed to sit
for 24 hours. Within hours, the leaching solution changed from
clear to a blue solution and was diluted for subsequent elemental
analysis. After the metal concentrations of competing metal ions
and Au were determined, 5 mg of BUT-33-PpPD was added to
10 ml of the leaching solution and allowed to sit for 30 min.

All samples were placed in a TCS10 constant temperature mixer
at 500 rpms and held at a constant temperature of 25°C. All samples
were allowed to shake for 24 hours to allow equilibrium. Afterward,
the solutions were filtered using a 25-mm hydrophilic PTFE mem-
brane syringe filter with 0.22-pm pores to remove any solids for sub-
sequent elemental analysis.

Gold extraction speed

Fifty milliliters of water spiked with 100 ppm of Na*, Mg>", Ca*",
K*, Ni**, Zn**, Cu®", and 10 ppm of Au’", river water spiked with
150 ppm of Cu®" and Ni*" and 10 ppm of Au’", seawater spiked
with 5.9 ppm of Au’*, and leaching solution of two CPUs were
treated by 5 mg of BUT-33—-PpPD. At each time point (15, 30,
and 45 s and 1, 2, 3, 5, 10, 15, 20, and 30 min), the aqueous
samples were isolated and filtered using a 25-mm hydrophilic
PTFE membrane syringe filter with 0.22-um pores for subsequent
elemental analysis.

Gold cycling and regeneration

Following procedures previously described in (11), cyclability of the
composite was investigated using ascorbic acid for the reduction of
imines to amines. For this experiment, 20 mg of BUT-33-PpPD was
exposed to 20 ml of a Yangtze River water solution spiked with
100 ppm of Au®* for 10 min. After exposure, the sample was cen-
trifuged and the solution was filtered using a 25-mm hydrophilic
PTFE membrane syringe filter with 0.22-um pores. This process
was repeated for five batches. After a clear drop in removal efficien-
cy, the composite was soaked in 20 ml of a 0.002 M solution of
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ascorbic acid for 4 hours, washed with methanol, and then exposed
to another five batches. This protocol was repeated for a total of 16
batches of exposures.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to 520

Tables S1 to S4
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