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ABSTRACT: Electronic waste, or e-waste, is one of the e

q . e’ e
fastest-growing waste streams as electronic gadgets become o, g e -
8 5 . . + é ° prey o%s
increasingly prevalent and short-lived. E-waste contains a ®? T, b AR
significant amount of precious metal gold (Au), whose retrieval IPE fagment

ITCPEI fragment IDCPEI fragment

offers substantial financial and environmental benefits. We
have previously developed triazine-crosslinked polyethyleneimines
(TCPEIs) that can capture Au(III) with high capacity, high
selectivity, and fast kinetics. Herein, to better understand the —
underlying mechanisms, we studied the gold adsorption on L fliﬁi',iiii',
crosslinked polyethyleneimines (CPEIs) with rigid crosslinkers of v e i o)
varying lengths and a different PEI type. Specifically, a triazine

(2,4,6-trichloro triazine, TCT) and a piperazine-bridged triazine

dimer (1,4-di(4,6-dichloro-1,3,5-triazine-2-yl)piperazine, DTP) were used to crosslink linear PEIs to generate CPEIs — ITCPEI and
IDCPE], respectively. IDCPEI, with a longer rigid crosslinker, consistently showed faster adsorption kinetics across all three tested
initial gold concentrations than ITCPEIL, and the lower the gold concentration, the more pronounced the difference in their adsorption
rates. At 20 ppm, a gold concentration that is relevant to the acidic leaching solution of electronic waste, IDCPEI exhibited a gold
adsorption rate constant (K, = 0.5837 ¢ mg~! min!) that is more than twice as high as that of ITCPEI (K, = 0.2231 g mg™! min™").
The gold recovery efficiency of IDCPEI is also significantly higher than that of ITCPEI at this concentration. The maximum adsorption
capacities of the IDCPEI and ITCPEI as determined by Langmuir isotherm analysis are, however, comparable, and are 2777 and
2857 mg g, respectively. X-ray diffraction analysis indicated that the predominant mechanism of initial adsorption is electrostatic
interactions, followed by the reduction of Au(III) ions. In the presence of competing metal ions of even higher concentrations, IDCPEI
was able to recover 99% of the gold. Moreover, the desorption study showed that 99% of the adsorbed gold could be recovered within
30 s. This simple approach to e-waste recycling offers sustainable benefits for both the circular economy and environmental protection.
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1. INTRODUCTION

Electronic waste (e-waste) is considered one of the
fastest-growing solid waste streams worldwide and poses a sig-
nificant hazard to human health and the environment."” The
rapidly growing economy and evolving technology, as well as
customer demands for improved functionality and design, have
reduced the lifespan of electronics and resulted in a significant
increase in e-waste generation. In 2022, a record 62 million
metric tons of e-waste were generated, and it is estimated that it
will be about 82 million metric tons in 2030.> Despite e-waste
generation increasing 3—5% every year, only 22.3% was recycled
in 2022, with reports predicting that it will further decline in
the near future.>* The major components of e-waste materials
include 60.2% metals, 15.2% plastics, 5% metal-plastic mixtures,
and 1.7% printed circuit boards.> E-waste approximately con-
tains 60 different metals, including precious metals like gold,
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silver, and palladium, and other valuable metals like copper,
aluminum, and iron. It also consists of extremely toxic metals
such as lead, mercury, and cadmium, as well as the metalloid
arsenic.%’ As a result, releasing e-waste to the environment poses
a severe risk to human health and the environment.®° Recover-
ing valuable metals from e-waste can help create a circular econ-
omy, protect the environment and provide financial benefits.'°
Recycling from e-waste is getting popular due to precious metals
such as gold, making it profitable."!
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Gold is precious due to its intrinsic value and scarcity, as well
as its aesthetic qualities, historically serving as a core component
of hard currency.'> However, demand for gold in electronics has
increased significantly due to its unique physical and chemical
properties.'”> Gold is a very efficient conductor of electricity,
and resistant to corrosion, making gold based electronic devices
highly reliable.'* 1t is widely used in electronic devices such as
connectors, switches, hybrid circuits, soldered joints, connecting
wires, and connection strips.'> As gold is wildly used in electronics,
the e-waste now contains significant amounts of gold along with
other metals. The concentration of gold may vary considerably
depending on the sources of e-waste ranging from 10to 1600 ppm.*
A typical rich gold-containing ore’s gold concentration is about
18 ppm, whereas the average gold concentration in e-waste is
much higher.*

The global e-waste precious metal recovery market reached
5.9 billion US dollars in 2023, with gold accounting for ~70%
of the total value.!® Recycled gold from e-waste also helps to
meet global demand, which reduces expensive and environmen-
tally harmful gold mining and extraction operations. Commonly
used approaches for gold recovery include precipitation,'” ion
exchange,'® solvent extraction,’” and membrane separation.”’
However, such methods often lack sufficient selectivity and high
capacitity.”! Adsorption, on the other hand, can be efficient,
cost-effective, and eco-friendly.*”> Recent progress in polyethy-
leneimines (PEI)-based adsorbents has focused on structural
modification to improve Au uptake and selectivity.?>** Cross-
linking PEI or incorporating it into composite PEI to form a
porous and water insoluble structure is an example of some
attractive strategy.>>*® Despite these advances, direct, systematic
control of network openness via linker length in PEI systems
has not been emphasized. Indeed, we have recently shown that
branched polyethyleneimines (bPEIs) crosslinked with rigid
2,4,6-trichloro-1,3,5-triazine (TCT) led to crosslinked PEI net-
works that showed remarkably high adsorption capacity and fast
adsorption kinetics toward the [AuCl,]™ anion.””

The rigid nature of the TCT crosslinker is thought to play
a central role in forming a crosslinked network with open and
accessible pores which are responsible for the fast adsorption
rate. We speculate that the openness of the network’s pores
may depend on the length of the rigid crosslinker and a lon-
ger crosslinker may further expand and open up the pores,
leading to CPEI-based networks with even faster adsorption
rates and capacities. To test this hypothesis, a new crosslinker,
1,4-di(4,6-dichloro-1,3,5-triazine-2-yl)piperazine (DTP) of sim-
ilar rigidity but tripled in length of TCT was synthesized. Linear
PEI (IPEI) instead of bPEI was used due to its uniform structure
and the presence of predominantly secondary amine groups
along the straight polymer chain which are known to be rather
reactive with TCT. This uniform linear chain allows us to create
well-defined uniform pore structures after crosslinking with a
rigid crosslinker, where the size of the pores will be fully dictated
by the size of the crosslinker. With two rigid crosslinkers of
significantly different sizes and two linear PEIs of different
molecular weights (10 and 1.8 kDa, respectively), a series of
crosslinked polymers, namely, TCT-crosslinked IPEI (ITCPEI)
and DTP-crosslinked IPEI (IDCPEI), were synthesized. The gold
adsorption kinetics of these two types of adsorbents were compa-
ratively studied, and it was found that IDCPEI is indeed faster
than TCPEI toward [AuCly]™ adsorption. Kinetics data were
fitted to the pseudo-second-order adsorption kinetics models,

showing that the adsorption rate (K,) for IDCPEI was around two
times faster than that of ITCPEL Gold adsorbed on IDCPEI can
be desorbed almost 100% within 30 s (s) using thiourea. CPEIs
exposed to [AuCl,]™ solutions for different amounts of time
and subsequently separated from the solution and then stored
for different extended period of time were thoroughly examined
with X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, and scanning electron microscopy (SEM). Initial
adsorption of [AuCl,]™ appears to be driven by electrostatic
attraction between positively charged PEIs and the negatively
charged [AuCl,]™ complex. A redox reaction that involves the
reduction of Au(III) to metal Au(0) by amines in PEI follows and
may last for days. Gold absorbed on CPEIs, however, whether in
the complex form or as metal Au(0), can be desorbed by thiourea
while regenerating CPEIs. These results provide valuable insights
into the gold recovery industry and advance our understanding of
the chemistry of amine-gold complexes.

2. MATERIALS AND METHODS

2.1. Materials

Two linear polyethyleneimines (IPEL, Mn 10,000 Da, purity: >99.0%,
and Mn 1800 Da, purity: >99.0%) were obtained from GLPBIO
Technology, USA. 2,4,6-Trichloro-1,3,5-triazine (TCT, 99%) was pur-
chased from Sigma Aldrich. Tetrahydrofuran (THF, 99%), dimethyl-
formamide (DMF, 99%), and chloroform (99%) were provided by
Fisher Scientific, USA. Gold chloride trihydrate (99.9%) and piperazine
(99%) were bought from Sigma Aldrich, USA. Potassium hexacyano-
cobaltate(III) (99%) was bought from Millipore Sigma, USA. All the
reagents were of analytical grade and used without further purification,
except for THF, which was dried with 3 A molecular sieves overnight
before use.

2.2. Analytical Instrumentation

Atomic absorption spectroscopy (AAS, model: Agilent SS) was used to
determine the concentration of metal ions in solution. 13C solid-state
magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spec-
tra were acquired on a Varian spectrometer equipped with an 8.5 T
wide-bore magnet at a Larmor frequency of 89.822 MHz and MAS
frequency of 7 kHz with 40k transients. FTIR was conducted with a Shi-
madzu IRAffinity-1 spectrophotometer in the range of 5004000 cm™!
at room temperature. XRD analysis was carried out using a Rigaku
Miniflex 600C X-Ray diffractometer over a 20 range of 5-85 degrees
using Cu Ka radiation. and EDS studies were carried out with Tescan
Vega 3 LMU and Bruker Quantax EDS instruments, respectively.

2.3. Synthesis of Crosslinked Polymers

To evaluate the effect of the crosslinker size, two crosslinkers, a
smaller and rigid 2,4,6-trichloro-1,3,5-triazine (TCT) and a larger and
rigid 1,4-di(4,6-dichloro-1,3,5-triazine-2-yl)piperazine (DTP), which
is approximately three times in length were selected (SI-1). Two lin-
ear polyethyleneimines (IPEIs) with significantly different molecular
weights (10 and 1.8 kDa) were crosslinked with these crosslinkers to
assess the effect of the size of IPEL

2.3.1. Synthesis of ITCPEls. TCT-crosslinked polyethylenei-
mines (TCPEIs) were synthesized following a previously published
synthetic procedure with slight modifications in the washing procedure.?”
A250-mL three-necked round-bottom flask was equipped with amagnetic
stir bar and a reflux condenser. 10.48 g (1.048 mmol) of IPEI (10 kDa)
and 30.0 mL of N,N-dimethylformamide (DMF) were added to the flask.
The resulting mixture was stirred at room temperature for 1.5 h, followed
by the dropwise addition of 2.49 g (13.5 mmol) of TCT in 10 mL of
dry tetrahydrofuran (THF) through an addition funnel. The reaction
mixture was subsequently stirred at 70 °C for 36 h. After being cooled to
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room temperature, the precipitates were collected by filtration, washed
sequentially with DMF, distilled water, and then twice with acetone. The
solids were then dried overnight under vacuum at room temperature. The
yields for ITCPEI(10K) and ITCPEI(1.8K) are over 80%. Both polymers
are light-yellow powders.

2.3.2. Synthesis of DTP. To synthesize DCPEISs, a new cross-
linker DTP was first synthesized from TCT and piperazine. 10.2 g
(55.3 mmol) of TCT was dissolved in 75 mL of chloroform in a 250-mL
two-necked round-bottom flask. The solution was cooled in an ice-water
bath for 10 min under a nitrogen atmosphere. In another flask, 2.39 g
(27.7 mmol) of piperazine was dissolved in S mL of chloroform, followed
by the addition of S0 mL of N,N-diisopropyl ethylamine (DiPEA). It
was then added dropwise to the TCT solution while maintaining the
ice-water bath condition. The resulting solution was continuously stirred
at 0 °C for 2 h. The precipitates were collected by filtration and washed
twice with chloroform. The solid product was dried overnight under
vacuum at room temperature. 7.62 g of DTP was obtained as light-yellow
solids with a yield of 72%.

2.3.3. Synthesis of IDCPEIls. 10.98 g (1.098 mmol) of IPEI
(10 kDa) was dissolved in 30.0 mL of DMF in a 250-mL three-necked
round-bottom flask after continuous stirring for 1.5 h. In another flask,
4.05 g (10.60 mmol) of DTP was dissolved in 30 mL of DMF at 70 °C.
This DTP solution was then added dropwise to the IPEI solution under
stirring at 70 °C. The resulting reaction mixture was refluxed for another
36 h. After being cooled to room temperature, the solid precipitates were
collected by filtration, washed with DMF, water, and then twice with
acetone. The final product was dried in a vacuum oven overnight at room
temperature. Both IDCPEI(10K) and IDCPEI(1.8K) were obtained as
light-yellow powders with over 80% yields.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structural Characterization

The synthetic scheme for ITCPEI is given in the Supporting
Information (SI-2). The reaction was carried out using chlorine
to amine reactive functional group ratio of 1:6, following a
reported protocol.”” The crosslinking proceeds through a step-
wise nucleophilic aromatic substitution reaction (SyAr), and at
70 °C, all three chloride groups of the TCT ring have sufficient
reactivity and can all undergo substituion.”® A light-yellow solid
began to precipitate shortly after two reactants were mixed at
70 °C, and after further reacting for 36 h, the resulting product
was completely insoluble in water. IDCPEIs was synthesized
in two steps (Scheme 1). First, the crosslinker, DTP was syn-
thesized by reacting piperazine with TCT at 0 °C using a 1:2
piperazine to TCT molar ratio.”’ At this temperature, only one
chlorine in TCT can undergo substitution, leading to the for-
mation of a larger crosslinker, DTP. Then, PEI was crosslinked
with DTP while maintaining the same chlorine to amine ratio
(1:6) as ITCPEL The reaction temperature and duration were
kept the same as in the ITCPEI synthesis, and it also produced
a light-yellow, water-insoluble solid. In this reaction, primary
and secondary amines of the PEI backbone act as nucleophiles
and attack the carbon of the triazine ring, forming covalent
triazine-amine (C-N) linkages. Repetition of these substitu-
tions on multiple triazine sites creates a three-dimensional,
crosslinked polymer network. Both DTP and TCT are rigid
crosslinkers, but DTP is roughly three times larger in size,
which is expected to introduce larger pores in the resulting
polymer networks and increase the accessibility of nitrogen
binding sites.

Scheme 1. Synthesis of DTP Crosslinked IPEIs (IDCPEIs)

Cl Ny -Cl
T
2
/‘f\' h
SN [ j CHCl3, 0°C [Nj
L TR S
/ DiPEA
N
N)\
TCT Plperazlne )\\ J\‘\
H H

DMF
700 30n \Q/\N/\/N\/\N/\/N\/\N/%
H H H
IPEI

H H H
““"'\/N\/\ /\/N\/\ N~ /\/N\/\N/\Nw

\)w“ @w“

N\( N\(
N\/<N
”””’\/N\/\ /\/N\/\ /\/N\/\ SN /\/N\/‘N‘"’

N)f,&m H )—r&w H
3 3
N\( \} W(N\( J

et H N~
““\/Nw N NS S NS SN /\/N\/”W
N N N N

To elucidate the chemical structure of the as-synthesized
crosslinked polymers, we performed 3C solid-state NMR and
FTIR. The 13C solid-state NMR of PEI showed four distinct
peaks in the range of 30—-60 ppm, while TCPEI and DCEPI
showed a broad peak from 30 to 65 ppm for C—N carbons which
is consistent with their highly crosslinked structure. The aromatic
carbon of the triazine ring, bonded with nitrogen, appeared
at a chemical shift of 165-170 ppm (SI-3).% Figure 1 shows
the FTIR spectroscopy results for the crosslinked polymers and
their starting reagents. The N—H bending peak at 1652 cm™!
becomes more prominent in the crosslinked PEIJ, likely because
the number of N—H bonds decreases, reducing the potential
for hydrogen bonding. The aromatic ring of trichloro triazine
exhibits C=N peaks near 1466 cm™'.>! These peaks are also
seen in all the crosslinked polymers but shifted to higher wave-
numbers due to the substitution reaction of the aromatic ring,
confirming the successful crosslinking and the presence of the
triazine rings within the polymers. The spectra for PEI display
a broad peak around 3393 cm™' due to the N—H stretching
and two peaks between 284S and 2945 cm™' corresponding
to the C—H stretching (SI-4).3° These peaks also appear in
all the crosslinked polymers, ITCPEIs and IDCPEIs, indicating
that PEI is present in the final products (SI-4). In the case
of DTP, the disappearance of the N—H stretching peak at
3213 cm™! and the N—H wagging peak at 834 cm™' confirms the
formation of the C—N bond between TCT and the piperazine
ring. The DTP also shows aromatic C=N peaks at 1560 cm™,
and two intense peaks at 1238 and 987 cm™! assignable to
two types of the C—N stretching. These peaks are also present
in IDCPEI, confirming the presence of DTP as a crosslinker.
Additionally, the disappearance of the C—Cl stretching peak at
841 and 790 cm™! in ITCPEI and IDCPEI spectra indicates a
complete substitution of the chlorine atoms in both TCT and
DTP with amines.?>

3.2. Gold Adsorption Studies

3.2.1. Effect of Crosslinker Sizes on Adsorption. The
adsorption capacity and efficiency of DCPEIs and TCPEIs
were evaluated at different time points to investigate the
effect of crosslinker sizes on adsorption. Four crosslinked
polymers, IDCPEI(10K), IDCPEI(1.8K), ITCPEI(10K), and
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Figure 1. FTIR spectra of the CPEIs(10K) and their starting materials.

ITCPEI(1.8K), were employed as adsorbents. Since gold concen-
trations in e-waste can vary widely depending on its sources, we
selected three different initial gold concentrations (~584, ~87,
and ~20 ppm) to evaluate the performance of the adsorbents.
First, the performance of IDCPEI(10K) and ITCPEI(10K) was
compared at an initial gold solution concentration of 584 ppm
where both adsorbents provided excess binding sites than the
amount of gold present (Figure 2a). At this concentration, both
ITCPEI(10K) and IDCPEI(10K) captured most of the gold
from the solution and reached a 98% recovery efficiency after
60 min. Although at equilibrium both polymers exhibited similar
adsorption capacity, IDCPEI(10K) consistently demonstrated
slightly higher uptake and removal efficiency during the first
15 min, but the difference between the two remained modest
(Figure 2a, inset). Then, the initial gold concentration was set
to 87.5 and 20.7 ppm and similar experiments were carried
out (Figure 2b,c). At both concentrations, IDCPEI(10K) con-
sistently outperformed ITCPEI(10K) significantly in terms of
adsorption capacity and efficiency at every measured time point.
The highest removal efficiencies of ITCPEI(10K) were 82% and
77% for initial Au concentrations of 87.5 and 20.7 ppm, respec-
tively, which indicates the decreasing efficiency with decreasing
gold concentration. In contrast, IDCPEI(10K) maintained its
removal efficiency of 94% at both lower concentrations. The
dashed line is the straight line drawn from the final adsorption
point and the earliest time point within a +5% tolerance
limit range is considered the equilibrium point. The circle
pointed out the equilibrium points for the adsorbents. When
Cy = 584 ppm, IDCPEI(10K) reached equilibrium within
1S min whereas ITCPEI(10K) needed 30 min. At 87.5 and
20.7 ppm, IDCPEI(10K) reached equilibrium within S min,
whereas ITCPEI(10K) required 15 and S min, respectively.
The faster adsorption kinetics of DCPEI over TCPEI can be
attributed to its longer rigid crosslinker length. TCT is smaller
in size and it behaves as a compact crosslinking agent which
creates short interchain bridges and a relatively tight network.
In contrast, DTP is approximately three times larger, and it
increases interchain spacing in the network, providing better
accessibility of the bulky gold complex to the inner pores leading
to faster kinetics. Adsorption phenomena of the second set of
adsorbents, IDCPEI(1.8K) and ITCPEI(1.8K), were tested in
three different initial gold concentrations same as the previous
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Figure 2. Comparison of adsorption capacity (Cs) and adsorption effi-
ciency (1) over time (min) for IDCPEI(10K) and ITCPEI(10K) at
an initial gold concentration of (a) 584, (b) 87.5, and (c) 20.7 ppm.
The insets highlight comparisons for the initial 15 min for enhanced
clarity. (Dashed line drawn from the final data point and circles indicate
equilibrium points).

adsorbents set. For an initial gold concentration of 584 ppm,
both adsorbents removed nearly 97% of gold from the solu-
tion, but IDCPEI(1.8K) reached adsorption equilibrium within
15 min, whereas ITCPEI(1.8K) required 30 min (SI-6a). More-
over, every point of the first 15 min of IDCPEI(10K) exhibited
marginally higher adsorption capacity and efficiency. This trend
is clearly demonstrated in the inset of SI-6a. IDCPEI(1.8K)
exhibited gold adsorption efficiency of 87% and 91% at initial
gold concentrations of 87.5 and 20.7 ppm, respectively, whereas
ITCPEI(1.8K) showed a gold removal efficiency of around 75%
in both cases (SI-6b,c). Further, when molecular weight (MW)
of PEIs was taken into consideration, no significant change was
observed in performance.

For 10 kDa molecular weight, gold removal efficiency was 98%
for both adsorbents, and for 1.8 kDa, this removal efficiency was
96% and 97% (SI-6d). This indicates that the molecular weight of
the backbone does not have a significant effect on the adsorption
performance. Regenspurg et al. investigated two polyelectrolyte
systems (PAH-PSS and PAH-PAA), and reported PAH-PSS
molecular weight did not significantly affect the metal recovery
performance.>* A. Younis et al. reported that the MW of chitosan
had no significant effect on removal of cadmium (Cd), whereas
on Zn, Pb, Cu, it had noticeable influence.’* In contrast, Geng
et al. reported that in PEI crosslinked graphene oxide systems,
metal recovery was highly dependent on molecular weight.3
Notably, most of the previous MW-dependent metal recovery
studies were conducted with membrane-based systems where
MW can strongly influence polymer loading, layer thickness
and membrane formation. Yet collectively, these studies indicate
that the influence of polymer MW on metal recovery is case
dependent and strongly governed by the material format, polymer
accessibility, and mass-transport limitations.

3.2.2. Adsorption Kinetics. The adsorption kinetics were
analyzed with two widely used, classical adsorption kinetics mod-
els, pseudo-first-order (PFO) (eq 12) and pseudo-second-order
(PSO) (eq 13) adsorption kinetics models. These models hel-
ped to reveal both the nature and the rate of interactions.
An initial gold concentration of 584 ppm was used for both
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Figure 3. Pseudo-first-order and pseudo-second-order kinetics fitting
results for ITCPEI and IDCPEL

models. The PSO reaction model was also checked at a lower
initial gold concentration of ~20 ppm. In Figure 3, linear
plotting for PFO and PSO at Cy = 584 and 20.7 ppm was
shown. The pseudo-second-order model showed better fitting
for both ITCPEI(10K) and IDCPEI(10K) with a higher corre-
lation coefficient value (R* = 0.9984 and 0.9995, respectively)
(SI-7 and Figure 3). Furthermore, the calculated equilibrium
adsorbance capacity, (q.) (IDCPEI = 1099 mg g¢~') also
closely matched with the experimental equilibrium capacity
(ge) (IDCPEI = 1080 mg g~!) for the pseudo-second-order
reaction kinetics model (SI-7). Therefore, the adsorption follows
apseudo-second-order kinetic model, indicating that the sorption
process is predominantly chemisorption.

Again, the pseudo-second-order model was checked with a
lower initial gold concentration. At Cy=20.7 ppm, the correlation
co-efficient was very close to 1 and the calculated ges of 29 and
36 mgg™! forITCPEI and IDCPE], respectively, which match close
with the corresponding experimental values. The rate constant at
this lower concentration was much higher (>500 times) than that
at Cy =584 ppm. Compared to ITCPEI(10k) (k,=0.2231 gmg™!
min~!), IDCPEI(10k) (k; = 0.5837 ¢ mg~! min~!) exhibited a
2.6 times higher pseudo-second-order rate constant, confirming
faster adsorption kinetics for IDCPEL

3.2.3. Selectivity Test and pH-Dependent Study. Acid
leachates of e-waste contain various types of metal ions, pre-
dominantly copper, iron, cobalt, and nickel ions.’” To assess
selectivity, an initial experiment was performed with a mixed
metal solution containing nearly 500 ppm of each ion. Both
ITCPEI(10K) and IDCPEI(10K) selectively recovered 90% of
gold from the solution with a minimal amount of other metal
ions adsorbed (Figure 4a). This selectivity likely comes from
electrostatic interaction between positively charged nitrogen
atoms in the crosslinked polymers and the negatively charged
gold complex.*®*° In contrast, all other metal ions are positively
charged, and the probable attractive interaction is coordination.
Consequently, the removal efficiency of these metals was very
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Figure 4. Adsorption efficiency of ITCPEI(10K) and IDCPEI(10K) for
a mixed metal ion solution of ~500 ppm concentration for all metal
ions (a) including gold or (b) in the absence of gold. (c) Adsorption
efficiency of ITCPEI(10K) and IDCPEI(10K) for a mixed metal ion
solution of ~20 ppm initial concentration for all metal ions, including
gold. (d) Adsorption efficiency of IDCPEI(10K) for a mixed metal
ion solution containing ~1000 ppm of other metals and ~20 ppm of
gold. (e) Co(CN)¢>~ adsorption with IDCPEI(10K). (f) Comparison
between Co(CN)g>~ and Co?* ions adsorption efficiency.

low. Due to the rapid nature of electrostatic interaction, gold ions
might quickly occupy most of the active sites of the adsorbents
leaving no room for other metal ions to coordinate. To validate
this, another experiment was conducted with a new mixed
metal ion solution without gold. As shown in Figure 4b, the
highest removal efficiency among those metals was 7% after 1 h
contact time. This indicates that, in the absence of gold, CPEIs
still showed very little affinity for the positively charged metal
ions. Additional experiments were conducted with a metal ion
solution of ~20 ppm to access adsorption behavior at very low
concentrations. At this concentration, both adsorbents recovered
more than 90% of gold again from the solutions with only small
amount of other metals recovered (Figure 4c). In real-life acid
leachates of e-waste, the concentrations of copper, iron and other
metals are typically much higher than gold.”’

To mimic this condition, the gold concentration was kept at
around 20 ppm, while other metal concentrations were increased
to approximately 1000 ppm. As shown in Figure 4d, it was
clearly confirmed that even in the presence of significantly higher
concentrations of competing metal ions, the IDCPEI(10K) was
able to recover gold selectively. To confirm that selectivity is
primarily driven by electrostatic interactions, potassium hexacya-
nocobaltate (IIT) was used as a test salt where Co(CN)4>~ was a
stable complexion. The initial concentration of cobalt was approx-
imately 20 ppm and IDCPEI(10K) was used as an adsorbent.
As shown in Figure 4e, most of the cobalt was recovered from
the solution within 1 h, obtaining 98% adsorption efficiency. In
contrast, the previously tested same concentration of Co*" ion
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exhibited very minimal adsorption efficiency, further supporting
the dominating role of electrostatic interactions (Figure 4f).

The zeta potentials of both IDCPEI(10K) and ITCPEI(10K)
were measured over an appropriate pH range (SI-8a). Both
crosslinked polymers exhibited positive zeta potential through
pH 2-10 and isoelectric points (IEP) were 10.75 and 10.95,
respectively. These results suggest that there are positively charged
protonated amine groups up to pH = 10 to facilitate gold recovery.
Further adsorption studies of IDCPEI(10K) were conducted
under different pH because electrostatic interaction is expected
to play a vital role for [AuCl,]™ uptake. The pH-dependent study
was carried out with an initial gold concentration of ~20 ppm,
and a contact time was maintained at 30 min. The recovery tests
were conducted with three separate samples at each pH with
a standard deviation-based error bar confirming reproducibility
(SI-8b). At pH 2.0 and 5.0, gold recovery remained nearly
constant at ~95%. The recovery efficiency decreased to 84% at
pH = 7.0 and continued to decline with increasing pH, and down
to 64% at pH = 11.0. From these studies, pH 2-3 is identified as
the optimized pH range for gold adsorption, where consistently
high recovery can be achieved.

3.2.4. Adsorption Isotherm. Equilibrium adsorption
capacity (q,) was investigated over initial gold concentration
to determine the maximum adsorption capacity and adsorption
behaviors. Both adsorbents showed similar phenomena and
reached maximum adsorption capacity at 3000 ppm initial
gold concentration. With increasing initial gold concentration,
equilibrium adsorption capacity also increased proportionally
up to 3000 ppm after which the curve becomes a plateau
(Figure Sa). To reduce each Au’* ion, at least three nitrogen atoms
are required. A plot of stoichiometrically estimated nitrogen
to absorbed gold molar ratio versus initial gold concentration
showed that at saturated conditions, the number of nitrogen
atoms was approximately twice compared to gold molecules
(Figure Sb). This indicates that not all gold complexes could
be reduced, and some remained as the AuCl*~ complex. Three
popular adsorption isotherm models were applied to acquire
deeper insights into the sorption process. These models were
the Langmuir, the Freundlich, and the Dubinin—Radushkevich
(D-R) isotherm models. Linear equations for these models were
represented by eqs 4, 7, and 10, respectively. The linear plotting
of these models for ITCPEI(10K) and IDCPEI(10K) is exhibited
in Figure Sc-h, and the findings from the isotherm models are
shown in SI-9. The Langmuir isotherm model showed the best
fit for both adsorbents with R? values of 0.99956 and 0.99856
for ITCPEI(10K) and IDCPEI(10K), respectively (Figure S and
SI-9). This suggests monolayer adsorption on a homogeneous
surface. Maximum adsorption capacities were calculated from
this isotherm model to be 2857 and 2777 mg/g for ITCPEI(10K)
and IDCPEI(10K), respectively. Dimensionless separation fac-
tors (Ry) were calculated from the Langmuir constant according
to eq S. The Ry, value is between 0 and 1 for both adsorbents,
indicating a favorable adsorption process. This suggests that the
adsorbent had a strong affinity toward adsorbate and adsorption
happened spontaneously. Comparison with the recent literature
indicates that these results rank among the highest in terms of
maximum adsorption capacity and removal efliciency for adsorb-
ents of gold (SI-10). Although Freundlich and D-R isotherm
models showed not as good agreement with the experimental
data, adsorption intensity and free energy were still calculated
from those fittings. Adsorption intensity, n, was calculated from
the slope of the linear regression of the Freundlich isotherm
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Figure S. (a) Adsorption capacity vs initial gold concentration.
(b) Mole ratio of nitrogen to gold vs gold concentration. (c—h) Linear
fitting of isotherm models for ITCPEI(10K) and IDCPEI(10K).

models. Both adsorbents showed an ‘n” value greater than 1,
which indicates a favorable adsorption process, consistent with
the Langmuir isotherm model.

From the DR isotherm model, another important parameter,
free energy of adsorption, E, was determined. For ITCPEI(10K)
and IDCPEI(10K), Evalues were calculated to be 353 and SO0 K]/
mole, respectively, both of which are much higher than 8 KJ/
mole, indicating that a chemisorption process predominates. This
interpretation is consistent with previously reported amine-based
or nitrogen-rich sorbent where Au(III) uptake is largely governed
by strong chemical interactions.**~*

3.2.5. Adsorption Mechanism. Linear polyethyleneimine
contains repeating secondary amines in its backbone along with
two terminal primary amines. At physiological pH ~7.4, about
55% of the amine groups are reported to be protonated for secon-
dary amines.* The pH values of the 584 ppm and 20 ppm HAuCl,
solutions were measured to be 2.23 and 3.23, respectively. At
such an acidic pH, most of the amine groups of linear PEIs were
expected to be protonated, resulting in a highly positively charged
polymer. Therefore, electrostatic attraction between these posi-
tively charged, protonated amines and the negatively charged
AuCl*~ presumably dominated the adsorption mechanism. To
validate this assumption, Co(CN)4>~ was selected as an alterna-
tive negative complex, briefly discussed in the selectivity section.
Figure 4f clearly shows that electrostatic attraction was one of
the major interactions between CPEIs and the gold complex.
To investigate further, powder XRD analysis was performed.
Before gold adsorption, there was only one broad polymer peak
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around 20.9°. After gold adsorption for 1 h, five sharp peaks
were observed well matching with the metallic gold peaks.** After
desorption, these peaks disappeared, leaving a broad polymer
peak (SI-11a). This suggests that, although gold was initially
adsorbed as AuCl*~ complex ion to the CPEIs, eventually it
was reduced to metallic gold and the thiourea solution can
redissolve that metallic gold. In this process, amine groups in
IPEI are oxidized to imine or enamine groups and lose electrons.
Oxidation of amine groups and concurrent reduction of gold
were supported by the previous literature.**~* FTIR spectra of
IDCPEI(10K) after gold adsorption exhibited a new specific peak
of C=N at 1600 cm™! after gold adsorption, confirming the
oxidation process of amine groups (SI-11b). After desorption of
gold, C=N peaks remained, indicating that all oxidized imines
could not go back to their original state.

A systematic study on adsorbent and gold was performed
with powder XRD (pXRD) to provide more insights into gold
reduction. Gold solutions with the adsorbents were stirred for
a certain amount of time, i.e., 7 min, 1 h, and 24 h and then
filtered and vacuum dried before pXRD testing. Figure 6a shows
that the gold peak intensity increases with increasing stirring
time of adsorbent IDCPEI(10K) in solution. The gold adsorption
efficiency of this solution was measured and as expected 97% of
gold was adsorbed within the first 7 min. However, the intensity
of metallic gold peaks in pXRD was very minimal. Assuming the
intensity of the most prominent peak at 20 = 38.1° representing
100% gold reduction after 24 h, only 0.52% of gold was reduced
within the first 7 min and 53.09% after the first 1 h (SI-12). Similar
behavior was observed with ITCPEI(10K) (Figure 6b). This
clearly indicates that gold adsorption occurred rapidly through
electrostatic interaction within the pores of adsorbents, followed
by slow reduction of Au(III) to metallic gold over a period of 24 h.
Since most of the gold was adsorbed within the first 7 min, it raises
the question whether the reduction still occurs if the adsorbent
was filtered immediately after 7 min and stored in a solid state
for a longer time. Figure 6¢,d suggests that gold reduction was
also continued in the solid state but at a much slower rate
than in solution. Compared to the previous 24 h solution state,
IDCPEI(10K) showed only a little increase from 0.52 to 3.42%
after being stored for 1 week in the solid state (SI-12). SEM
analysis was performed on IDCPEI(10K) before and after gold
adsorption. The initial SEM image of adsorbent IDCPEI(10K),
Figure Ge reveals its porous morphology. After 7 min of adsorp-
tion, small-sized gold particles were observed on the surface
(Figure 6f). Gold particles grew larger, and the number of parti-
cles also increased significantly after 1 h in gold solution due to
aggregation and reduction of a significant amount of gold complex
(Figure 6g). After gold desorption, the original porous structure
of IDCPEI(10K) was restored, as shown in Figure 6h. Further
confirmation came from energy-dispersive X-ray spectroscopy
(EDS). Elemental analysis showed that IDCPEI(10K) possessed
21.61 wt % of gold post adsorption (SI-13a,b), and elemental
mapping indicates a homogeneous distribution of gold (SI-14).
This further confirmed that gold is adsorbed across the porous
morphology of CPEIs.

3.2.6. Desorption Study. A desorption study was per-
formed with both adsorbents, and the initial concentration of
gold was 20 ppm. 5% thiourea solution in 3 M hydrochloric
acid was used as the desorption agent. Gold desorption in
thiourea solution was very fast. As shown in SI-15a, within the
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Figure 6. pXRD analysis data on ITCPEI and IDCPE], (a,b) stirred in
gold solution for different amounts of time. (c,d) After stirred for 7 min
in gold solution, samples were filtered and stored in solid state. SEM
images of IDCPEI(10K) (e) before gold adsorption, (f) after 7 min gold
adsorption, (g) after 1 h gold adsorption, and (h) after gold desorption.

first 30 s, gold desorption from IDCPEI(10K) was completed.
Both adsorbents successfully released ~100% of the adsorbed
gold within a S-min time frame (SI-15b). Almost 96% of
gold was recovered from ITCPEI(10K), and 100% of gold was
reclaimed from IDCPEI(10K). To check the regeneration ability,
adsorption and desorption were repeated in five consecutive
cycles. The desorption efliciencies remained consistently near
100%, indicating that the desorption agent effectively removed
Au particles from binding sites after multiple cycles (SI-16b).
However, the adsorption efficiencies decreased gradually with
each reuse cycle. After five consecutive cycles, it decreased to 75%
(SI-16a). Notably, it retained >80% recovery efficiency after three
consecutive cycles. After adsorption, the reduction of Au (III)
to Au (0) likely occurred, accompanied by oxidation of some
C—N functionalities to C=N species (SI-11b). FTIR data analysis
of IDCPEI(10K) after desorption suggested that some imine
moieties could not go back to their original state, reducing the
availability of active nitrogen binding sites and likely contributing
to diminishing the adsorption performance (SI-11b). However, it
retained >85% of its initial recovery efficiency after three consecu-
tive cycles. Reusing the same adsorbent in multiple cycles directly
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quantifies as reducing material consumption. The adsorptions
and desorption cycles were conducted predominantly with acidic
aqueous media. While a full life cycle assessment is beyond the
scope of this study, these results indicate multicycle reuse with
limited non aqueous solvent demand.

4. CONCLUSIONS

A comparative kinetic study was conducted using four newly
synthesized crosslinked polymers prepared with two crosslinkers
of different sizes and linear PEI with two different molecular
weights, 10 and 1.8 kDa. All crosslinked adsorbents with differ-
ent size of crosslinkers successfully removed most of the gold
from simulated e-waste, whereas detailed adsorption studies
revealed that IDCPEI(10K) completed adsorption and reached
equilibrium faster than ITCPEI(10K). Comparable behavior was
observed with the 10K and 1.8K variants across three different
initial gold concentrations, further strengthening the claims. The
pseudo-second-order adsorption kinetics model gave the best
fit and the rection rate constant calculated from this model for
IDCPEI(10K) was about double that for the ITCPEI(10K).
Both adsorbents selectively and effectively removed gold from
the solution containing multiple competing metal ions typically
found in e-waste. This remarkable selectivity comes from the
electrostatic interaction of the gold complex with adsorbents.
5% thiourea solution in HCI efficiently separated gold from
adsorbents. Desorption was rapid, and nearly 96-100% of gold
was released within the first 30 s and up to three reuse cycles
the recovery efficiency retained more than 80%. The Langmuir
isotherm model exhibited excellent fitting, confirming a mono-
layer adsorption mechanism. The adsorption is primarily due
to electrostatic interactions, followed by a redox process occur-
ring on the adsorbent surfaces. Based on these observations,
these excellent adsorbents demonstrate strong potential for prac-
tical implementation in real-world gold recovery systems. Their
effectiveness will be further evaluated using actual e-waste in
forthcoming studies. The adsorbents will also be assessed under
process-relevant conditions, such as continuous-flow or packed
bed column configurations. These studies will provide a more
rigorous validation of selectivity and robustness and strengthen
the relevance of the material’s practical implementation. In addi-
tion, future focus will be on expanding this crosslinked materials
strategy beyond Au(IIl) to other precious and critical metals
particularly Pt, Rh, and Ir, where selective capture from complex
leachate remains challenging.
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