
Chemical Engineering Journal 487 (2024) 150529

Available online 19 March 2024
1385-8947/© 2024 Elsevier B.V. All rights reserved.

Sunlight-boosted recovery of precious metal ions from E-waste using 
tannin-grafted mesoporous silica 

Jeonga Kim a, Kimoon Lee a, Cafer T. Yavuz b,c,d, Yoon Sung Nam a,e,* 

a Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, 291 Daehak-ro Yuseong-gu, Daejeon 34141, Republic of Korea 
b Oxide & Organic Nanomaterials for Energy & Environment (ONE) Laboratory, Physical Science & Engineering (PSE), King Abdullah University of Science and 
Technology (KAUST), Thuwal 23955, Saudi Arabia 
c Advanced Membranes & Porous Materials (AMPM) Center, Physical Science & Engineering (PSE), King Abdullah University of Science and Technology (KAUST), 
Thuwal 23955, Saudi Arabia 
d KAUST Catalysis Center (KCC), Physical Science & Engineering (PSE), King Abdullah University of Science and Technology (KAUST), Thuwal 23955, Saudi Arabia 
e Department of Biological Sciences, Korea Advanced Institute of Science and Technology, 291 Daehak-ro Yuseong-gu, Daejeon 34141, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Precious metal recovery 
Metal ion adsorption 
Tannin 
Sunlight-boosted reduction 
Plasmonic enhancement 

A B S T R A C T   

The escalating demand and dwindling reserves of precious metals request efficient recycling techniques from 
electron waste. Addressing this need, we introduce a new method utilizing tannin-grafted mesoporous silica for 
the sunlight-boosted recovery of precious metals. Our strategy leverages the inherent photoreactivity of tannins, 
enabling metal–ligand complexation and plasmonic enhancement of chemical reduction. The result is a marked 
increase in the adsorption capacity and the high selectivity towards precious metal ions in electronic waste. Our 
robust covalent bonding approach concentrated tannic acids onto silica at a high density (500,000 per square 
micrometer), which significantly boosted the adsorption of gold ions up to an 11-fold increase, even amidst a 
mixture of nine other metal species. Impressively, we achieved a maximum adsorption capacity of 68.4 mmol per 
gram, equivalent to 13.4 g of gold per gram of adsorbent. Also, the adsorption rates for platinum and palladium 
ions were enhanced by 2.6 and 3.0 times, respectively. The underlying mechanism includes the visible-light- 
driven plasmonic hot electron transfer that affords nearly perfect selectivity for gold ions (approximately 
99%). These findings not only advance the field of metal recovery from electronic waste but also offer an 
environmentally benign and cost-effective solution that harnesses renewable solar energy.   

1. Introduction 

The utility of precious metals in optical, electrical, and catalytic 
applications is well established, yet their finite and dispersed nature 
reserves are insufficient for the burgeoning global demand [1]. This 
shortage brings attention to urban mining, especially the recycling of 
metals from secondary sources such as electronic waste (E-waste) to 
foster sustainable industrial progress and economic growth [2]. The 
conventional approach of precious metal leaching from E-waste involves 
hydrometallurgy – dismantling to remove non-metallic components, 
fragmentation, and treatment with an acidic solution (pH 1–3) including 
chlorine - yielding a complex mixture of chloro-metal ions [1,2]. The 
resultant leachate contains base and earth-abundant elements like Co, 
Ni, Cu, Fe, Al, and Zn in addition to precious metals, presenting an 
ongoing challenge for selective reclamation of precious metals. 

Moreover, the variable and low concentrations of precious metals across 
different E-waste streams further complicate their recovery. Specifically, 
it is essential to effectively operate within wide concentration ranges 
such as those of Au (7–350 ppm), Pt (5–33 ppm), and Pd (4–210 ppm) 
found in E-waste, enabling selective separation and recovery of precious 
metals (Table S1). While several separation strategies are employed 
thereafter, including adsorption, solvent extraction, and ion exchange, 
they often result in incomplete metal recovery, generate secondary 
waste, and incur high costs [3,4]. Among them, adsorption is favored 
owing to its operational simplicity and predictability [5]. Various ad
sorbents have been attempted to incorporate functional moieties of ni
trogen, sulfur, and oxygen atoms with great binding affinity for precious 
metal ions, including porous organic polymers, modified poly
saccharides, chelating resins, and porous silica [6–18]. However, metal 
adsorption technologies still need to be more efficient, selective, 
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environment-friendly, and cost-effective for practical applications. To 
date, no adsorbent has demonstrated effectiveness across the wide 
concentration spectrum of target metal ions, from parts per million to 
substantial levels [19,20]. An ideal adsorbent would, therefore, combine 
a high capacity for precious metals with versatility across a wide range 
of metal ion concentrations. 

Polyphenols, due to their phenolic hydroxyl groups, have proven to 
be effective in chelating metal ions, mitigating reactive oxygen species, 
and forming adhesive coatings at an economical cost [21–31]. Our 
previous investigations have particularly highlighted tannic acid (TA), a 
naturally occurring polyphenol, as a promising agent when physically 
applied to porous polymer microspheres, thus advancing the prospects 
for eco-friendly metal recycling [32]. It has been demonstrated that the 
photooxidation process enhances TA’s adsorptive capability by utilizing 
its π-conjugation structure to harness ultraviolet (UV) light, substan
tially increasing the adsorption capacity for Au ions from 0.266 to 1.635 
mmol g− 1 after irradiation. Nevertheless, when compared to other ad
sorbents detailed in Table S2, TA’s maximum Au adsorption capacity 
appears modest. Certain adsorbents have demonstrated capacities 
exceeding 5 mmol g− 1 for Au ions, surpassing their own weight, 
underlining the need for further optimization of TA-based adsorption 
systems. 

Our literature review has led us to hypothesize that the low 
adsorption capacity of TA-deposited adsorbents may stem from the weak 
hydrogen bonds that anchor TA to the substrate, resulting in a low 
density of TA and the dissociation of both TA and captured Au ions. Prior 
experiments have consistently shown detachment of Au nanoparticles 
(AuNPs) from the polyphenol-based surface [32]. To address this, we 
propose enhancing the chemical stability and density of TA grafting onto 
substrates, critical in refining adsorption efficiency for precious metals, 
particularly amidst the competitive binding of various metal ions in E- 
waste. Furthermore, exploring the application of photochemical 
adsorption processes to other precious metals such as Pt and Pd, present 
in E-waste items such as printed circuit boards and mobile devices, is 
warranted. This exploration could advance the development of more 
selective and efficient recycling methodologies for valuable metals. 

In this work, we investigated the robust covalent grafting of TA onto 
highly mesoporous silica particles, aiming to photochemically boost the 
selective capture of Au, Pt, and Pd ions from a complex mixture of metal 
ions typically found in E-waste. Utilizing mesoporous silica as a support 
combines stability and eco-friendliness with minimal optical interfer
ence, onto which TA was functionalized. This apporoach facilitated the 
stable and dense grafting of TA, enriching the surface with gallol and 
catechol groups necessary for biding and reducing precious metal ions. 
Simulated sunlight was employed to induce TA-mediated electron 
transfer to the metal ions, facilitating their efficient reduction. In addi
tion, the covalent grafting of TA onto silica was instrumental in on- 
surface nucleation and growth of metal nanostructures, generating 
plasmonic hot electrons to selectively reduce precious metal ions, thus 
enhancing the adsorption capacity. For our adsorption experiments, an 
aqueous model solution mimicking E-waste, containing nine different 
metal ion species across various concentrations. After adsorption, metal- 
loaded TA-grafted silica particles underwent desorption processes for 
metal recovery. 

2. Experimental section 

2.1. Materials 

TA, 3-aminopropyltrimethoxysilane (APTMS), 50 wt-% glutaralde
hyde, anhydrous toluene, aluminum chloride hexahydrate 
(AlCl3⋅6H2O), gold (III) chloride (AuCl3), cobalt(II) chloride hexahy
drate (CoCl2⋅6H2O), palladium (II) chloride (PdCl2), nickel (II) chloride 
hexahydrate (NiCl2⋅6H2O), platinum (IV) chloride (PtCl4), zinc chloride 
(ZnCl2), copper (II) chloride dehydrate (CuCl2⋅2H2O), iron (III) chloride 
hexahydrate (FeCl3⋅6H2O), thiourea, and sodium borohydride (NaBH4) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Porous silica 
particles (p-silica) were obtained from EastHill Corporation (Suwon, 
Republic of Korea). Hydrochloric acid (HCl) and nitric acid (HNO3) were 
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Ethanol 
(94.5 %) was purchased from Daejung Chemicals (Siheung, Republic of 
Korea). 

2.2. Amine-functionalized porous silica particles 

Primary amine-functionalized silica particles (p-silica-NH2) were 
prepared using APTMS according to a previous report with modification 
[33–35]. Porous silica particles (2 g) were immersed in anhydrous 
toluene (100 mL) with magnetic stirring at 600 rpm while refluxed at 
120 ◦C for 10 min under a nitrogen atmosphere. APTMS (2 mL) was 
added using a syringe needle while mixed with magnetic stirring at 400 
rpm and refluxed at 120 ◦C for 24 h under the same atmosphere. Amine- 
functionalized particles were separated and then repeatedly washed by 
centrifugation (1000 × g) with subsequent ultrasonic dispersion for 20 
min. The washed amine-functionalized silica particles were dried in a 
vacuum. 

2.3. Surface functionalization of porous silica particles with TA 

TA-grafted silica particles (p-silica-TA) were prepared with glutar
aldehyde as a crosslinking agent using a modified method described 
previously [36,37]. The dried amine-functionalized silica particles (100 
mg) were dispersed in deionized water (8 mL) using vortex mixing and 
sonication for 20 min. The dispersion was transferred to a flask and 
stirred at 600 rpm and 37 ◦C, resulting in the dispersion of the silica 
particles (10 mg mL− 1). The dispersion was blended with TA solution 
(10 mg mL− 1 in deionized water, 2 mL) at 600 rpm and 37 ◦C. Glutar
aldehyde (0.32 mL, 50 wt-%) was put into the mixture and magnetically 
blended at 600 rpm at 37 ◦C for 24 h. The TA-grafted silica particles 
were repeatedly washed using centrifugation (1000 × g) with subse
quent ultrasonic dispersion for 10 min, followed by vacuum drying. 

2.4. Multi-metal adsorption 

Multiple metal chlorides (AuCl3, PtCl4, PdCl2, AlCl3, CuCl2, FeCl3, 
NiCl2, ZnCl2, and CoCl2) were used as a simulated E-waste solution to 
investigate multi-metal adsorption characteristics. Dispersions (10 mg 
mL− 1) of pristine p-silica, p-silica-NH2, and p-silica-TA were prepared in 
deionized water using vortex mixing and sonication for 20 min. Mixtures 
of the metal chlorides with p-silica, p-silica-NH2, and p-silica-TA dis
persions were prepared to make 0.1, 1, and 2 mM in 0.1 M HCl of the 
metal chlorides and 0.5 mg mL− 1 of the particles. The suspensions were 
magnetically stirred at 300 rpm and 25 ◦C for 3 h with and without light 
irradiation. AM 1.5-simulated sunlight (Asahi Spectra HAL-320, Tor
rance, CA, USA) was exposed to the blends. The particles were recovered 
by centrifugation (1000 × g). The supernatants were used for quanti
tative analysis using inductively coupled plasma optical emission spec
trometry (ICP-OES, Agilent ICP-OES 5110, Santa Clara, CA, USA) after 
filtering with a syringe filter (a pore diameter of 0.2 μm). The collected 
particles were dried after repeated washing by centrifugation (1000 ×
g). 

2.5. Adsorption isotherm 

The dispersions (10 mg mL− 1) of pristine p-silica, p-silica-NH2, and p- 
silica-TA particles in deionized water were mixed with an aqueous so
lution of AuCl3, PtCl4, and PdCl2 to make multiple metal concentrations 
(0.25, 0.5, 1, 1.5, 2 and 3 mM in 0.1 M HCl) and 0.5 mg mL− 1 of the 
particles. The suspensions were stirred for 3 h at 300 rpm and 25 ◦C with 
and without light. The particles were recovered by centrifugation (1000 
× g). The supernatants were used for quantitative analysis using ICP- 
OES after filtering with the syringe filter. The collected particles were 
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dried after repeated washing by centrifugation (1000 × g). 

2.6. Metal desorption 

The desorption of metal ions from p-silica-TA was performed with a 
mixture of HCl and HNO3 (HCl:HNO3 = 3:1 v/v) or an acidic thiourea 
solution (1 M thiourea in 1 M HCl). The dried p-silica-TA obtained after 
the exposure to metal ions, denoted as ‘M− p− silica− TA,’ was immersed 
in the mixture of HCl and HNO3 or the acidic thiourea solution (0.5 mg 
mL− 1) and stirred for 3 h at 25 ◦C. M− p− silica− TA particles were 
recovered by centrifugation (1000 × g), and the supernatants were used 
for quantitative analysis using ICP-OES after filtering with the syringe 
filter. The collected particles were dried in a vacuum after repeated 
washing by centrifugation (1000 × g). 

2.7. Characterizations 

A nitrogen gas adsorption analyzer (Micromeritics 3Flex, Norcross, 
GA, USA) was used to determine the surface area and pore size distri
butions of p-silica, p-silica-NH2, and p-silica-TA. The specific surface 
area and average pore width were determined using the Brunauer- 
Emmett-Teller isotherm and Barrett, Joyner, and Halenda method, 
respectively. A UV–visible-NIR spectrophotometer (Shimadzu 
SolidSpec-3700, Kyoto, Japan) was used to measure the absorbance of p- 
silica, p-silica-NH2, and p-silica-TA dispersed in deionized water with an 
integrating sphere. Field emission scanning electron microscopy (SEM, 
Hitachi SU5000, Tokyo, Japan) and field-emission transmission electron 
microscopy (TEM, FEI Company Tecnai F20, Hillsboro, Oregon, USA) 
analyses were performed to explore morphologies of p-silica, p-silica- 
NH2, and p-silica-TA before and after the adsorption of metal ions with 
backscattered electrons (BSE), energy-dispersive X-ray spectroscopy 
(EDS), high-angle annular dark-field (HAADF) imaging, and scanning 
TEM (STEM) analysis. Fourier-transform infrared spectroscopy (FT-IR, 
Jasco FT/IR-6100, Tokyo, Japan) was used to analyze the chemical 
functionality of p-silica-TA and p-silica-TA before and after the adsorp
tion of metal ions. X-ray photoelectron spectroscopy (XPS, Thermo VG 
Scientific, Waltham, MA, USA) was used at 4 kV and 5 μA to analyze the 
surface chemistry of p-silica-TA and M− p− silica− TA. Thermogravi
metric analysis (TGA, Netzsch TG209 F1 Libra, Selb, Germany) was 
conducted for quantitative analysis of TA grafting from 25 to 800 ◦C at a 
heating rate of 10 ◦C min− 1. High-resolution X-ray powder diffraction 
(XRD, Rigaku SmartLab, Tokyo, Japan) was used at 45 kV and 200 mA to 
detect metals on M− p− silica− TA. 

3. Results and discussion 

3.1. Ta-grafted mesoporous silica particles 

Mesoporous silica particles, referred to as ‘p-silica,’ were function
alized with primary amine groups through silanization using 3-amino
propyltrimethoxysilane (APTMS) (step 1). Specifically, APTMS 
underwent hydrolysis, replacing methoxy groups with hydroxyl groups, 
followed by condensation to form siloxane bonds on the p-silica surface. 
TA was then covalently grafted to the amine-functionalized silica par
ticles, denoted by ‘p-silica-NH2,’ using glutaraldehyde as a bifunctional 
coupling agent to form imine and acetal bonds (step 2). This process 
yielded TA-grafted silica particles, denoted by ‘p-silica-TA,’ as illustrated 
in Fig. 1A. Despite the chemical modifications, the mesoporous and 
rough structural features were maintained, as confirmed by transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM) 
analyses (Fig. 1B, 1C, and Supplementary Fig. S1A-H). However, the 
surface area and average pore width of mesoporous p-silica-TA were 
significantly reduced to 160.84 m2 g− 1 and 9.79 nm, respectively, a 
decrease from pristine p-silica’s 310.48 m2 g− 1 and 15.79 nm (Fig. 2A 
and Table S2). This reduction seems to be caused by the bulky molecular 
structure of TA. The p-silica-TA particles had an average particle 

Fig. 1. (A) Schematic explanation for the fabrication of p-silica-TA. The in
ternal and external surfaces of porous silica particles were modified with 
APTMS to introduce primary amines, followed by TA grafting using glutaral
dehyde as a coupling agent. TEM images of p-silica-TA at low (B) and high (C) 
magnifications. 

Fig. 2. (A) Brunauer-Emmett-Teller (BET) isotherm plots of N2 gas adsorption 
for p-silica, p-silica-NH2, and p-silica-TA (inset: pore volume distribution for p- 
silica and p-silica-TA exhibiting that the pore volume V is mostly derived from 
the mesopores in width W. UV–vis absorption spectra (B), FT-IR spectra (C), 
and TGA thermograms (D) of p-silica, p-silica-NH2, and p-silica-TA. The ab
sorption spectra were obtained using the particle dispersion in deionized water 
using an integrating sphere (inset: optical photographs for powders of each 
particle, scale bar: 1 cm). A TA solution was included for comparison. 
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diameter of 3.14 ± 1.20 μm, appropriate for adsorption applications due 
to the balance between facile dispersion in solution and ease of sepa
ration (Fig. S1I). Spectral analysis indicated that p-silica-TA exhibited a 
broader absorption spectrum than TA alone, presumably due to the 
high-density grafting leading to aggregation within the pores, imparting 
a brownish hue to p-silica-TA (Fig. 2B). This extended light absorption 
spectrum could enhance photochemical activation by natural sunlight, a 
potential advantage for metal recovery applications. 

Fourier-transform infrared spectroscopy (FT-IR) analysis verified the 
successful silanization and TA coupling (Fig. 2C). Specifically, the FT-IR 
spectrum of p-silica-NH2 displayed characteristic N–H bending and C–H 
stretching peaks at 1580 and 2924–2850 cm− 1, respectively. Peaks 
correlating to Si-O-Si bending and stretching were also observed at 467, 
797, and 1086 cm− 1 [38–40]. For p-silica-TA, peaks at 1690 and 1300 
cm-1 confirmed the presence of imine and acetal functionalities, indic
ative of Schiff’s base and acetal formation during the TA coupling pro
cess [41,42]. TA presence was also confirmed by C = O stretching and 
phenolic O–H bending peaks at 1710 and 1380–1310 cm-1, respectively 
[38,39,42]. X-ray photoelectron spectroscopy (XPS) analysis further 
corroborated the surface modification. Survey spectra exhibited N1s and 
C1s peaks for p-silica-NH2, with an increased C1s peak intensity for p- 
silica-TA (Fig. S2A). The detailed spectral deconvolution of the C1s, O1s, 
N1s, and Si2p regions revealed signatures of organosilane and amine on 
p-silica-NH2 and imine, acetal, alcohol, and ester on p-silica-TA, con
firming the conjugation of TA to NH2-functionalized silica via glutar
aldehyde (Fig. S2B-E). Thermogravimetric analysis (TGA) quantified the 
TA grafting on p-silica-TA, revealing a grafting density approximately 
tenfold greater than that of physically adsorbed TA, with 5 × 105 TA 
molecules per μm2 (Fig. 2D) [32]. This high grafting density is crucial for 
achieving high adsorption capacity, offering a large number of binding 
sites. 

3.2. Light-enhanced adsorption of selective metal ions 

Our investigation accessed the capability of p-silica-TA to selectively 
adsorb precious metal ions from an acidic solution, representing a 
simulated E-waste scenario, containing a mixture of nine different metal 
ions. The predominant species in the acidic mixture (0.1 M HCl) 
included AuCl4- , PtCl62-, PdCl22-, Cu2+, Co2+, Ni2+, Zn2+, Fe3+, and Al3+

ions [43]. These species were identified via their characteristic absorp
tion peaks in the UV–visible spectra, indicative of ligand-to-metal charge 
transfer (LMCT) events (Fig. S3). Adsorption experiments were per
formed at metal ion concentrations of 0.1, 1, and 2 mM, corresponding 
to concentration ranges previously reported for Au (7–350 ppm), Pt 
(5–33 ppm), and Pd (4–210 ppm) found in E-waste (Table S1). Addi
tionally, the adsorption experiments were conducted both in the dark 
and under AM1.5-simulated sunlight, and the adsorption efficiency was 
quantified using inductively coupled plasma optical emission spec
trometry (ICP-OES). Notably, p-silica-TA demonstrated a selective and 
marked affinity for Au, Pt, and Pd ions, with a particularly strong 
inclination towards Au across all tested concentrations (Fig. 3A and 
Table S3). For instance, at a concentration of 0.1 mM, the adsorption 
efficiencies for Au, Pt, and Pd were 99.4 %, 62.6 %, and 62.4 % 
respectively, in the dark. Note that p-silica-TA effectively captured 
precious metal ions at concentrations as low as approximately 20, 12, 
and 6 ppm for Au, Pt, and Pd, respectively, which are close to the lower 
thresholds found in E-waste compositions [2,20,44]. The observed 
selectivity and sensitivity may be due to the high reduction potentials of 
these metals, which facilitate chelation and subsequent reduction by 
gallol and catechol groups [31,32,45]. Comparative analyses with p- 
silica and p-silica-NH2, serving as controls, revealed negligible metal ion 
adsorption for p-silica, while p-silica-NH2 exhibited significantly 
reduced capacities for Au, Pt, and Pd uptake, regardless of light exposure 
(Figs. S4 and S5). Despite the prevalent use of surface functionalization 
with amines for metal ion adsorption, our findings distinctly demon
strate the superior efficiency of TA-functionalization for retrieving 

precious metals from mixed ion solutions [34,46,47]. Control experi
ments, conducted without any adsorbents, showed only a marginal 
change (~5 %) in metal ion concentrations, confirming the stability of 
the metal mixture during the adsorption process (Fig. S6). 

Intriguingly, we observed a significant increase in the selective 
adsorption of Au, Pt, and Pd ions at concentrations of 1 and 2 mM. 
Specifically, the adsorption efficiencies for Pt and Pd doubled under 
illumination, although this effect was not pronounced at 0.1 mM. 
Although most of the added Au ions were already adsorbed on p-silica- 
TA in the dark, there was a substantial potential for enhancement of the 
adsorption of Pt and Pd ions. This light-enhanced adsorption can be 
attributed to the photooxidation of light-sensitive TA, which likely 
promotes the photodecomposition of precious metal chloro-complexes 
via LMCT, as demonstrated in our previous report [32]. However, it 
remains unclear why the enhancement effect was more prominent at 
higher metal ion concentrations. If TA solely drives the photochemical 
enhancement, we would expect a greater effect at lower metal ion 
concentrations, where the TA-to-metal ion ratio is higher, facilitating 
the adsorption process for Pt and Pd. Yet, the results contradicted our 
expectations. To address this issue, we hypothesize that the light-driven 
enhancement is related to the generation of plasmon-induced hot elec
trons through localized surface plasmon resonance (LSPR) from precious 
metal nanoparticles. This will be discussed in the next section of this 

Fig. 3. (A) Adsorption percentages of p-silica-TA for the multi-metal adsorption 
at concentrations of 0.1, 1, and 2 mM with and without light illumination 
(inset: illustration for the selective capture of Au, Pt, and Pd ions on p-silica-TA, 
R = OH or ester). (B) Adsorption isotherms of Au, Pt, and Pd ions in the single- 
metal adsorption experiments (points: experimental results, dashed line: curves 
fitted to Langmuir and Freundlich isotherm, inset: magnified spectra). (C) 
Maximum adsorption capacities determined by the Langmuir isotherms in the 
single-metal adsorption. (D) Adsorption isotherms of Au, Pt, and Pd ions in the 
tri-metal adsorption experiments (points: experimental results, dashed line: 
curves fitted to Langmuir and Freundlich isotherm, inset: magnified spectra). 
(E) Maximum adsorption capacities determined by the Langmuir isotherms in 
the tri-metal adsorption. 
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paper along with results from adsorption isotherms. 

3.3. Adsorption isotherms of precious metal ions on p-silica-TA 

Next, we determined the adsorption isotherms of p-silica-TA for Au, 
Pt, and Pd ions in acidic aqueous solutions with and without simulated 
sunlight. This analysis was aimed at exploring the applicability of p- 
silica-TA as adsorbents across diverse types of E-waste, which may 
contain single or multiple precious metal ions. The adsorptive capacities 
(q, in mmol g− 1) were determined as a function of concentration (C, in 
mM) of metal ions using ICP-OES, with comprehensive methodologies 
detailed in Supplementary Data. To elucidate the adsorption mecha
nisms, Langmuir and Freundlich isotherm models were employed to 
determine key adsorption parameters with correlation coefficients (R2) 
(Figs. S7-S10 and Table S4-S9). 

For the adsorption of individual Au, Pt, and Pd, the Langmuir 
isotherm model, which predicts monolayer adsorption on a homogenous 
surface, provided the best fit as indicated by the highest R2 values, both 
with and without light irradiation (Fig. 3B and Table S5). Interestingly, 
Au adsorption under illumination also conformed to the Freundlich 
isotherm model, suggesting multilayer adsorption on heterogeneous 
surfaces (Table S6). These findings suggest that while all three precious 
metals exhibit monolayer adsorption on p-silica-TA, Au uniquely 
demonstrate multilayer adsorption when exposed to light. In the Lang
muir model, the theoretical maximum adsorption capacity (qmax) 
revealed a remarkable increase for Au under sunlight by approximately 
6.7-fold (Fig. 3C and Table S5). However, the qmax for Pt and Pd showed 
modest increases of 1.4 and 1.2-fold, respectively. The qmax for Au under 
light illumination was an impressive 68.493 mmol g− 1, appreciably 
surpassing the capacities of other reported adsorbents [43,48,49]. This 
contrasted with the dark condition qmax for Au, 10.163 mmol g− 1, 
comparable to the highest values previously reported (Table S2). How
ever, the qmax values for Pt and Pd under illumination, 0.627 and 0.552 
mmol g− 1, respectively, were similar to those for other adsorbents pre
viously studied [50–54]. 

In the dark, the adsorption of Au, Pt, and Pd in a tri-metal mixture 
was well fitted to the Langmuir isotherm (Fig. 3D and Table S8). How
ever, under light illumination, the Freundlich isotherm provided a better 
fit, analogous to the single-metal adsorption of Au, indicating the 
diversification of adsorptive sites with varied affinities (Fig. 3E and 
Table S9). This change can be attributed to the photoexcitation of 
precious metal species through LMCT, which alters the states of metal 
species in solution and influences their adsorption potentials with TA. 
However, the monolayer nature of TA functionalization does not fully 
explain the metal adsorption behavior in accordance with the Freund
lich model. An additional mechanism could be at play, possibly 
involving the adsorption of metal ions onto pre-existing metal-TA 
complexes. In particular, under solar irradiation, precious metal ions 
bound to the gallol and catechol groups of TA can be reduced into metal 
nanoparticles (MNPs) by the sufficient reduction potential of TA. 

As mentioned earlier, plasmon-driven hot electrons are believed to 
generate heterogeneous adsorption sites by catalyzing the reduction of 
metal ions into MNPs, which then accumulate into multilayers. It’s 
noteworthy that sunlight raised the qmax values for Au, Pt, and Pd by 
factors of 11, 2.6, and 3.0, respectively, compared to the increments 
observed in the single-metal adsorption experiments (Table S8). The 
noticeable rise of qmax indicates that the light illumination provided 
photochemical reduction potential, alleviating electrostatic repulsion 
among precious metal ions. Although the qmax for Au in the tri-metal 
case (44.053 mmol g− 1) was lower than in the single-metal scenario 
(68.493 mmol g− 1) under sunlight, it still exceeded the capacities re
ported for other adsorbents (Table S1). In particular, the relative in
creases in qmax for Pt and Pd by illumination in the tri-metal adsorption 
were higher than those seen in single-metal adsorptions, revealing the 
role of plasmon-induced electrons in enhancing the capture of Pt and Pd. 
Such an effect, previously unreported, underscores the significance of 

studying adsorption behaviors in mixed solutions of these metal ions. 
Our findings suggest that the adsorption capacities of p-silica-TA for 
precious metal ions remain robust in mixed ion environments, compa
rable to in individual ones. Although co-adsorption in the dark may 
diminish individual metal ion capacities, the presence of plasmonic hot 
electrons substantially bolsters the simultaneous adsorption of multiple 
metal ions. 

In summary, the selective enhancement of Au, Pt, and Pd ion 
adsorption on p-silica-TA be attributed to two distinct pathways: TA- 
directed spontaneous reduction of these ions via phenol-to-quinone 
oxidation, and plasmon-directed reduction by hot electrons generated 
on MNP surfaces (Fig. 4A). These pathways preferentially adsorb Au, Pt, 
and Pd ions over other metals, including Cu2+, Fe3+, Ni2+, Co2+, Zn3+, 
and Al3+, due to their higher reduction potentials compared to the hy
droxyl phenolic groups of TA (Fig. 4B) [55–58]. Furthermore, when 
illuminated, plasmon-induced hot electrons can provide additional 
reduction potential for metal ions, while plasmonic holes can participate 
in the oxidation of water and chloride ions [59–61]. 

3.4. Characterization of captured precious metals 

Metal-adsorbed p-silica-TA obtained from the tri-metal adsorption is 
referred to as ‘M− p− silica− TA,’ where ‘M’ represents the respective 
metals: Au, Pt, and Pd. Similarly, particles from single-metal adsorption 
are denoted as ‘Au-p-silica-TA,’ ‘Pt-p-silica-TA,’ and ‘Pd-p-silica-TA.’ 
Backscattered electron-SEM (BSE-SEM) and TEM images revealed that 
illumination markedly increased the formation of MNPs compared to 
dark conditions, as evidenced by the quantity and size of MNPs (Fig. 5A, 
5B, and S11A-D). This phenomenon is attributed to the enhanced 
reduction of the metal ions and the growth of MNPs. Energy-dispersive 
X-ray spectroscopy (EDS) with SEM confirmed the simultaneous pres
ence of Au, Pt, and Pd in the M− p− silica− TA, as expected from the ICP- 
OES results (Fig. S11E). Further, high-angle annular dark-field (HAADF) 
imaging and EDX elemental mapping in scanning transmission electron 
microscopy (STEM) analyses revealed the co-localization of Au, Pt, and 
Pd within the MNPs. Moreover, Pd was observed to form coordination 
complexes with TA on the p-silica-TA surface (Fig. S12). 

Moreover, UV–vis absorption spectra (Fig. 5C) of M− p− silica− TA 
showed an augmented absorption in the UV and visible regions, 

Fig. 4. (A) Schematic illustration for the adsorption of precious metal ions on p- 
silica-TA via spontaneous and photochemical reduction by TA-directed and 
plasmon-directed pathways (colors of atoms: yellow for gold, brown for plat
inum, blue-green for palladium, and yellow-green for chlorine). (B) Energy 
diagram representing the standard reduction potentials of TA and metal ions 
and the energy levels of plasmon-induced charges on AuNPs. 
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attributed to LSPR of the precious MNPs as supported by previous lit
eratures [62–64]. Particularly, this finding of LSPR can be supplemented 
by the results of our previous study on Au ion adsorption using TA under 
different light conditions [32]. It was noted that under visible light, Au 
ions were predominantly reduced on the surface of Au MNPs via hot 
electrons generated by LSPR. This process resulted in the growth of Au 
MNPs, forming sparsely distributed large-sized nanoparticles (183.36 ±
59.8 nm). Conversely, under ultraviolet light, the tannin-mediated 
photoreduction of Au ions led to more vigorous nucleation of Au 
atoms rather than the Au MNPs growth, yielding densely populated 
smaller-sized nanoparticles (111.7 ± 21.1 nm). The successful adsorp
tion of Au, Pt, and Pd ions by p-silica-TA was also corroborated by the 
diminished peak intensities corresponding to the precious metal chloro- 
complexes in the UV–visible spectra of the remaining solutions (AuCl4- 

peaks at 226 and 314 nm; PtCl62- peak at 262 nm; and PdCl42- peaks at 224 
and 282 nm) (Fig. S13B-D). These metal chloro-complexes are decom
posed into reduced intermediates and chlorine ions upon photoexcita
tion through LMCT, a mechanism akin to the synthesis of MNPs in 
previous studies [65–72]. 

FT-IR spectra of M− p− silica− TA showed a notable absence of peaks 
associated with phenolic O–H bending in the 1380–1310 cm− 1 range, in 
contrast to p-silica-TA (Fig. S14A). Additionally, an increase in the peak 
(1650 cm− 1) representing the stretching vibration of C = O in quinone 
was observed in M− p− silica− TA compared to p-silica-TA, as previously 
reported [73]. These results suggest that phenolic hydroxyl groups were 
converted to quinones by participating in the chelation and reduction of 
metal ions. X-ray powder diffraction (XRD) patterns for M− p− silica− TA 
displayed distinct peaks at 2θ = 38.2, 44.4, 64.6, 77.6, and 81.7 degrees, 
indicating the presence of either single-metallic or alloy species of Au, 
Pt, and Pd (Fig. S14B). The intensified diffraction peaks confirmed that 
illumination increased the formation of these metallic species. XP survey 
spectra further confirmed the presence of Au, Pt, and Pd core levels, with 
peaks for Au 4f, Pt 4f, Pd 3d, Au 4d, and Pt 4d regions observed in both 
single-metal and tri-metal adsorption cases (Fig. S15). The chemical 
states of the metals were detailed through peak deconvolution: Au 4f7/2 
(Au 4f5/2) peak for Au0 at 84.27 eV (87.97 eV), Pt 4f7/2 (Pt 4f5/2) peak for 
Pt0 at 71.4 eV (74.75 eV), and Pd 3d5/2 (Pd 3d3/2) peak for Pd0 at 335.3 
eV (340.56 eV) (Fig. 6A-C). Alloy formation was inferred from the 
negative shifts in binding energies (-0.13, − 0.3, and − 0.3 eV for Au 4f, 
Pt 4f, and Pd 3d levels, respectively) in M− p− silica− TA from the tri- 
metal adsorption compared to the single-metal case, consistent with 
previous studies on Au, Pt, and Pd alloys [74–79]. These binding energy 
shifts resulted from the altered valence levels of the precious metals due 
to lattice strain and electronic interactions among Au, Pt, and Pd atoms. 
Atomic percentages of metal species, depicted in Fig. 6D, showed an 
increase in the ratios of the reduced to oxidized states under light, 
particularly in the tri-metal adsorption. The higher proportion of 
reduced metal states is likely due to the synergistic effect of plasmon- 
generated hot electrons from the MNPs and the photooxidation of TA, 

which collectively enhance the metal ion reduction process [32]. 
XPS analysis of O 1 s provided evidence for the photooxidation of TA. 

The O 1 s spectra were deconvoluted to identify peaks corresponding to 
carbonyl (C = O) at 531.7 eV and hydroxyl (C-O) species at 533.0 eV, 
both before and after tri-metal adsorption, as shown in Fig. 6E. A notable 
increase in the atomic percentage ratio of C = O to C-O species was 
observed post adsorption: 0.69 in the dark and 1.12 under light expo
sure. This increase indicates the conversion of the gallol and catechol 

Fig. 5. TEM images of M− p− silica− TA without (A) and with (B) light illumination (inset: optical photographs for powders of M− p− silica− TA showing a darker 
reddish brown color for M− p− silica− TA with light, scale bar: 2 cm). (C) UV–vis absorption spectra of p-silica-TA and M− p− silica− TA dispersed in deionized water 
using an integrating sphere. 

Fig. 6. Characterizations of M− p− silica− TA. XP spectra of M− p− silica− TA, 
Au-p-silica-TA, Pt-p-silica-TA, and Pd-p-silica-TA obtained from the single-metal 
and tri-metal adsorption in the dark and under light illumination: Au 4f (A), Pt 
4f (B), and Pd 3d (C). (D) Atomic percentages of recovered precious metal 
species on p-silica-TA. (E) XPS spectra for O 1 s regions before and after the 
adsorption of precious metals (inset: atomic percentage of C-O and C =
O species). 
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groups of TA into quinones, driven by UV light-induced photooxidation 
(Fig. 6E, inset). Additionally, the presence of chlorine in the XP spectra 
of M− p− silica− TA suggests the retention of some Au, Pt, and Pd ions in 
their chloro-complexed forms (Fig. S16). 

Our research elucidates the mechanisms underpinning the binding 
and reduction of Au, Pt, and Pd ions on p-silica-TA, processes that are 
visibly enhanced under light illumination, as depicted in Fig. 7. 
Following adsorption, the photooxidation of TA accelerates the reduc
tion of these ions to their atomic states. These metal atoms subsequently 
aggregate into clusters, which serve as nucleation sites, eventually 
growing into MNPs. This nucleation and growth of these clusters, 
particularly the enhancement of their surface area via the Finke-Watzky 
mechanism, are augmented by the reduction of metal ions on MNPs 
through the action of plasmon-induced hot electrons [80–82]. Light 
irradiation thus leads to a greater proportion of reduced metal species, 
an increased quinone-to-catechol ratio, and the formation of more 
substantial and numerous MNPs. These growth dynamics contribute to 
the formation of multilayer structures, consistent with the multilayer 
adsorption patterns described by the Freundlich isotherm, as shown in 
Fig. 3. 

3.5. Metal desorption from M− p− silica− TA 

We explored precious metal recovery by two different methods: aqua 
regia and thiourea leaching, aming to desorb Au, Pt, and Pd from 
M− p− silica− TA. Aqua regia, known for its rapid dissolution of precious 
metals, is limited in practical use due to its oxidative and corrosive 
properties [83–85]. In aqua regia leaching, metallic Au, Pt, and Pd are 
dissolved into anionic chloride complexes through the action of a potent 
oxidizing agent (NO3

–) (reactions 1–4) [86].  

M0 (s) + nNO3
– (aq) + 4nH+ (aq) = Mn+ (aq) + nNO (g) + 2nH2O (l) (M =

Au, Pt, and Pd)(1)                                                                                   

Au0 (s) + HNO3 (aq) + 4HCl (aq) = [AuCl4]- (aq) + NO (g) + H+ (aq) +
2H2O (l)(2)                                                                                            

3Pt0 (s) + 4HNO3 (aq) + 18HCl (aq) = 3[PtCl6]2- (aq) + 4NO (g) + 6H+ (aq) 
+ 8H2O (l)(3)                                                                                        

3Pd0 (s) + 2HNO3 (aq) + 12HCl (aq) = 3[PtCl4]2- (aq) + 2NO (g) + 6H+ (aq) 
+ 4H2O (l)(4)                                                                                       

Our results confirmed efficient recovery via aqua regia, with 
desorption rates of 96.4 %, 96.1 %, and 99.3 % for Au, Pt, and Pd, 
respectively, as verified by ICP-OES (Fig. 8A). Subsequent analysis with 

BSE-SEM and EDS confirmed the removal of these metals from 
M− p− silica− TA (Fig. S17). XPS analysis revealed the presence of re
sidual ionic species of Au and Pt after leaching, evidenced by low- 
intensity peaks in the Au 4f, Pt 4f, and Pd 3d spectra, without detect
able metallic species (Fig. 8B and S18). These residual chloro- 
complexes likely persisted due to electrostatic interactions with the 
protonated amine groups on the substrate. 

Next, we carried out metal ion leaching using an acidic thiourea 
solution, a method gaining favor for industrial use [83]. Metallic Au, Pt, 
and Pd are dissolved into cationic complexes with thiourea in an acidic 
solution (reactions 5–7) [87–89].  

Au0 (s) + 2CS(NH2)2 (aq) = [CS(SC(NH2)2)2]+ (aq) + e-(5)                        

Pt0 (s) + 2CS(NH2)2 (aq) = [Pt(CS(NH2)2)2]4+ (aq) + e4-(6)                         

Pd0 (s) + 4CS(NH2)2 (aq) = [Pd(CS(NH2)2)4]2+ (aq) + e2-(7)                      

Thiourea leaching yielded even higher desorption efficiencies: 97.7 
% for Au, 98.9 % for Pt, and 99.8 % for Pd (Fig. 8C). The effectiveness of 

Fig. 7. Schematic description of the photochemical reductive adsorption of precious metal ions on p-silica-TA where the reduction of metal ions and nucleation and 
growth of metal clusters, indicated by red arrows, can be promoted by light illumination (colors of atoms: yellow for gold, brown for platinum, blue-green for 
palladium, yellow-green for chlorine, gray for carbon, red for oxygen, and white for hydrogen). 

Fig. 8. (A) Desorption percentages from aqua regia leaching. (B) XP survey 
spectra before and after desorption of metals by aqua regia leaching. (C) 
Desorption percentages from thiourea leaching. (D) XP survey spectra before 
and after desorption of metals by thiourea leaching. 
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this approach was supported by XPS (Fig. 8D), as well as BSE-SEM and 
EDS analyses (Fig. S19), indicating the complete removal of precious 
metal-thiourea complexes, suggesting a clean desorption process. The 
thiourea-based method not only yielded high metal recovery rates but 
also proved to be environmentally benign and operationally simpler 
[81]. Additionally, the thiourea solution is economically advantageous, 
costing $3.6 per 100 mL, compared to $4.6 per 100 mL for aqua regia, 
for an equivalent volume of adsorbent. 

4. Conclusions 

We demonstrated that the photochemical activation of polyphenol- 
grafted mesoporous silica particles is a viable strategy for the efficient 
and selective recovery of precious metals from E-waste. TA-grafted silica 
particles revealed high selectivity towards Au, Pt, and Pd in the mixture 
of multiple metal ions found in E-waste and in a wide range of con
centrations. Harnessing photon energies by TA photooxidation and 
plasmonic hot electron transfer increased the maximum adsorption ca
pacities for Au, Pt, and Pd ions by 6.7, 1.4, and 1.2 times, respectively, in 
single-metal adsorption scenarios. The maximum adsorption capacity 
for Au was 13.4 g per gram of adsorbents (68.4 mmol g− 1), which was 
much higher than the highest values ever reported in the literature 
(Table S2). The photoactivated TA-grafted silica particles accomplished 
the increased maximum adsorption capacities by 11, 2.6, and 3 times for 
Au, Pt, and Pd, respectively, in the tri-metal adsorption despite the 
competitive adsorption among the metal ions. The exceptionally effi
cient metal adsorption was photochemically induced in conjunction 
with the high grafting density of TA. The plasmonic effect also provided 
sufficient hot electrons to overcome the barriers posed by the limited 
number of adsorption sites and the competitive adsorption dynamics 
among different metal ions. Moreover, the acidic thiourea-based 
leaching process achieved high metal recovery percentages 
(97.7–99.8 %) from the TA-grafted silica particles capturing precious 
metals. The advantages of the TA-grafted silica include large adsorption 
capacity, selectivity towards precious metal ions, eco-friendliness of the 
materials, and easiness of mass production potentially at a low cost. 
Overall, the photoinitiated activation of polyphenol-based adsorptive 
materials offers a practical approach for the urban mining of precious 
metals from E-waste. 
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