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 8 
Abstract 9 

The recovery of precious metals from discarded wastes is an attractive potential remedy 10 

for their supply disruption risk. Nevertheless, the use of conventional solvents in 11 

metallurgical processes has significant negative environmental effects. Here, we report 12 

peroxydisulfate (PDS)-based advanced oxidation process (AOPs) to develop a novel and 13 

efficient leaching process for recovering precious metals from spent catalysts. The 14 

PDS/NaCl photochemical system could fully dissolve palladium (Pd) and gold (Au) in 300 15 

min. By introducing Fe(II), the PDS/FeCl2·4H2O solution functioned as Fenton-like system, 16 

which enhanced the leaching efficiency and required no xenon (Xe) lamp light irradiation. 17 

Electron paramagnetic resonance (EPR) and 18O isotope tracing experiments revealed 18 

the reactive oxidation species of SO4·-, ·OH and Fe(IV)=O were responsible for the 19 

oxidative dissolution of precious metals. Density functional theory calculations showed 20 

that the total energy barrier for the three species were 7.62, 18.46 and 17.52 kcal mol-1, 21 

respectively. Solvent leaching and one-step electrodeposition recovered high-purity 22 

precious metals and maintained solvent dissolution and electrochemical stability after 5 23 

cycles. Strong acids, poisonous cyanide, volatile organic solvents, light irradiation, and 24 

photocatalysts were not used during recovery. This work will enable a green and 25 
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sustainable precious metal recovery approach and encourage AOPs technology for 26 

secondary resource recycling. 27 

Introduction 28 

As representative precious metals (PMs), gold (Au) and silver (Ag) have been treasured 29 

since ancient times for their beauty and performance. They emerged as essential metals 30 

in electrical industries in the late 20th century because of their superior electrical 31 

conductivity, corrosion resistance, and other desirable combinations of physical and 32 

chemical properties1-3. From 2010 to 2022, the global gold mine reserves have remained 33 

relatively stable. In 2022, global gold reserves were 52,000 metric tons, down from a peak 34 

of 57,000 metric tons in 2016. According to data from the World Gold Council, the demand 35 

for gold globally originates from diverse fields, including jewelry and technology, reached 36 

4706 metric tons in 2022. However, only about 24% of the global demand for gold is 37 

recovered from secondary resources containing gold. Most of the gold supply depends on 38 

gold mining4. Thus, recovering gold from secondary resources to decrease the supply risk 39 

is essential5-7. Additionally, platinum group metals (PGMs), such as platinum (Pt), 40 

palladium (Pd), and rhodium (Rh) which are rare PMs with high economic values, are often 41 

applied in automobile three-way catalysts8,9. With the swift improvement of products, the 42 

demand for PMs is increasing, but the supply is insufficient. Electronic waste (e-waste) 43 

and waste catalysts are the primary secondary resources of PMs, which account for the 44 

majority of the market10,11.  45 

Unfortunately, mining and capturing PMs from ores, catalysts, and e-waste is a 46 

significant challenge. There are two primary steps involved in the process of recovering 47 

PMs. The first step is the leaching of PM0 into PMx+ solutions, followed by the conversion 48 

of PMx+ to PM0 from leachate. The first recovery step involving oxidation process is the 49 

most difficult due to the insoluble nature of PMs12,13. Aqua regia, which is highly corrosive 50 

and toxic, and cyanidation are extensively used dissolution techniques in the industry, 51 

endangering the environment14-18. Therefore, various new solvents have been developed 52 

for recovering PMs. For example, Lin and colleagues19 created “organic aqua regia” by 53 

combining thionyl chloride  with some organic solvents like N, N-dimethylformamide, 54 

pyridine, or imidazole to dissolve PMs. Additionally, dimethylformamide containing liquid 55 

chloride was utilized to leach Pt12.  56 
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Advanced oxidation processes (AOPs) involve producing radicals with high 57 

oxidization ability for the degradation or transformation of pollutants20-24. In recent years, 58 

the strong oxidizing radicals generated during AOPs have been utilized to achieve the 59 

oxidative dissolution of PMs. For example, under the irradiation of ultraviolet (UV) light,  Li 60 

et al. were able to transform Au nanoparticles into cyanide gold oligomers by using a 61 

mixture consisting of acetonitrile (CH3CN) and benzaldehyde (C7H6O)25. Electron 62 

paramagnetic resonance (EPR) was used to demonstrate that ·CN and ·OH radicals in 63 

CH3CN and C7H6O, respectively, were active species that were capable of dissolving Ag, 64 

Pd, and Pt. Chen et al. used a mixture of CH3CN and dichloromethane (CH2Cl2) to 65 

successfully oxidize and dissolve seven PMs (Ag, Au, Pd, Pt, Ru, Rh, and Ir) under light 66 

conditions and used TiO2 photocatalysts to assist in generating CH2CN·, CHCl2·, and O2·- 67 

radicals10. However, organic solvents like C7H6O, CH3CN, and CH2Cl2 are not considered 68 

environmental-friendly chemicals. Moreover, given the production of considerable 69 

volumes of secondary waste as well as the emission of volatile toxic gases, these methods 70 

provide a serious risk to the environment. 71 

The development of peroxydisulfate (PDS)-based advanced oxidation process (AOPs) 72 

has attracted increasing attention from the academic and industrial communities. PDS is 73 

the precursor of sulfate (SO4·–) or hydroxyl (·OH) radicals activated using heat, transition 74 

metals, ultrasonic, and light radiations26-30. To the best of our knowledge, there has been 75 

no report on recovering PMs using highly reactive radicals generated from PDS thus far. 76 

Therefore, we take advantage of highly reactive species generated from PDS-based 77 

AOPs to develop a novel and simple leaching process. The PDS/NaCl photochemical 78 

solvent and the enhanced Fenton-like system of PDS/FeCl2·4H2O solution serve as 79 

powerful green solvents to recover PMs without strong acids, volatile organic solvents, 80 

light irradiation and photocatalysts. PMs were successfully recovered from their individual 81 

waste catalysts of Pd and Au via PDS/FeCl2·4H2O solution dissolution and 82 

electrodeposition. It potentially offers a green and sustainable approach to recovering PMs 83 

and is anticipated that it will inspire additional efforts to the advancement of AOPs 84 

technologies for resource recycling.  85 

Results 86 
Dissolution properties of PDS/NaCl photochemical system. The cleavage of the 87 

peroxide bond in the PDS molecule (see Fig. 1a for its structure), which takes place via 88 
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energy and electron transfer processes, results in the production of highly reactive SO4·–. 89 

PMs leaching systems require both strong oxidation and coordination capabilities31-33. 90 

Therefore, PDS combined with the most common salt NaCl was chosen to form a new 91 

solvent for the leaching of PMs because chlorine ions (Cl-) have a strong ability in an 92 

aqueous solution34. As schematically illustrated in Fig. 1b, PMs were mixed in the solution 93 

of PDS and NaCl under xenon (Xe) lamp light. The color was rapidly changed and 94 

deepened over time in this photochemical system (Fig. 1c). Pt, Rh, Pd, Au, and Ag, which 95 

are the five common PMs in three-way catalysts and electronic circuits, were leached in 96 

the PDS/NaCl to observe their solubility. Pd and Au were quickly dissolved in the 97 

PDS/NaCl solvent. Additionally, 97.18 ± 3.22% of Pd and 99.23 ± 2.18% of Au were 98 

dissolved in 300 min. However, Ag, Pt, and Rh were not dissolved in the PDS/NaCl solvent 99 

(Fig. 1d). Ag was insoluble because of the enormous quantities of Cl- in PDS/NaCl 100 

solvent.35. In addition, it was possible that the solvency capability of the PDS/NaCl solvent 101 

was insufficient to dissolve Pt and Rh at a temperature of 60 °C and an atmospheric 102 

pressure36. 103 

104 
Fig. 1 Photochemical leaching system. a Schematic illustration of the PDS molecular structure. 105 
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b Schematic diagram of the leaching of PMs in the mixed solution of PDS and NaCl under Xe lamp 106 
light. c Dissolved Pd at different leaching times from 0 to 120 min. d Dissolution ratios of five 107 
common PMs. Reaction conditions: molar ratio of PDS to NaCl=1:1, H2O add%=70%, mass ratio 108 
of salt to metal=100:1, reaction time=300 min, temperature=60 °C. 109 

Leaching experiments of PMs in PDS/NaCl system. As indicated from the initial 110 

experiments, Pd and Au could be dissolved in PDS/NaCl solvent. In this section, operating 111 

variables including the PDS to NaCl molar ratio, H2O added, PDS with different chlorinated 112 

salts, salt-to-metal mass ratio, temperature, and leaching time were examined to 113 

determine the optimal conditions. 114 

As can be seen in Fig. 2a, the process of increasing the molar ratios of PDS to NaCl 115 

resulted in an increase in the dissolution ratios of both PMs firstly, followed by a decrease 116 

process. Pd and Au reached the maximum dissolution ratios and were 96.20 ± 2.58% and 117 

92.13 ± 2.66%, respectively, when the ratio of PDS to NaCl was 1:1. The PMs had different 118 

dissolution properties at different PDS to NaCl molar ratios probably due to the different 119 

capture effects of Cl- to SO4·- and ·OH that produce ·Cl or ·ClOH-22,37. As depicted in Fig. 120 

2b, as the leaching temperature increased from 20 to 80 °C, the dissolution ratios 121 

increased and later diminished. On the one hand, the increasing temperature could 122 

improve the activity of the solution and thus enhance the dissolution ratios. On the other 123 

hand, excessive temperatures will reduce the activity of free radicals. For instance, the 124 

optimal activity of SO4·– is in the temperature range of 50–70 °C38. Therefore, 60 °C was 125 

the optimal temperature on comprehensive consideration. Fig. 2c showed that, except for 126 

FeCl2·4H2O, the other chlorine salts including ZnCl2, MgCl2, CoCl3 and AlCl3·6H2O with 127 

PDS had similar Pd dissolution ratios compared to NaCl. The addition of Fe(II) to PDS 128 

turned the solution into a Fenton-like system, promoting the generation of free radicals 129 

and thus increased the leaching efficiency of Pd39. Other chloride salts did not have a 130 

similar effect as FeCl2·4H2O and only served as the provider of Cl-. Consequently, the 131 

dissolution rates of Pd under these chloride salt systems did not differ too much. Moreover, 132 

in the absence of the Xe lamp irradiation, Pd was almost insoluble in PDS/NaCl with only 133 

3.04 ± 0.92% dissolution ratio, indicating that the Xe lamp was a necessary activation 134 

method of reactive radicals here40. As shown in Fig. 2d, the dissolution ratios of Pd and 135 

Au were reduced to some extent when the H2O added increased from 70% to 90%. This 136 

was because the intensity of the free radicals generated in the solution possibly decreased 137 
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when the H2O added increased, corresponding to the dilution of the ion concentration. 138 

Moreover, as shown in Fig. 2e, Pd and Au remained stable dissolution ratios at 240 and 139 

300 min, respectively. So, 240 and 300 min were their individual optimal leaching time. In 140 

Fig. 2f, when the mass ratio of salt to metal was 100:1, nearly all the metals were leached. 141 

As the salt to metal ratio dropped, the dissolution ratios dropped correspondingly. 142 

However, the solubility of the two PMs in PDS/NaCl both increased gradually. The 143 

solubility of Pd reached 47815 ± 1736 ppm when the salt to metal ratio was 20:1. 144 

Nonetheless, the solubility of Au was somewhat lower, which reached 45691 ± 2623 ppm.  145 

 146 

Fig. 2 Dissolution properties of the photochemical system. a-b Dissolution ratios of Pd and Au 147 
with varied molar ratios of PDS/NaCl and different temperature. c Dissolution of Pd using PDS with 148 
different chlorine salts and with or without Xe lamp. d-e Dissolution ratios of Pd and Au with varied 149 
H2O added and time. f Solubility and dissolution ratios for Pd and Au with different salt to metal 150 
mass ratio.  151 
 152 

Dissolution mechanism of PMs in PDS/NaCl system. Dissolution rates are significantly 153 

impacted by the PM/halide ion coordination mode difference. The dissolution ratio of Pd 154 

using the photochemical system was conducted when NaCl was replaced with other 155 

sodium halide salts like NaF, NaBr, and NaI. It was found that the dissolution rate of Pd in 156 
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PDS/NaBr was faster than that in PDS/NaCl. Next came the PDS/NaI, while Pd was 157 

insoluble in PDS/NaF photochemical system (Fig. 3a). Due to the varied atomic radii of 158 

halide ions, the order of their coordination capacities is F–＜Cl–＜Br–＜ I–36. Pd was 159 

insoluble in PDS/NaF, probably due to the weak complexing ability of F-. While for NaI 160 

system, a large amount of purple smoke was generated when NaI powder were added to 161 

aqueous solution of PDS (Supplementary Fig. S1), meaning that this solution system 162 

would produce a large amount of iodine vapor (I2), thus reduced the oxidation of the 163 

solution. The intensities of SO4·– and ·OH in the PDS/NaCl system compared to PDS/NaBr 164 

over time were conducted. The PDS/NaCl system had stronger DMPO-SO4·– and 165 

DMPO-·OH signal intensities (Fig. 3b and Supplementary Fig.S2). It is probably that the 166 

PDS/NaBr system contained more reactive oxygen species other than the radicals. EPR 167 

signals (Supplementary Fig. S3 and S4) showed that neither PDS/NaCl nor PDS/NaBr 168 

contained 1O2. Moreover, The PDS/NaCl and PDS/NaBr systems were exposed to Xe 169 

lamp light for a period, and a moistened starch potassium iodide test strip was placed at 170 

the mouth of the bottle to detect the possible formation of chlorine (Cl2) or bromine (Br2) 171 

vapors. As seen in Fig. 3c, the test strip quickly changed color, and a brownish-yellow 172 

gas, presumed to be Br2, was generated at the mouth of the PDS/NaBr solution bottle. 173 

Therefore, it is inferred that the PDS/NaBr solution could generate Br2 monomers as 174 

oxidizing active species under Xe lamp light conditions, enhancing the leaching rate of Pd. 175 

A similar situation was not present in PDS/NaCl since the test strip at the mouth of the 176 

bottle of this solution did not turn blue. This well elucidated the reason for a weaker free 177 

radical intensity in the PDS/NaBr system compared to the PDS/NaCl system, while the 178 

former had a greater Pd leaching rate.  179 

The results of the free radical quenching experiments were shown in Fig. 3d. The 180 

methanol (MeOH) was used as SO4·– and ·OH scavenger because of the similar reactivity 181 

toward SO4·- (kSO4·
-
 +MeOH= 2.5 × 107M–1s–1) and OH (k·OH+MeOH = 9.7 × 108M–1s–1), whereas 182 

tert-butanol (TBA) was used to capture the ·OH (k·OH+TBA = 3.8-7.6 × 108M–1s–1) instead of 183 

SO4·- (kSO4·
-
+TBA = 4.0-9.1 × 105M–1s–1)41. The blank group without any quenching agent had 184 

a leaching rate of 96.2 ± 1.95% for Pd at 240 min. The Pd leaching rate after adding 1, 10, 185 

and 100 mM of TBA decreased to 83.12 ± 2.73%, 76.27 ± 2.33%, and 68.49 ± 1.41%, 186 

respectively. However, the Pd leaching rate plummeted to 5.28 ± 0.36% after adding 100 187 

mM of MeOH, much lower than the group with only ·OH quenching. This suggested that 188 
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SO4·– and ·OH were the principle active species responsible for the oxidative leaching of 189 

Pd in the PDS/NaCl system, with SO4·– making up a higher portion of the total contribution.  190 

Numerous investigations have been carried out regarding the chemical circumstance 191 

of PMx+ ions in acid and aqueous solutions from both a science and a commercial point of 192 

view.42-44. In aqueous acidic solutions, previous research indicated that PMx+ ions would 193 

seemingly form a square-planar framework with four Cl– and H2O molecule as coordinating 194 

ligands. The ultraviolet–visible (UV–vis) spectroscopy of Pd leaching in the PDS/NaCl 195 

solution with varied concentrations were shown in Fig. 3e. The firm adsorption peaks at 196 

207 and 237 nm mainly corresponded to the [PdCl4]2– octahedron7,45. It could be inferred 197 

that the Xe light excited SO4·– and ·OH as the oxidation active species in the PDS/NaCl 198 

photochemical system to oxidize PMs from PM0 to PMx+. A large amount of Cl– in the 199 

solution continuously coordinated with PMx+ to form complexes, promoting the positive 200 

progression of dissolution46. The flow of the mechanism of the dissolution process was 201 

shown in Fig. 3f. The whole process roughly included free radical excitation, oxidative 202 

dissolution of PMs, and the coordination process between PMx+ and Cl–.  203 

 204 

Fig. 3 Dissolution mechanism of PDS/NaCl system. a Dissolution ratios of Pd using PDS with 205 
different salts. b EPR signal intensity of PDS/NaCl and PDS/NaBr at different times. c Discoloration 206 
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of starch potassium iodide test strips in PDS/NaCl and PDS/NaBr. d Free radical quenching 207 
experiment. e UV–vis spectra of PDS/NaCl leachate containing Pd(II). f The flow of the mechanism 208 
of the dissolution process. 209 

Improved leaching system: The PDS/FeCl2·4H2O Fenton-like system. As seen in the 210 

leaching experiments of PMs in PDS/NaCl system section, the efficiency of Pd leaching 211 

was significantly improved when NaCl was replaced by FeCl2·4H2O. This phenomenon 212 

inspired us to improve the leaching rate of PMs by improving the composition of the 213 

leaching system. The effects of the H2O added and Xe lamp illumination were investigated 214 

to explore the efficiency of Pd leaching in the PDS/FeCl2·4H2O system. The Fenton-like 215 

system had the highest Pd leaching rate when 75% of H2O was added. The decreased 216 

ion concentration significantly reduced the Pd leaching efficiency when the H2O added 217 

reached 90%. When 75% H2O was added, and the Xe lamp was not irradiated, the Pd 218 

leaching rate did not differ much (Fig. 4a). The dissolution process can be further analyzed 219 

by the kinetics experiments. According to eq 1, the dissolution kinetic slope (kc) of Pd can 220 

be calculated as34  221 

                                                    k�t = 1 − (1 − x)�/�                                                     [1] 222 

where x represents the Pd dissolution ratio, kc represents the rate constants (min-1), and t 223 

(min) represents the reaction time.  224 

The first-order reaction constants for Pd leaching rates under different experimental 225 

conditions were shown in Fig. 4b. The reaction constant reached 0.0082 min–1 without the 226 

Xe lamp irradiation, a very small difference from the optimal condition of 0.097 min–1. The 227 

PDS/FeCl2·4H2O Fenton-like system was an improved PDS/NaCl system. It did not 228 

require Xe lamp irradiation, saving a lot of energy consumption and significantly increasing 229 

leaching efficiency which took only 90 min to achieve almost 100% dissolution of Pd. In 230 

the Fenton-like system, the conversion of Fe2+ to Fe3+ was the key step affecting the 231 

production efficiency of oxidation active species47. Therefore, reducing the oxidation of 232 

Fe2+ may be the key to improve the leaching rate of the PMs. Furthermore, the Pd leaching 233 

rates were explored for the change in the molar ratio of PDS to FeCl2·4H2O and the 234 

addition of different ratios of reducing agents, like citric acid (CA), ascorbic acid (AA), and 235 

hydrogen peroxide (H2O2). As shown in Fig. 4c, the Pd leaching effect reached the best 236 

leaching effect when the molar ratio of PDS to FeCl2·4H2O was 1:1. Moreover, adding 237 
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reducing agents could improve the leaching efficiency of Pd to a certain extent. AA was 238 

the best-reducing agent. The dissolution ratio reached the maximum of 77.31% when the 239 

molar ratio of PDS to FeCl2·4H2O and AA was 1:1 and 10:1, respectively. Fe(II) was 240 

analyzed by the 1,10-phenanthroline method. The formed Fe(II)-1,10-phenanthroline 241 

complex with a characteristic orange color was measured at 510 nm using a Hach 242 

spectrophotometer48. Fe0 represents the total amount of iron ions measured with ICP-OES 243 

minus the Fe(II). As shown in Fig. 4d, the molar ratio of Fe2+ achieved the highest when 244 

AA was added, which was consistent with the highest Pd dissolution ratio after adding AA. 245 

Several methods, including Hammett acidity49,50, infrared spectroscopy and etc. 51,52 were 246 

used to determine the acidity of the solutions. The Hammett acidity method utilizes UV-247 

vis spectroscopy and can be used to measure the acidity of aqueous and non-aqueous 248 

solvents. This technique is user-friendly, requires minimal apparatus, and is highly 249 

accurate. The UV–vis absorbance of indicators in PDS/FeCl2·4H2O solutions with varied 250 

percentages of H2O added was shown in Fig. 4e. The Hammett acidity of the 251 

PDS/FeCl2·4H2O solutions with varied H2O add% was calculated and was listed in 252 

Supplementary Table S1. The absorbance of the solution and the Hammett acidity 253 

decreased as the amount of added H2O diminished, indicating that the solutions became 254 

stronger acids. Fig.4f showed the dissolution ratios of Pd and Au in PDS/FeCl2·4H2O 255 

Fenton-like system versus PDS/NaCl photochemical systems in 30 min. PDS/FeCl2·4H2O 256 

solution greatly improved the PMs leaching efficiency and did not require Xe lamp, which 257 

made the operation easier and also greatly reduced the energy consumption. 258 
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 259 

Fig. 4 Dissolution properties of the Fenton-like system. a-b Dissolution ratios and kc of Pd in 260 
PDS/FeCl2·4H2O under different conditions. c Dissolution ratios of Pd in 30 min with different PDS 261 
to FeCl2·4H2O ratio and different reducing agents added. d Concentrations of Fe2+ and Fe0 for 262 
different reducing agents added. e Absorbance of PDS/FeCl2·4H2O for varied percentages of H2O 263 
added. f Dissolution ratios of Pd and Au in PDS/FeCl2·4H2O (without Xe lamp) and PDS/NaCl 264 
photochemical system. 265 
Dissolution mechanism of PMs in PDS/FeCl2·4H2O Fenton-like system. The open 266 

circuit potential (OCP) was utilized to evaluate the electron transfer process to elucidate 267 

the reaction mechanism between PDS and FeCl2·4H2O53. As shown in Fig. 5a, the OCP 268 

of the PDS solution remained stable within 70 s, but rose immediately after FeCl2·4H2O 269 

was added. This indicated a fast transfer of electrons in the PDS/FeCl2·4H2O system. 270 

Electron transfer helps to generate free radicals and other oxidatively active species54, 271 

which can be identified using other exploration methods. 272 

Identification of the principle reactive species is greatly significant for comprehending 273 

the fundamental mechanism of PMs leaching in the PDS/FeCl2·4H2O Fenton-like system. 274 

EPR techniques were utilized to distinguish the free radicals. As seen in Fig. 5b, SO4·– 275 

and ·OH existed in the PDS/FeCl2·4H2O solution, but superoxide radicals (·O2
–) and 276 

singlet oxygen (1O2) did not. Moreover, Fe(IV) had been found in a similar Fenton-like 277 

system: Fe(II)/KIO4 solution48. One of the most defining aspects of high-valence metal-oxo 278 

species is their ability to engage in oxygen atom exchange (OAE) with water. Therefore, 279 
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incorporating 18O isotope into products to confirm the presence of Fe(IV) is essential. 280 

Consequently, by using UPLC-Q-TOF MS/MS, the oxidation byproduct of methyl phenyl 281 

sulfoxide (PMSO) in the PDS/FeCl2·4H2O system in H2
18O was identified. Considering the 282 

slow interaction between Fe(IV) and TBA (kFe(IV)+TBA = 6.0 × 101M–1s–1), TBA at 100 mM 283 

was employed to test for the presence of competing reactive species, specifically SO4·– 284 

and ·OH (kSO4·-+TBA = 4.0–9.1 × 105 M–1s–1, k·OH+TBA = 3.8–7.6 × 108 M–1s–1). Fig. 5c showed 285 

that extracted ion chromatography (EIC) found two signal peaks at m/z = 176.0625 and 286 

m/z = 174.0583, which agreed with the estimated m/z of 18O isotope-labeled methyl phenyl 287 

sulfone (PMSO2, noted as PMS16O18O, m/z = 176.0625 [M-NH4]) and normalized PMSO2 288 

(noted as PMS16O16O, m/z = 174.0583 [M-NH4]), respectively. Thus, the results 289 

demonstrated that 18O was effectively integrated into PMSO2 during PMSO oxidation in 290 

the PDS/FeCl2·4H2O system, confirming that  Fe(IV) was generated as a reactive 291 

intermediate55.  292 

Furthermore, the chemical pathways and thermodynamics of the PDS/FeCl2·4H2O 293 

process were thoroughly investigated using density functional theory (DFT) simulations. 294 

Subsequently, three possible reaction routes were proposed where SO4·–, ·OH, and Fe(IV) 295 

were generated as the reactive species. As shown in Fig. 5d, the total energy barrier 296 

determined for SO4·– formation was 7.62 kcal mol–1. However, the total energy barriers 297 

for ·OH and Fe(IV) were a bit higher and were 18.46 and 17.52 kcal mol–1, respectively, 298 

demonstrating that the formation of high-valent iron was as thermodynamically appealing 299 

as those of SO4·– and ·OH. Additionally, EPR spectroscopy was used to characterize the 300 

reactive species produced by the PDS/FeCl2·4H2O reaction. Fig. 5e demonstrated the 301 

detection of intense peaks consistent with a DMPO-·OH adduct, which were attributed to 302 

the contribution of ·OH and/or Fe(IV) interference by the widely accepted Forrester-303 

Hepburn mechanism56. In addition, the EPR signal was studied in the presence and 304 

absence of TBA and dimethyl sulfoxide (DMSO) to identify the key intermediate in the 305 

creation of the DMPO-·OH adduct. A much lower DMSO concentration (5.0 mM) as the 306 

scavenger for both ·OH and Fe(IV) significantly weakened the observed peaks of the 307 

DMPO-·OH adduct when compared to the TBA concentration (200 mM), showing that the 308 

EPR signal was predominately associated with Fe(IV) and ·OH may function as a 309 

secondary intermediate of reactivity for SO4·– and Fe(IV). Moreover, scavenging 310 

experiments supported the EPR test findings. As shown in Fig. 5f, TBA reduced the 311 
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dissolution ratio of Pd from 98.3 ± 1.13 to 87.53 ± 2.63%, which contributed to the oxidation 312 

portion of ·OH in the leaching of Pd. MeOH restrained Pd dissolution to a remarkable 313 

degree owing to the notable scavenging impacts of the scavenger on Fe(IV) and both the 314 

radicals. Additionally, the Pd dissolution ratio decreased to 31.62% in the DMSO 315 

scavenging solution, demonstrating that the contribution of SO4·– in Pd oxidation was due 316 

to the scavenging effects on Fe(IV) and ·OH instead of SO4·–. The schematic illustration 317 

of the oxidation dissolution of Pd and Au in PDS/FeCl2·4H2O by the reactive species 318 

SO4·–, ·OH, and Fe(IV) was shown in Fig. 5g.  319 

Raman spectroscopy investigation was performed on the Pd(II) containing 320 

PDS/FeCl2·4H2O solution. As shown in Fig. 5h, the band at 275 cm–1 was observed in 321 

both the fitted curves, corresponding to [PdCl4]2–.45 UV–Vis spectroscopy was not used 322 

there because of the interference of Fe3+ on the UV signal57. Combined with the UV–vis 323 

spectra of Pd(II) in the PDS/NaCl filtrate in Fig. 3e, it could be inferred that Pd complexes 324 

formed the [PdCl4]2– regular tetrahedron after being oxidized in the PDS/FeCl2·4H2O 325 

system. The dissolution and coordination mechanism of PMs in the PDS/FeCl2·4H2O 326 

solution was shown in Fig. 5i. Radicals with high redox potentials (2.60-3.10 VNHE for SO4·-327 

/SO4
2- and 1.90-2.70 VNHE for ·OH/OH-)58 and Fe(IV) all contributed to the oxidative 328 

leaching process. And Fe(IV) may transform to Fe(II) after reducing by PMx+, which 329 

enhanced the cycle of Fe(II)59.  330 
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 331 

Fig. 5 Dissolution mechanism of PDS/FeCl2·4H2O system. a OCP curves of the bare PDS 332 
solution and PDS after adding FeCl2·4H2O. b EPR spectra of ·O2–, 1O2, ·OH, and SO4·–. c EIC of 333 
PMS16O16O and PMS16O18O in PDS/FeCl2·4H2O solution with H218O. d Free energy relative 334 
pathways of the PDS/FeCl2·4H2O solution to generate SO4·–, ·OH, and Fe(IV). e EPR spectra in 335 
PDS/FeCl2·4H2O in the addition of scavengers. f Dissolution of Pd in the presence of scavengers 336 
in the PDS/FeCl2·4H2O solution. g Schematic illustration of the oxidation dissolution of Pd and Au 337 
in PDS/FeCl2·4H2O. h Raman spectra of Pd(II) in the PDS/FeCl2·4H2O solution. i Diagram of the 338 
dissolution and coordination mechanism of the PMs in the PDS/FeCl2·4H2O solution. 339 
Simulated recovery process of PMs. Figure 6a showed the cyclic voltammetry curves 340 

at 333 K for the PDS/FeCl2·4H2O solution containing Pd(II). Two pairs of oxidation- 341 

reduction peaks were observed on the curve, which corresponded to Fe3+/Fe2+ and 342 

Pd2+/Pd, respectively. The overall simulated recovery process was conducted on PMs 343 

wires and their simulated recovery solutions. The Pd wire was first leached in 344 

PDS/FeCl2·4H2O solution, followed by one-step constant current deposition of 0.02 A 345 
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(cathodic) using a three-electrode system. The electric potential curve with electrolysis 346 

time (Fig. 6b) illustrated that the Pd(II) in leachate decreased from 862.5 ppm to 37.5 ppm 347 

after electrodeposition of 3600 s, indicating a high electrodeposition recovery efficiency 348 

95.6%. Eq 7 (Supplementary) also calculated the current efficiency, which attained 349 

84.3%.  350 

The energy-dispersive X-ray spectroscopy (EDS) results (Supplementary Fig. S6-351 

S8, Table S5) indicated that the Pd product was of high purity, and the powder X-ray 352 

diffraction (PXRD) pattern confirmed the product's structure (Fig. 6c). For the dissolution 353 

property, a PDS/FeCl2·4H2O solution that was regenerated was left to rest. After five 354 

cycles of operation, the dissolution ratios and electrodeposition recovery were nearly 355 

identical to the initial solution (Fig. 6d). Supplementary Table S7 listed the dissolution 356 

ratios, constant current electrolytic recovery and the current efficiency of the electrolysis 357 

process for the five simulated cycles of Pd. The recovery method of Au closely resembled 358 

that of Pd in a simulated way. 97.3 ± 3.1% of Au was dissolved, with 94.9 ± 1.7% recovered 359 

with 1 h at 0.02 A. The current efficiency maintained a high-level and reached 80.1 ± 2.3%. 360 

Both the PXRD pattern and EDS results (Supplementary Fig. S5 and S9-11) 361 

demonstrated the high purity of the Au product (the chemical composition of elements was 362 

listed in Supplementary Table S6).   363 

Recovery PMs from spent catalysts. Supplementary Table S8 and S9 listed the mass 364 

composition of two catalysts. The recovery efficiency and purity of Pd and Au were also 365 

calculated. More than 98% of the targeted elements in both spent catalysts were dissolved 366 

and the Pd and Au recovered after electrodeposition showed a high purity (99.8% for Pd 367 

and 99.6% for Au). This technique may be industry-compatible due to the rapid leaching 368 

of PMs it produces and the fact that the solution can be recycled. In light of this, we 369 

designed a system model for PMs recovery using the PDS/FeCl2·4H2O solution cycle (Fig. 370 

6e). The overall process includes three steps: (1) PDS and FeCl2·4H2O are added to water 371 

to form a Fenton-like system. (2) The spent catalysts are mixed with PDS/FeCl2·4H2O 372 

solution for the leaching. (3) The PMx+ are deposition using an electronic device while the 373 

solution is recycled into the first step. 374 
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 375 

Fig. 6 Recovery process of precious metals. a CV curves of Pd(II) in PDS/FeCl2·4H2O. b 376 
Potential-time curve of Pd(II) in PDS/FeCl2·4H2O. c PXRD spectrum of Pd product. d Dissolution 377 
results of recycled solution. e Schematic drawing of the PMs recovery system for industrial 378 
applications. 379 

Discussion  380 
 381 
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Here, we report PDS-based AOPs to develop a novel and simple leaching process for 382 

recovering Pd and Au from spent catalysts. The PDS/NaCl photochemical system 383 

successfully fully dissolved Pd and Au in 240 and 300 min, respectively. The enhanced 384 

PDS/FeCl2·4H2O Fenton-like system required no Xe lamp light activation and greatly 385 

improved the leaching efficiency. Radical identification experiments, 18O Isotope tracing 386 

experiments and theoretical calculations proved SO4·-, ·OH and Fe(IV) were the main 387 

reactive oxidation species responsible for the leaching process. With solvent leaching and 388 

one-step electrodeposition, high-purity precious metals are recovered and the solvent 389 

keeps excellent dissolution properties and electrochemical stability after 5 cycles. The 390 

whole recovery process does not involve strong acids, toxic cyanide, volatile organic 391 

solvents, light activation and any photocatalysts. Because of the rapid leaching of precious 392 

metals that it produces and the fact that it can be recycled, this method might be industry 393 

compatible. It is anticipated that this research will instigate additional efforts toward the 394 

advancement of AOPs technology for resource recycling and that it will open up a green 395 

and sustainable method to recover precious metals.  396 

Methods 397 
Radical Identification Experiments. Electro paramagnetic resonance (EPR, Bruker 398 

EMX PLUS, German) spectra were collected to identify the intermediate oxidants or 399 

radicals generated from the interaction between PDS and FeCl2·4H2O, NaCl or NaBr with 400 

DMPO and TEMP as spin-trapping reagent. The EPR spectra were collected under the 401 

following conditions: a center field of 3510 Gs, a sweep width of 100 Gs, a static field of 402 

3460 G, a microwave power of 6.325 mV, microwave frequency of 9.85 GHz, modulation 403 

frequency of 100 kHz, modulation amplitude of 1.0 Gs and sweep time of 30 s.  404 

Radical Identification Experiments. Radical quenching measurements were conducted 405 

to identify the dominant reactive species in PDS/FeCl2·4H2O or PDS/NaCl systems with 406 

MeOH, TBA, DMSO, which were added before the reaction. 407 

Solution Analysis Characterization. The solution analysis characterization of Pd(II) 408 

loaded PDS/NaCl and PDS/FeCl2·4H2O solutions were characterized using an UV-vis-409 

NIR spectrophotometer (UH5300, Hitchi High-Tech Corporation, Japan) and a Raman 410 

spectrometer (WITec Alpha, WITec, German) using Zeiss LD EC Epiplan-Neofluar HD Dic 411 

50x/0.55 as the objective lens, respectively.  412 
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18O Isotope Tracing Experiments. 1 ml H2
18O solution containing 3 mm PMSO, 100 mm 413 

TBA was prepared. 0.163 g PDS and 0.137 g FeCl2·4H2O were added to form the sample 414 

after a predetermined time of 15 min, during which the transformation of PMSO was 415 

completed. 16O/18O isotope-labeled PMSO2 was detected by an ultrahigh-performance 416 

liquid chromatography quadrupole time-of flight premier mass spectrometer (UPLC-Q-417 

TOF MS/MS, Waters Co., USA). For the determination of PMSO2, 18O isotope PMSO2 418 

and/or other oxidation products of PMSO in PDS/FeCl2·4H2O system, a BEH C18 column 419 

(100 mm×2.1 mm i.d., 1.7 µm; Waters, Milford, USA) was used. The gradient mobile phase 420 

ratio of A/B was set as: the ratio kept at 95/5 for the first 5 min, then changed linearly from 421 

95/5 to 5/95 in the next 15 min and held for 10 min, followed by a sharp decline to 95/5 in 422 

0.1 min, and kept for 10 min for re-equilibration, where A is ultrapure water and B is 423 

acetonitrile with the flow rate of 0.15 ml/min. Accurate MS and MS/MS spectra of PMSO2 424 

and/or other products were analyzed in a molecular ion scanning mode (m/z 50 to 600) in 425 

negative ESI mode.   426 

Theoretical Calculations. All calculations were performed using the software Gaussian 427 

1660. All calculations utilized the PBE0 hybrid functional in conjunction with the D3BJ 428 

dispersion correction. For geometry optimization, the mixed basis set (BS1) of def2-SVP 429 

for the Fe element and 6-31+G(d) for all other atoms61, along with the IEFPCM solvent 430 

model for water, were employed. Without any structural constraints, the geometries have 431 

been completely optimized. Utilizing the SMD continuum solvation model with the larger 432 

mixed basis set (BS2) of def2-TZVP for Fe and 6-311+G(d,p) for all other atoms, the final 433 

and solvation energies of the fully optimized structures in water were calculated.  434 

Recovering Pd and Au from spent catalysts. We selected waste Pd catalysts for 435 

combustion exhaust gas treatment process and waste Au catalysts for methacrolein 436 

esterification. In order to assess the metal contents in Pd and Au catalysts, microwave 437 

digestion of the waste Pd and Au catalysts was first performed, followed by ICP-OES to 438 

test the metal composition in the two catalysts. Then, PDS/FeCl2·4H2O solution was used 439 

to dissolve 1 g Pd and Au catalysts 30 min with a salt to metal ratio of 10:1. After leaching 440 

in the solvent, the metal composition in the filtrate was tested. The dissolved PMs were 441 

recovered through constant current electrodeposition (0.02 A of cathodic current) for 30 442 

min. After electrodeposition, the Pt sheets of the working electrodes and the PMs product 443 



 

 

19 

 

obtained on the electrodes were microwave digested together and then tested by ICP-444 

OES to calculate the recovery efficiency and purity of the recovered PMs. 445 

 446 
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