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Abstract

Recycling gold from used catalysts is significant for economic and environmental sustainability. Conventional
methods, which heavily rely on the cyanide process, have posed significant environmental, health, and safety
challenges. Herein, this study presents a novel approach for gold leaching from spent Au/metal oxide (Au/MO,)
catalysts coupled with an oxidative carbonylation reaction. This tandem process not only efficiently dissolves Au
nanoparticles from used heterogeneous Au catalysts into soluble Aul” complex without using toxic cyanide, strong
acids or oxidants, but also produces useful nitrogen-containing carbonyl compounds. Mechanistically, the leaching
process is initiated by the in-situ generation of hydroiodic acid during the oxidative carbonylation reaction. This new
approach has potential guide to the metal recovery and the design of stable heterogeneous catalysts.
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INTRODUCTION

Since the breakthrough in heterogeneous gold (Au) catalysis by Hutchings and Haruta, there has been a
dramatic increase of papers and patents focusing on gold catalysis" . However, recycling gold from used
Au catalysis has received limited attention. As a rare and precious metal, Au in spent catalysts is recognized

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/cs



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/cs
https://orcid.org/0000-0001-7437-1443
https://dx.doi.org/10.20517/cs.2024.175
http://crossmark.crossref.org/dialog/?doi=10.20517/cs.2024.175&domain=pdf

Page 2 of 8 Cao et al. Chem. Synth. 2025, 5, 71 | https://dx.doi.org/10.20517/cs.2024.175

as an attractive secondary resource. With typical Au content exceeding 0.1 wt%, these catalysts contain gold
concentrations hundreds of times higher than natural ores or electronic waste!**. Therefore, recovering Au
from a spent catalyst is of great significance for economic and environmental sustainability. Currently, over
90% of gold refining from the ores and secondary resources relies on the cyanidation process, which needs
stoichiometric and highly toxic cyanide salts as lixiviants. However, the use of cyanide salts posed significant
challenges in terms of safety and environmental aspects. To this end, developing cyanide-free alternatives
are essential to supersede the cyanidation process and meet the regulatory and safety standards. Alternative
lixiviants, such as sulfides, organic aqua regia, pyridinethiols, and halide (chloride, bromide and iodide),
have been widely investigated as non-cyanide options for gold recovery'*.

Therein, the iodine-iodide system (I,/I/H,O,) stands out as a promising approach, forming stable gold-
iodide complexes [Aul,] as the stable forms. Moreover, a similar gold dissolution phenomenon is also
observed in the iodide-promoted gold-catalyzed carbonylation reaction. For example, Hardacre
demonstrated that gold nanoparticles (Au NPs) re-dispersed to the [Au,I]* or [Au,L]% with methyl iodide
during the methanol carbonylation"”. We have successfully developed Au/Cul as synergistic catalysts for
oxidative carbonylation of amines and proved that the iodide and copper were indispensable promoters to
stabilize gold in an ionic state""'?. Inspired by the gold leaching via the iodine-iodide system and Au NP
redispersion with iodide, we report the leaching of Au from used gold catalysts during the oxidative
carbonylation of amines [Scheme 1]. This approach achieves a “killing two birds with one stone” goal -
simultaneously recovering gold and producing valuable nitrogen-containing carbonyl compounds.
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Scheme 1. Leaching of gold with various methods.

RESULTS AND DISCUSSION

We first examined the leaching of the gold from used Au/ZnO (0.79 wt%)". Remarkably, after oxidative
carbonylation of morpholine in the presence of Cul, the catalyst changed color to light gray [Figure 1A],
and ~6.02 mg/mL of Au ion was detected in the liquid phase [Supplementary Table 1]. To confirm that
oxidative carbonylation of amine is the key factor for Au leaching from the Au/ZnO, we replaced
morpholine with aniline, the molecule with low reactivity in Au/Cu-catalyzed oxidative carbonylation
reactions. Following the reaction with aniline, the catalyst color showed no significant change [Figure 1B],
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Figure 1. Leaching of gold from used Au/ZnO catalysts assisted by oxidative carbonylation of amines. (A) Oxidative carbonylation of
morpholine; (B) The photo of used Au/Zn0O catalysts under different treatment atmospheres; Oxidative carbonylation of aniline, the
photo of used Au/ZnO catalysts under different treatment atmospheres: (C) N,, (D) air, (E) CO, (F) CO/air.

and the Au ion concentration in the liquid phase was below the detection limit of the instrument. In the
absence of morpholine, similarly, the color of the catalyst remains unchanged in different atmospheres
[Figure 1C-F]. Furthermore, CuCl and CuBr, which were nearly ineffective for the Au/Cu-catalyzed
oxidative carbonylation of amines under mild conditions, could not effectively promote the leaching of
Au""". These results demonstrated that the oxidative carbonylation of amines is a key factor for Au
leaching from Au/MO, catalysts.

Then, the reaction conditions were optimized to further improve the leaching efficiency of Au from used
Au/MO,. Firstly, drawing on previous findings regarding the promotional effect of KI on oxidative
carbonylation of amines"*'”, we investigated its impact on gold leaching. Notably, the leaching efficiency of
Au from used Au/ZnO catalysts was increased significantly with the addition of KI [Figure 2A and
Supplementary Figure 1A]. While the amount of KI was 5 equivalents, the content of Au in used Au/ZnO
catalysts decreased to 0.38 wt%, ~52% of Au was dissolved from used Au/ZnO catalysts. Further increasing
the amount of KI to 10 equivalents, the leaching efficiency of Au from used Au/ZnO catalysts reached
~54.4% without noticeably increasing [Figure 2A]. To further optimize gold leaching in the presence of
iodide, the effect of cations in iodide was screened [Figure 2B and Supplementary Figure 1B]. In addition to
potassium, sodium, imidazole, and quaternary ammonium-based iodide were suitable for the leaching of
Au, but the efficiency of imidazole iodide was relatively poor (29.3 mg/mL).

Compared to primary amines (butylamine) or aromatic amines (aniline), secondary amines (morpholine)
exhibited better efficiency [Figure 2C, Supplementary Figure 1C, Supplementary Scheme 1]. However, a
poor efficiency (Au 4.7 mg/mL) in dibutylamine was obtained due to the strong steric effect. More than 50%
of butylamine was converted to the corresponding urea with 99% selectivity, but only ~2.93 mg/mL of Au
ions was detected. Alcohol solvents, such as methanol, ethanol, i-propanol, and t-butanol, are both reactants
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Figure 2. Leaching of gold from used Au/MO, catalysts. (A) Au source: used Au/ZnO, effect of content of Kl equivalent, I mol/Au mol;
(B) Au source: used Au/ZnO, the effect of cations in iodide, 10 equiv; (C) Au source: used Au/Zn0O, the effect of amines, Kl, 10 equiv;
(D) Au source: used Au/ZnO, effect of alcohol solvents, KI, 10 equiv.; (E) Effect of various used Au/MO, catalysts, KI, 10 equiv; (F) The
photo of used Au/MO, catalysts before and after leaching process. Oxidative carbonylation reaction condition: amine (1 mmol), Cul
(0.02 mmol) solvent 5 mL, CO 1.6 MPa, air 0.4 MPa, T = 60 °C, t =10 h. Au/MO,: Au/metal oxide.

and solvents for the oxidative carbonylation of amines to different carbamates. As shown in Figure 2D,
methanol (56.9 mg/mL), ethanol (60.3 mg/mL), and i-propanol (59.9 mg/mL) exhibited better leaching
efficiency of Au than ¢-butanol (23.6 mg/mL) [Figure 2D, Supplementary Figure 1D, Supplementary
Scheme 2].

Encouraged by the above results, we extended the study to other Au/MOx catalysts, including Au/AlLO,,
Au/Ga,0,, Au/SiO,, Au/TiO,, and Au/CeO,, to evaluate the generality of gold leaching assisted by the
oxidative carbonylation reaction [Figure 2E]. 91% of Au on Au/ALO, was dissolved, while the leaching
efficiencies for Au/Ga,O, and Au/SiO, catalysts reached ~92% and ~98%, respectively. In contrast, Au/TiO,
and Au/CeO, exhibited lower initial leaching efficiency of 47% and 32%, which may be due to the strong
metal-support interaction [Supplementary Figure 2]. However, after the secondary leaching operation, the
overall leaching efficiency reached 89% and 82%"!. Apparently, the solid residues after leaching displayed
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colors similar to their original supports [Figure 2F], further indicating that most of the gold had been
successfully leached from the used Au/MOx catalysts.

The transmission electron microscopy (TEM) patterns of the used Au/ZnO catalysts before and after
leaching were collected to more intuitively observe the Au leaching from the used catalysts. As shown in
Figure 3, Au NPs were easily observed on the ZnO surface at a 20 nm scale, and then disappeared after the
leaching process. Then, to understand which gold complexes existed in the liquid during the leaching
process, the high-resolution electrospray-ionization mass spectra (HRMS) of the liquid after the leaching
process were collected [Figure 3C]. In the negative ion mode, four obvious molecular ion peaks were
observed at m/z = 126.905, m/z = 316.739, m/z = 126.905, and m/z = 450.776, which can be attributed to the
I, [Cul,], and [Aul,]. It is therefore evident that Au NPs on ZnO were dissolved, and formed a stable
[Aul,]” complex in the liquid. The same is true for the gold complex formed in the recovery of gold in the
iodine-iodide system (I,/T/H,O,). These results indicated that the iodine (I,) or triiodide ion [I,] may be
generated during the oxidative carbonylation reaction.

With references to the previous reports on the possible mechanism of Pdl,-catalyzing oxidative
carbonylation and experiment results obtained in this work [Supplementary Schemes 3 and 4]"*'”, the
possible mechanism of gold leaching during the oxidative carbonylation is proposed [Figure 3D]. The re-
oxidization of Cu or Au during the oxidative carbonylation reaction is omitted for clarity. Firstly, the
leaching process may start with the formation of a carbamoylcopper iodide intermediate, from the reaction
between Cu (ii) complex with iodide ligands, morpholine (amines), and CO. Then, the direct nucleophilic
displacement by the amine leads to the formation of the urea and HI. Subsequently, the HI species was
oxidized into I, with active oxygen and further reacted with I' to produce [L]". Finally, Au NPs were
oxidized by [I,] to [AuL,]". At this time, an efficient bimetallic catalysis for oxidative carbonylation is formed
by a combination of [Aul,] and Cul, which will generate more HI and [I,], thus realizing an efficient gold
leaching process.

CONCLUSIONS

By integrating the hydroiodic acid (HI) generated in the oxidative carbonylation of amines, we realized a
cyanide-free process for the Au recovery from spent Au/MO, catalysis. This tandem approach achieved a
maximum leaching efficiency of 98%. Importantly, unlike the classical gold leaching method, our process
avoids the use of cyanide salts, strong acids, or strong oxidants. Meanwhile, useful nitrogen-containing
chemicals are produced during the leaching process, further highlighting the economic and practical value.
In a wider context, this leaching strategy holds potential for application in the leaching of other metals, such
as Pd, Rh, and Cu, from spent catalysts, ores, and electronic wastes.
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Figure 3. TEM pattern of the used Au/ZnO catalysts (A) before leaching and (B) after leaching; (C) Negative ion HRMS of the toluene
solution after leaching; (D) Proposed mechanism for the gold leaching assisting by oxidative carbonylation of amines. TEM:
Transmission electron microscopy; HRMS: high-resolution electrospray-ionization mass spectra.
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