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Abstract: Rhodium (Rh) catalyst has played an indispensable role in many important industrial and
technological applications due to its unique and valuable properties. Currently, Rh is considered as
a strategic or critical metal as the scarce high-quality purity can only be supplemented by refining
coarse ores with low content (2-10 ppm) and is far from meeting the fast-growing market demand.
Nowadays, exploring new prospects has already become an urgent issue because of the gradual
depletion of Rh resources, incidental pressure on environmental protection, and high market prices.
Since waste catalyst materials, industrial equipment, and electronic instruments contain Rh with
a higher concentration than that of natural minerals, recovering Rh from scrap not only offers
an additional source to satisfy market demand but also reduces the risk of ore over-exploitation.
Therefore, the recovery of Rh-based catalysts from scrap is of great significance. This review provides
an overview of the Rh metal recovery from spent catalysts. The characteristics, advantages and
disadvantages of several current recovery processes, including pyrometallurgy, hydrometallurgy, and
biosorption technology, are presented and compared. Among them, the hydrometallurgical process
is commonly used for Rh recovery from auto catalysts due to its technological simplicity, low cost,
and short processing time, but the overall recovery rate is low due to its high remnant Rh within
the insoluble residue and the unstable leaching. In contrast, higher Rh recovery and less effluent
discharge can be ensured by a pyrometallurgical process which therefore is widely employed in
industry to extract precious metals from spent catalysts. However, the related procedure is quite
complex, leading to an expensive hardware investment, high energy consumption, long recovery
cycles, and inevitable difficulties in controlling contamination in practice. Compared to conventional
recovery methods, the biosorption process is considered to be a cost-effective biological route for Rh
recovery owing to its intrinsic merits, e.g., low operation costs, small volume, and low amount of
chemicals and biological sludge to be treated. Finally, we summarize the challenges and prospect
of these three recovery processes in the hope that the community can gain more meaningful and
comprehensive insights into Rh recovery.
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1. Introduction

As strategic resource reserves, precious metals (rhodium (Rh), platinum (Pt), palla-
dium (Pd), ruthenium (Ru), iridium (Ir), and osmium (Os)) are widely used due to their
unique chemical and physical properties [1,2]. The application of precious metals can
be deeply involved in many military high-tech fields such as aviation, navigation, mis-
siles, rockets, atomic energy, microelectronics technology, as well as in chemical, optical,
lubricating materials, instrumentation, petrochemicals, automotive exhaust purification,
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biomedicine, etc. Nowadays the development of precious metals has already been emitting
an indispensable, important, and valuable brilliance, which attracts a large amount of
attention around the world. With a continuous combination of nanotechnology and deep
processing technology, the application scope of precious metals is expanding, especially
in the field of chemical catalysis, which plays an irreplaceable role. Almost all precious
metals can be used as catalysts, but the most commonly used are Pt, Pd, Rh, Ag and Ru,
among which Pt and Rh are more employed. Precious metal particles can easily adsorb
reactive substances on their surface, facilitating the formation of intermediate “active com-
pounds”. They can act as important catalyst materials widely utilized in the chemical
industry, biocatalysis, and environmental protection, due to their high decomposition
activity. Precious metal catalysts play a key role in the petrochemical industry, which
can accelerate the chemical reaction rates without participating in the reaction itself. Be-
sides, they are regularly applied in hydrogenation, dehydrogenation, oxidation, reduction,
isomerization, aromatization, cracking, synthesis, and other reactions. In addition, with
the development of technology, precious metal catalysts are beginning to be employed
in emerging environmental and energy fields [3]. As a clean energy carrier, hydrogen is
known to be a very promising renewable energy source due to its high energy density, zero
carbon emission, and earth element abundance [4]. However, the slow reaction kinetics
and the excessive overpotential for the cathodic precipitation of hydrogen and the anodic
precipitation of oxygen are becoming the main obstacles for large-scale electrolysis. There-
fore, high-performance electrocatalysts are needed to reduce the overpotential and improve
the efficiency of water cracking, and noble metal-based (PGMs) catalysts have been proved
as the most advanced electro-catalysts owing to their high activity and stability in acidic
solutions [5,6]. In particular, Ir and Ru and their oxides are the most advanced OER (oxygen
evolution reaction) catalysts [7-9]. Moreover, the cost of storing hydrogen is extremely high,
as it must be kept in pressurized tanks up to 700 bar or it should be liquefied, which means
that it has to be cooled down to —253 °C. Note that these two procedures require additional
energy consumption. Scientists at the German Electron Accelerator have proposed a new
method of storing hydrogen in tiny nanoparticles made of the precious metal palladium,
which is only 1.2 nm in diameter. They found that hydrogen adheres to the surface of
the precious metal nanoparticles and barely penetrates the interior. Recovering the stored
hydrogen requires only a small amount of heat to be given and the hydrogen is rapidly
released from the surface of the particle, as the gas molecules do not have to push out from
inside the cluster [10]. As precious metal nanoparticles are extremely sensitive to heat,
light, humidity, and temperature in the environment, nanosensors are also one of the most
promising application areas for metal-based nanoparticles. By varying the size, shape, and
dielectric environment of precious metal nanoparticles, they can eventually be applied in
preparing a variety of noble metal nanoparticle-based morphology/size-dependent colori-
metric assays. They offer high sensitivity and selectivity compared to other conventional
colorimetric sensors, based on excellent and sensitive LSPR offset optical properties for the
recognition of different targets [11].

However, natural PGM reserves in the earth’s crust are relatively low, with only
66 thousand tons available globally, distributed in North America, Canada, South Africa,
Zimbabwe, and Russia. With the booming of the above-mentioned industries, the demand
for precious metals is rapidly increasing [1,12-14], but the scarce resources of high-quality
ores are unable to meet the market demand and can only be supplemented by refining
in poor ores with a low content (2-10 ppm), which leads to an extremely high cost of
extracting precious metals from minerals [15]. Moreover, due to the gradual depletion of
these precious metal resources, pressure on environmental protection, and high market
prices, increasing prospects for PGMs has become a matter of great concern and urgency.
Metal wastes can be called precious metal secondary resources relative to precious metal
mineral resources, which are mainly generated in the production process, deep processing,
usage process, and elimination process of precious metals, mainly in the form of tailings
from the production process of precious metals, waste liquid and slag from the deep
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processing and use process, scrapped or eliminated industrial and civil electronic products,
etc. Encouragingly, wastes such as waste catalysts, old industrial equipment, and electronic
scrap contain higher concentration of precious metal content than natural minerals, and
the energy consumption and other costs per unit mass of precious metal in the recycling
process are significantly lower than those of the original mining, while the emissions of
the three wastes generated are far less than those of the original mining process. Therefore,
under the circumstances of the growing depletion of precious metal mineral resources, the
high amount of pollution in the extraction and metallurgy process, and the increasing costs,
it is of both economic and environmental significance to enhance the recycling of precious
metal wastes [16]. Human society is currently facing two major challenges, i.e., resource
scarcity and environmental pollution. To achieve social sustainability, it is necessary to
simultaneously improve the efficiency of energy supply, conversion, and use, and the
recycling of precious metal waste resources is an important way to transform the linear
economic model into a circular economic model, stabilized into energy or other useful
products. It has a strategic synergistic potential to reduce both resource consumption and
pollution, thus reducing the environmental impact [17,18]. The vast majority of countries
have placed the recycling of precious metal wastes [19] on par with (or even more important
than) the development of mineral resources. Therefore, the recovery of precious metal
catalysts is crucial, but the diversity and complexity of spent catalysts urgently require a
variety of recovery technologies for the target species [20].

Affiliated as a member of the platinum group of metal elements, Rh not only has supe-
rior physical properties of high melting point and mechanical strength, good electrothermal
stability, but also stable chemical properties, excellent corrosion resistance, strong oxidation
resistance, and exceptional catalytic activity. As a result, Rh has expanded into numerous
industrial applications. The main Rh consumption (80%) involves automobile catalytic
converters which can dramatically reduce nitrogen oxides in exhaust fumes (Figure 1).
With the rapid development of fuel cell technology as power sources for vehicles, the Rh
amount used in the automotive industry will further increase. Moreover, Rh is greatly
utilized as a catalyst in hydrogenation reactions [21,22], nitric acid [23] and acetic acid
production [24] in the petrol-chemical industry. In addition, Rh is becoming increasingly
important for scientific investigation; for instance, it can be used for optic fibers, optical
mirrors coating, crucibles, thermocouple elements, etc. Besides, due to its high electronic
conductivity and strong corrosion resistance, Rh is considered an excellent electrical contact
material. Given the paramount significance of Rh in many fields, it has been recognized
as a strategic commodity in most leading industrial countries, such as the United States,
European Union and the United Kingdom [25,26].
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Figure 1. (a) Global Rh supply/demand from 2014 to 2019. (b) Global consumption profile of Rh
in 2019.

Along with the boosted requirement for related industrial products and the height-
ened awareness of environmental protection, Rh-related demand has increased annu-
ally [27]. However, Rh is very rare, accounting for only one billionth of the crust content,
which makes it a costly material in the market [28] (Figure 2). Although many new cata-
lysts have been developed to substitute for Rh, none of them can fully meet the market
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requirement [25,29]. Therefore, how to utilize the limited Rh resource rationally and effec-
tively is crucial. For instance, the spent Rh-based catalysts in various forms are considered
the most promising source of Rh secondary resource at present (Table 1). Among them, the
spent auto-exhaust catalyst is the largest part (in 2018, approximately 84% of Rh (24.07 tons)
was used in automotive catalytic converters) and is of the uppermost priority for recycling
Rh in a green and economic manner.
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Figure 2. Average Rh price trend 2002-2022 (USD/ 0z).

Table 1. Composition of different types of spent catalysts in various applications.

Application Fields Catalyst Carrier PGMs Content/wt.% References
Automotive Catalysts Co.rd1er1te . Pt/Rh; Pt-Pd-Rh; Pt, [1,30]
industry monolith ceramic 0.1-0.5
Metallic monolith Pt; Rh [31]
Bulk and Nitric acid Gauzes Pt-Rh 100 [32]
specialties HCN AlyO3, gauzes Pt/Rh 0.1, 100 [1,33]
Hydrogenation ACKY%ed Sciaorbon Pd; Pd/Pt, Ru; Rh; Ir [34]
. . 23, 2
Fine Chemicals Oxidation Activated carbon Pd; Pd/Pt, Ru; Rh; Ir 0.5-10 [35]
Debenzylation Activated carbon Pd; Pd/Pt, Ru; Rh; Ir [36]
Glass industry Glass fiber Pt-Rh alloy Pt-Rh 100 [37,38]
Homogeneous Acetic acid $10z, Metallic Rh; Ir/Ru 0.01-5 [39]
products monolith
Oil refining . .
industry Reforming Al,O3 Ru; Rh/Ir 0.02-1.2 [40,41]

Over the past two decades, many efforts have been dedicated to the recycling of spent
catalysts. By and large, there is no generally accepted criterion for classifying the existing
PGM recovery methods from the spent catalysts. However, a common practice is to clas-
sify them as hydrometallurgical and pyrometallurgical methods. The spent materials are
initially segregated, crushed, ground and then handled through pyro/hydrometallurgical
processes to recover the PGM. This paper reviews the relevant technologies and methods
for the recovery of Rh from spent catalysts, including various hydrometallurgical and
pyrometallurgical methods and biosorption techniques [42—44]. We directly analyze the
advantages and disadvantages of these processes, while briefly discussing the progress of
these technologies in recent years. Among them, the hydrometallurgical process, which in-
cludes extraction, precipitation separation, adsorption separation and ion exchange [45-47],
is commonly used for Rh recovery from auto catalysts due to its technical simplicity, low
cost and short processing time. However, its overall recovery is quite low due to the still
high content of Rh in the insoluble residue and the unstable and incomplete leaching. In
contrast, higher Rh recovery, larger capacity and less effluent discharge can be ensured by
pyrometallurgical processes. Pyrometallurgical processes then include incineration and
melt enrichment. The spent catalyst can be melted at high temperatures by combining
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fluxes and metal collectors to form PGM-containing alloys, from which precious metals
can be recovered by appropriate re-refining techniques. Therefore, it is widely used in
industry to extract precious metals from spent catalysts. Moreover, the whole process is
quite complex, which leads to expensive hardware investments, high energy consumption,
long recovery cycles, and difficulties in controlling contamination in practice. With the
rapid development of biotechnology and the increase of human environmental awareness,
biosorption technology has become an emerging field for metal recovery. Biosorption is the
technology of adsorption, ion exchange, micro precipitate and coordination of metal ions
with biomass [48]. Compared with conventional recovery methods, the biosorption process,
with its low operating costs, small size, and a small number of chemicals and biological
sludge to be treated, is considered a cost-effective biological method for Rh recovery, and
it has great potential to replace the two conventional methods mentioned above. In this
paper, several methods are described and evaluated by reviewing metallurgical processes
that have been established for Rh recovery from spent catalysts (Table 2). It is hoped that
this paper will provide the reader with an understanding of the advances and prospects
associated with spent catalyst recovery and that researchers can gain additional meaningful
and important knowledge and insights into Rh recovery.

Table 2. Advantages and disadvantages of various recycling methods.

Method Advantage Disadvantage
. . . The need to control the rate of
. . Simple process; no chemical additives . .
Incineration . . incineration; prevent loss of
. required; high recovery rate. o .
Pyrometallurgical fugitive material.

process Short process flow; high efficiency; no Not very suitable for materials
Plasma melting wastewater and waste gas generation; containing SiOj; short service life of
high platinum enrichment. plasma guns at high temperatures.
High ad ility of terials; 1 .
. 1ghad aptab1 ity of raw materia’s; low Rh recovery is low (65% to 70%);
Metal trapping operating costs; weak reduction .
. .. number of factors to consider when
method atmosphere; high capture efficiency; .
: selecting a metal trap.
large production scale.
Volatilization SimPle process; low reagent . ' Corrosive; high equipment
consumption; low energy consumption. requirements; toxic gases to be handled.
Good separation effect; simple Requires large amounts of extractant
Hydrometallurgical Extraction method operation; high safet.y; low and diluent; 1pgred1ents are mostly
rOCess energy consumption. toxic reagents.
P . . . Inconvenient to operate; slow reaction
o Simple equipment; low investment; . -
Coprecipitation . . speed; introduction of other elements;
large processing capacity. .
easy to produce secondary pollution.
. . . - Rhodium is difficult te i in;
Adsorption High separation efficiency; low cost; rociun 1s drthe t to separate in resin
. ; . . high cost of resin incineration; serious
separation simple equipment and operation. .
secondary contamination.
Immobilization of biomaterials,
. . . distribution of biosorbents;
Biosorption Cheap; easy to obtain; flexibility. ISHIDUHON 01 LIOSOTbENts

regeneration and recycling are also
important issues to be solved.

2. Process of Rhodium Catalyst Recovery

Since the 1970s, research on Rh recovery from spent catalysts have been initiated in
both academia and industry. In general, the recovery of platinum-group metals from spent
catalysts generally consists of three major processes: pretreatment, crude extraction and
refining. Pretreatment means the necessary crushing and fine grinding of spent catalysts;
crude extraction is an important step to separate the carrier and platinum-group metals
in spent catalysts; refining is to concentrate and purify the platinum-group metals in the
leachate. The coarse extraction process is the most important part of the whole recovery
process, which directly affects the recovery rate and cost. Given the complexity of the com-
position, morphology and the original manufacturing process of the spent catalyst, there
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are various Rh recovery techniques, and the main methods can be classified as pyrometal-
lurgical, wet enrichment and bioenrichment. The processes related to pyroprocessing are
discussed separately in the later sections [49-53].

2.1. Pyrometallurgical Process

Pyrometallurgy is an important smelting method in the metallurgical industry. The
basic principle is the separation of metallic and non-metallic substances in the molten state
by high temperatures [54], followed by grinding, sieving and separation of the materials
(Figure 3), and finally, further refining and purification of the metals. Pyrometallurgy is
also a general solution for the recovery of valuable elements from industrial waste. In
pyrometallurgical recovery of precious metals, the non-precious metals in the catalyst are
heated at high temperatures to form slag with additional slagging materials in a molten
state, and the slag is removed by floating in the upper part of the melt under the principle
of density difference, while the precious metals are trapped by other base metals to form an
alloy that sinks to the bottom of the solution for further processing after cooling. The main
methods for recovering Rh from automotive catalysts by fire include incineration, plasma
melting, metal trapping, pyro-chlorination and high-temperature volatilization.

Spent Rhodium
catalyst

4

Homogenization

4

Pretreatment

X

Smelting / Incineration /Volatilization

3

Rh
Preconcentrates

/ - \
Rh Waste liquor

concentrates

4

Dissolution

Purification ~ IEEEE——— Rhmetal )

. Additives (Flux /
Reduction agent)

Figure 3. Flowsheet illustrating Rh recovery by the pyrometallurgical process.

2.1.1. Incineration

Carbonaceous carrier catalysts of platinum-group metals have been widely used in the
petrochemical and chemical industries. Pt-C, Pd-C and Rh-C catalysts are commonly used
in hydrogenation reactions such as hydrogenation, amination and hydrodesulfurization to
remove sulfur from aromatic compounds in the petrochemical industry, and the carriers
are mostly granular or flake coconut shell activated carbon. They are mostly distributed
on the surface and in the pores of the carbon particles in a particulate metal state. They
have a strong adsorption capacity, and the use of the direct leaching method is very unsat-
isfactory. The incineration method mainly focuses on the carrier of carbon material, using
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the combustibility of carbon in the incineration method to destroy the carrier and collect
the active component platinum-group metals. The principle of the incineration method
is to recover the platinum-group metals from the burnt residue after decarburization by
incineration, taking appropriate measures such as oxygen-enriched operation, adding com-
bustion aid clay or slaked lime to make the activated carbon carrier ignite, so that the ash
rich in platinum-group metals can be obtained after full combustion. The platinum-group
metals are subsequently recovered by process steps such as reduction, dissolution, solution
purification, and refining [53,55,56]. Incineration is a simple process, without the addition
of any chemical additives. The corresponding recovery rate is also very high and the key
to affecting the recovery rate of Rh needed for the above-mentioned characteristics of the
various carriers, to take appropriate measures to speed up the incineration rate and prevent
the loss of fugitives.

Mitsubishi Chemical Co. reported a method to prevent Rh loss during incineration.
An alkaline compound, as an incineration inhibitor, was put into the mixture of organic
solvent and Rh complex coordinated by organic phosphorous compounds. The incineration
temperature was well controlled, and the final temperature was below 1000 °C. The Rh
recovery rate was estimated to be more than 93% [57]. Wang et al. [58] used programmed
heating to control the incineration rate to further improve the recovery of Rh. They
concluded that the Rh recovery from the catalyst was related to the operating temperature
during incineration and that gradual heating could greatly increase the recovery of Rh. In
this study, the Rh catalyst with a boiling point of below 300 °C accounts for 70~80% of the
composition. Below 300 °C, if fast heating is exerted, the spent catalyst easily evaporates
with the volatilization of organic components. Therefore, programmed heating is usually
applied. Before reaching 300 °C, the temperature is maintained for 1.5 h with an interval of
50 °C. When the temperature is above 300 °C, it is kept for 1 h at every 100 °C, before the
ultimate temperature of 1100 °C is attained. It was found that the recovery rate can be as
high as 99.9% under the optimum conditions.

2.1.2. Plasma Melting Method

The principle of plasma melting is to use the plasma arc to melt metals by providing
a sufficiently high temperature and to intensify the melting of the furnace charge so that
the platinum in the spent catalyst combines with the trap metal to form an alloy and sink
to the bottom, while the carrier component enters the slag phase by slagging with the
applied slagging material to achieve the mutual separation of platinum and catalyst carrier.
The plasma melting method has the advantages of relatively short process flow, the high
production efficiency of precious metals, no wastewater and waste gas generation, and
high enrichment of platinum. The process is that the material melts and the alloy sinks
while the slag floats, making the slag and metal separate from each other. Since the content
of Rh in the spent catalyst is generally low, a good separation of slag and alloy is necessary
to ensure a high recovery rate. In this method, the difference in specific gravity between
slag and metal is large, and the separation of slag and alloy is excellent.

Li et al. [59] studied the melting enrichment of platinum-group metals in spent auto-
mobile exhaust catalysts by pyrometallurgical smelting technology. The research showed
that when the smelting reaction time was 4 h, the amount of collector Fe304 was 20% of
the material amount and the reducing agent dosage was 9%. When the amount of CaO
was 40% and the temperature was 1450 °C, the comprehensive Rh recovery rate could
reach more than 97%. The Kunming Institute of Precious Metals in China used a special
process to treat imported platinum group metal mixtures obtained from plasma smelting.
The main components of raw materials contained: Platinum (Pt) 5.12%, Palladium (Pd)
0.95%, Rhodium (Rh) 0.71%, Copper (Cu) 0.85%, Nickel (Ni) 9.66% and Ferrum (Fe) 55.41%.
The platinum group metal mixtures were converted into a metal liquid by plasma melting,
which contained 54.9 wt % Pt, 10.4 wt % Pd and 9.25 wt % Rh. And the experimentally
comprehensive recovery rate can reach up to 98%.
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Although the plasma melting method has irreplaceable advantages, it also has some
disadvantages. For example, when the waste catalyst contains a certain amount of silica,
5i0, will be reduced to mono silicon under the action of reducing agent during the
melting process, and then mono silicon will form high ferrosilicon with the trapping
agent, which will form an insoluble alloy phase with precious metal platinum, making
the subsequent treatment more difficult and increasing the cost of the process. In addi-
tion, the plasma melting method also has many other problems that need to be solved,
such as the plasma melting equipment needs to operate at special high temperatures,
and the plasma gun at high temperatures in the very short service life, so that the ap-
plication of the method in practice is limited, so in the future, further research can be
higher temperature resistance, and easy to replace the plasma gun. At the same time,
high-temperature refractory materials should be used as the lining of the equipment to
solve the wear and tear problem caused by refractory materials in the high-temperature
working environment.

2.1.3. Metal Trapping Method

Similar to plasma, metal trapping also employs a metal matrix to trap platinum
group elements (Figure 4). The metal trapping method uses the special affinity of molten
metals such as Fe, Cu, Pb, Bi, or molten cannon to PGMs to make PGMs enter the
alloy phase. The base metal carriers and fluxes make slag, and the density of the alloy
phase is greater than that of the slag phase and settles in the lower layer, thus achieving
efficient enrichment of PGMs. The trapping process is as follows: the trapping metal is
melted into droplets at high temperature and then uniformly distributed in the liquid
slag; the reduced PGMs particles are attracted to the metal droplets and attached to
the metal droplets; due to gravity, the metal droplets gather and settle to the bottom of
the vessel, thus achieving the purpose of enrichment and separation. Metal trapping
method can deal with insoluble carriers, and low-grade platinum group metal waste
catalysts, with the advantages of strong adaptability of raw materials, low operating
costs, weak reducing atmosphere, high trapping efficiency, and large production scale. It
is especially suitable for treating poorly soluble carriers and spent catalysts with very low
platinum group metal content. Nevertheless, it low Rh recovery (65% to 70%) inevitably
hinders the potential application. In terms of metal trap selection, this process requires
consideration of the trap melting point, the solubility of the trap and platinum-group
metals, slag and alloy separation, and metal loss.

—

Capturing
reagent
Waste organic F
Rhodium catalyst | L[ Mixed |, [Reduction |, [ Shaker | | RModium
reagent roasting sorting
powder

| Reducing agent |

| Additive |

—

Figure 4. Flow chart for Rh recovery via metal capture.

Zhou et al. [60] proposed a process to recover Rh from waste organocatalysts by
solid iron trapping. The effects of the reducing agent, trapping agent and reduction
temperature on Rh recovery were systematically examined. It was shown that, after
grinding and sorting, the solid-state reduction occurred at a reduction temperature of
1200 °C, a reduction time of 6 h, a coal dust ratio of 9% and an additive ratio of 8%, the
Rh recovery was 96.53%. Zhao et al. [61] utilized the copper trapping method to recover
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platinum-group metals from the failed auto catalysts. The results showed that, upon
increasing CaO/S5iO, mass ratio, the amount of trap and reductant, melting temperature
and processing time, the recovery rate increased gradually and saturated after reaching
a threshold value. The corresponding recovery rates of Rh, Pd and Pt were 97.6%, 99.2%
and 98.2%, respectively, at a condition of CaO/SiO; mass ratio = 1.05, trap ratio of 35—
40%, reducing agent ratio of 6%, melting temperature of 1400 °C and melting time of 5 h.
In literature published in 2012, He et al. [39] developed a new process for the treatment
of Rh-containing organic wastes in the acetic acid industry. Taking full advantage of the
specific affinity of metal sulfides (CuS, FeS, Ni;Ss, etc.) for platinum-group metals, Rh is
recovered from the organic waste incineration slag using high nickel rhenium-aluminum
thermal activation. High-activity Rh can be achieved with low demand for equipment.
Compared with the wet treatment, which produces a large amount of harmful wasted
water, the pyrometallurgical concentration can avoid the above problem with a short
process flow. In addition, in the case of high-temperature metallurgical enrichment
process, the Rh recovery rate can reach 94.65%.

The metal trapping method is based on the same principle as the plasma melting
method, except that the equipment providing the required temperature for melting is
different and the melting temperature is much lower than that of plasma melting. The
metal trapping method involves the separation of the precious platinum from the molten
catalyst by trapping the molten platinum into the metal melt at high temperatures, while
the other carrier material and the additional slagging agent form a slag that can be
easily separated from the metal melt. The main considerations in this method are the
type of melt and the choice of trapping agent. The trapping agent should take into
account its mutual solubility with platinum, melting point, loss of slag-entrained metal,
and chemical properties. Various metals have certain advantages and disadvantages as
trapping agents.

2.1.4. Volatilization

The treatment of spent catalysts with chlorine gas and chlorinating agents at high
temperatures results in the formation of soluble chlorides or gaseous chlorides of
platinum-group metals. Depending on this property, the platinum-group metals can
be enriched from some failed auto exhaust catalysts by using chlorinated gas phase
volatilization. Then, it is absorbed using water, alkaline solution, chloride complexes, or
adsorbents, and then further recycled for processing. In a Japanese patent [62], platinum-
group metals from exhaust gas cleaning catalysts of the failed automobile were recovered
by high-temperature chlorination and volatilization method. At first, a chlorinating
agent (e.g., NaCl, KCl, CaCl, NaF, and CaF,) was added to the crushed failed auto
exhaust catalyst. Then, a gaseous oxidizer such as Cl, or CCly was passed into the closed
high-temperature furnace and chlorinated at high temperature of 1000~1200 °C and
absorbed by NH4Cl solution, and the Rh recovery rate can reach 85~90%. In addition
to the recovery of platinum-group metals by chlorination, some carriers of failed auto
exhaust catalysts can be removed by volatilization and chlorination, thus enriching
platinum-group metals.

The chlorination gas phase volatilization method has the advantages of a simple
process, low reagent consumption and low energy consumption, but the high temper-
ature chlorination in the production process has a corrosive effect on the equipment,
resulting in high requirements for the equipment; the waste catalyst has the phenomenon
of adsorption of chlorine gas and the need to wash the waste catalyst with N, before
feeding, as well as the need to deal with a large amount of toxic gas in the whole recovery
process, thus limiting its technical application. In addition, attention should be paid to
chlorination treatment in production to prevent it from causing harm to human body
and environment.
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Opverall, thermal recovery has significant advantages over the wet process in terms of
platinum recovery rates and environmental aspects. As the environmental impact of the
wet process becomes more severe and the grade of platinum in the spent catalyst becomes
lower, the wet process can no longer meet the current recovery production situation. The
thermal process has many advantages due to its shorter process flow, less wastewater,
lower environmental impact and a wide range of raw material grades. Thermal recovery
technology will be the main technology for secondary resource recovery of platinum in
the future. Therefore, the research work on pyroprocessing for platinum recovery will be
continued in the following process.

2.2. Hydrometallurgical Process

In the late 1960s, the hydrometallurgical process began to be applied in recycling
precious metals and gradually became one of the prevailing methods in this field [63,64].
Wet metallurgy relies on solutions such as acids or bases to dissolve metal components,
which are then concentrated and purified to recover the involved metal [14,65]. The wet
process mainly includes pretreatment, leaching and extraction processes. Catalysts are
mainly composed of two parts: the carrier and the active material, and the catalysts of
different industries have different applications and different carriers. For example, most of
the catalyst carriers for the automotive industry are «- Al;O3 and ceramic cordierite; for
the petroleum industry, the catalyst carriers are generally alumina; more commonly used
industrial carriers are silica, activated carbon, molecular sieves, etc. During the catalytic
reaction, the platinum group metal particles in the carrier are in a dynamic equilibrium
moving inside and outside, and due to thermal diffusion, the temperature rises and the
v-Al,O3 around the metal particles turns into x-Al,O3. The catalyst may sometimes
adsorb organic matter and bring in other impurities, resulting in carbon accumulation on
the catalyst surface. Therefore, according to the physicochemical properties of different
types of catalysts, corresponding pretreatment measures, such as grinding, roasting and
leaching, are used to improve the leaching rate of platinum-group metals. Huang et al. [66]
used cyanide to recover platinum-group metals from automotive exhaust gas catalytic
systems by means of pressurized leaching. The pretreatment effect on the subsequent
cyanide leaching rate of platinum-group metals was investigated by analyzing the material
size, solid content, alkali dosage, leaching temperature, leaching time and pressure in the
reaction process. The results demonstrated that the encapsulation of platinum-group metals
by catalyst carrier could be destroyed during the pretreatment procedure, which facilitated
cyanide leaching. The optimized process conditions are determined as follows: 90% of
spent catalytic particles with a size less than 74 pum, slurry solid ratio 4:1, alkali content
10%, reaction temperature at 160 °C for 2 h and total pressure of constant system at 2.0 MPa
with initial oxygen partial pressure of 1.0 MPa. Under the above optimal experimental
condition, the cyanide leaching rates of platinum-group metals, Pt, Pd and Rh can reach
96%, 98% and 92%, respectively.

Acid-soluble: 2A1203 + 3H2504 = Alz (50)4 + 3H20

Alkali-soluble: Al,O3 + 2NaOH = 2NaAlO, + H,O

Dissolution is one of the most important steps in separating the carrier from the
platinum-group metals in spent catalysts, and three methods are commonly used: carrier
dissolution, active component dissolution and total dissolution. The carrier dissolution
method is to dissolve the failed catalyst carrier so that the platinum-group metals are
enriched in the insoluble slag, which has stable chemical properties and is difficult to
be eroded by common mineral acids. The spent catalyst carrier alumina, however, is an
amphoteric oxide that is both soluble in acids to produce aluminum salts that are easily
soluble in acidic solutions (pH < 4) and soluble in bases to produce partial aluminates
that are easily soluble in alkaline solutions (pH > 13). Therefore, acid-soluble or alkali-
soluble methods are used to treat alumina carrier catalysts so that they are transferred
into solution and separated from the active component to enrich platinum-group metals.
The carrier dissolution method is suitable for the treatment of catalysts with y-Al,O3
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carrier, but if the carrier is x-Al;O3, the dissolution rate is not high and other methods
must be used to separate x-Al,O3. In addition, the alkali dissolution method requires
much equipment and the operation of solid-liquid separation is difficult, so it is not used
much in practice. The active component dissolution method, which is the opposite of the
carrier dissolution method, is the use of one or more oxidant hydrochloric acid solutions to
dissolve the platinum group metal components in the waste catalyst, so that the PtCI2~,
PdClif, RhClgf ion form into the solution, and are then extracted from the solution. With
the active component dissolution method, the reagent consumption is low, the recovery
cost is low, and the recovery rate is high, but the leaching residue still contains a high
level of platinum-group metals, which will cause a lot of waste if not recovered reasonably.
In contrast, the total dissolution method is to dissolve both the carrier and the active
component of the spent catalyst into solution in the presence of an oxidizing agent, mixed
with one or two acids, and then extract the platinum-group metals from the solution. High
recovery of platinum-group metals can be ensured, but the acid consumption is high, the
treatment cost is high and, like the carrier dissolution method, it is only suitable for the
treatment of catalysts with y-Al;,Os3 as a carrier. In order to concentrate and purify the
platinum-group metals in the leachate, suitable methods must be used. The main methods
currently used are reduction precipitation, solvent extraction and ion exchange. They are
described in detail below.

2.2.1. Extraction Method

In 1971, International Nickel Corporation (INCO) first employed solvent extraction
for the recovery of the precious metal gold. At that time, dibutyl carbitol (DBC) was used
as an extractant, while oxalic acid was subjected to stripping to recover solid gold until
the 1980s. Afterward, INCO had a fairly complete range of extraction processes which
were gradually applied to the recycling of secondary resources, such as waste catalysts
in the automotive or chemical industries and precious metal scrap in the electronics
industry. The extraction efficiency is a measurement of the activity of the Rh catalyst
and is related to the ease of extraction and the degree of deactivation [67]. Among
the processes for extracting Rh, most studies focused on the choices of extractant and
stripping agents. Extractants were applied to the extraction of platinum-group metals,
primarily oxygen, sulfur, phosphorus and nitrogen-containing extractants. American
Eastman Kodak company disclosed a process for the recovery of Rh catalysts from
the carbonylation of methyl esters to acetic anhydride systems. After adding an equal
amount of dichloromethane and HI solution to tar containing the Rh catalyst, 28%
ammonia water was added, followed by vigorous shaking for 30 s. The as-obtained
mixture was allowed to stand for 10 min, layered and finally repeatedly extracted to
obtain the Rh. The Rh recovery rate in the above process can reach 98%. In addition, the
aqueous solution containing the catalyst can be returned to the reactor for recycling [68].
As reported by Fuchs et al. [69], for the first time, an effective reactive extraction method
was successfully developed; that is, adopting acetic acid aqueous solution for ectopic
reaction extraction of bis-hydroaminomethylation (bis-HAM) products formed a water-
soluble ammonium salt. The generated ammonium salt was primarily present in the
aqueous phase, while the Rh complex remained in the nonpolar organic phase, so that
Rh could be successfully reused in a three-cycle operation.

Yang et al. [70] reported the development of a novel thermoregulated polyethylene
glycol (PEG) biphasic system consisting of PEG-400/1,4-dioxane/n-heptane. By applying
this system to the hydroformylation of 1-dodecene catalyzed by a phosphate-containing
modified Rh complex TMPGP (P[O(CH,CH,0),CHs]3, n = 8)( Figure 5), the conversion
of 1-dodecene and the yield of aldehyde reached 96% and 94%, respectively. The catalyst
showed no significant loss of catalytic activity after 23 cycles with an average Rh loss per
run of 0.65%.
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Figure 5. The hydrotormylation of 1-dodecene [70].

In recent years, the rapid development of catalysis technology and homogeneous
catalysis reaction has also made a significant impact in this field. Although homogeneous
operation mode generally shows high selectivity and mild reaction conditions, it is challeng-
ing when effectively separating and recycling metal catalysts [71]. The first industrial-scale
application of homogeneous transition metal catalysts in the chemical industry is hydro-
formylation; however, two-phase extraction techniques were unable to recover the catalyst
used for this reaction. Researchers have found that when two or more extractants are used
to extract platinum-group metals or their compounds simultaneously, a co-extraction effect
can be produced and the extraction rate can be improved. Yu et al. [72] designed a triple-
liquid-phase system (TLPS) to study the extraction and separation of Pt, Pd and Rh, which
allows the extraction of different target components into three different liquid phases in a
single-step operation. His research system consists of polyethylene oxide-polypropylene
oxide random block copolymer (EOPO), diisopentyl sulfide (S201), H;O and Na;SO4. The
results showed that the salt concentrations, salt type and the coexisting H* and CI" concen-
trations in NapSOy4 aqueous solution significantly affect the phase separation of Rh, Pt and
Pd. Under optimized operating parameters, Pt (IV) and Pd (II) can be selectively separated
from Rh (III).

Ionic liquids have been considered as excellent alternative solvents in platinum-group
metals (PGM) extraction due to their low toxicity, low volatility and high thermal stability.
Yan et al. [73] presented a route for the extraction and separation of Pt, Pd, Ru and Rh
from the mixed imidazolium-based ionic liquids. It was mentioned that the separation
of Pt from the other three platinum-group metals was achieved using a mixture of three
different ionic liquids. Secondly, the concentration of ionic liquids was adjusted to achieve
the separation of Pd and Ru from Rh. This result provides more insight into extracting and
separating metals.

Brunsch et al. [74] utilized the concept of temperature-controlled multicomponent
solvent systems (TMS) in the hydroformylation of long-chain olefins (Figure 6). The
principle of TMS essentially depends on temperature-dependent phase behavior. Because
TMS is a homogeneous phase during the reaction, mass transfer restrictions will not occur.
As the temperature decreases, a miscibility gap appears in the system leading to two
liquid phases: nonpolar and polar liquid. Organic products are dissolved in the nonpolar
phase, while the catalyst is dissolved in the polar phase. The products and catalysts can
be separated by different solubilities in their phases. The reacted and separated non-polar
product phase can be purified in down-streaming process, while the polar catalyst phase
will be recycled. However, if the product phase dissolves the catalyst, the loss of catalyst
cannot be avoided. For the first time, Behr et al. [75] performed an effective catalyst recovery
of these long-term stable nanoparticles in a heat-set multi-component solvent system. In
his study, the catalyst phase was recycled three times without significant degradation in
activity. After cycling, Rh nanoparticles remain active catalysts.
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Figure 6. TMS catalyst recycling concept [74].

Solvent extraction is an efficient separation method with the advantage of good
separation effect, simple operation, high safety and low energy consumption in the process.

2.2.2. Coprecipitation

Precipitation is the most common method for recovering platinum-group metals from
spent catalysts and has been used for a long time and is still being developed and refined.
The precipitation method can be divided into precipitation separation and co-precipitation
separation. The precipitation separation method is suitable for the separation of macronu-
trient components (above the order of milligrams), while the co-precipitation separation
method is mainly suitable for the separation of trace components (less than 1 mg/mL).
Co-deposition is a method of enrichment by simultaneous deposition of a substance and
the substance to be enriched. In the precipitation separation method, on the one hand, high
recovery of the trace component to be separated and enriched is required, and on the other
hand, the co-precipitant does not interfere with the determination of the component. It is
required to select the appropriate co-precipitant and precipitation conditions in order not
to interfere with the determination of the component. The co-precipitant and precipitation
conditions should be selected according to the specific requirements in order to obtain
a satisfactory separation and enrichment effect. The co-precipitation method is one of
the effective methods to enrich trace precious metal components. After the addition of
co-precipitant and reducing agent in the sample solution, the co-precipitating carriers
precipitate out of the solution together with the carriers during the precipitation process
through adsorption, entrapment and mixing crystals, thus separating them from the matrix
elements. Commonly used precipitating agents include tellurium, thiourea, etc. In recent
years, the use of new precipitating agents has effectively shortened the analysis time. Co-
precipitation or precipitation of trace precious metals using inorganic or organic trapping
agents to separate them from a large amount of matrix material is one of the common
methods used for precious metal analysis and enrichment separation. Since rhodium is
much more difficult to dissolve than other platinum-group metals, solutions or metal salts
containing rhodium obtained during the refining process should not be readily reduced
to metal without confirming their purity to the required level. In order to co-precipitate
trace precious metals, the co-precipitating substances used are generally amorphous pre-
cipitates with a large active surface area, such as thiourea, sodium sulfide, sodium nitrite,
ammonium chloride, etc.

(1) Thiourea precipitation method

The thiourea precipitation method is based on the fact that all the chloride complexes
of the precious metals can generate a variety of complexes with a molecular ratio of 1:(1~6)
with thiourea, such as [Pt(Tu)4]Cl,, [Pt(Tu),]Cl,, [Ph(Tu)3]Cls, [Ph(Tu)s]Cl,, etc. These
complexes are destroyed when heated in concentrated sulfuric acid medium to produce the
corresponding sulfide precipitates, while the base metals do not undergo similar reactions
and continue to be retained in solution, thus achieving the separation of precious and base
metals. In operation, 3~4 times of the total amount of precious metals are added to the
solution to be treated, then sulfuric acid of the same volume as the solution is added, heated
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to 190~210 °C and then held for 0.5~1 h. After cooling and diluting in 10 times the volume
of cold water, the precious metal concentrate is obtained after filtering and washing. This
method is good for the separation of precious and base metals, especially for a variety of
complex solutions, but the operating conditions are poor, and usually less used.

(2) Sodium sulfide precipitation method

The sodium sulfide precipitation method is to add Na,S to the capacitated solution
containing platinum-group metals, so that the precious and base metals in the solution
under certain operating conditions are generated by sulfide precipitation, and then to
dissolve the base metal sulfide with hydrochloric acid or controlled potential chlorination
to achieve the separation of precious and base metals. At room temperature, sodium
sulfide can directly precipitate gold (III) and palladium (II) from their chlorine complexes
and rapidly form the corresponding sulfide precipitate in the solution. However, when
reacting with Rh(IIl), only ligand exchange occurs first, and the reaction rate is slow; at
boiling temperature, if sodium sulfide is added quickly and the dosage is too much, it can
generally generate the corresponding thio-salt. In order to separate the precious and base
metals, the following operation can be used: add an excess Na,S to the mixed solution
of precious and base metals, keep the pH value at 8~9, and boil for a while, so that the
precious metal chloride ligands are converted into various thio-salts. Then acidify the
solution with hydrochloric acid to pH = 0.5~1 and boil for 0.5 h, at which time the precious
and base metals are all converted into easily settled and filtered sulfides. Submit the filtered
mixed sulfide into hydrochloric acid, heat them and add appropriate oxidant into the above
mixture to leach base metals, and the produced slag is the enriched precious metal sulfides
with aqua regia dissolving for the subsequent separation and purification. This method is
rarely used now because the precious metal sulfides are often not easily destroyed, and the
reaction is often abnormal in the subsequent separation and purification process.

(3) Sodium nitrite with hydrolysis precipitation method

Sodium nitrite with hydrolysis precipitation method is the use of platinum-group
metals and chlorine with an acid salt solution, which after treatment by sodium nitrite can
be converted into more stable soluble nitrite complexes, while the base metals other than
Ni and Co do not form nitrite complexes. By adjusting the pH of the solution, the base
metals can be precipitated out as hydroxides, achieving the separation of precious and
base metals.

The nitrite complexes of Pt, Rh and Ir can exist stably in a solution of medium alkalinity.
Even if the pH is 10, boiling still does not decompose them; the other base metals have
been hydrolyzed and precipitated at pH < 8. In the precious/base metal separation process,
gold is directly reduced to metal and can be recovered by the dissolution of the base
metal hydroxide precipitates and filtration. In addition, the base metal hydroxide can
adsorb precious metal complexes, which is not easy to be washed. Because the resulting
precious metal nitrite complexes need to be converted into chlorine complexes through
hydrochloric acid destruction, the process is also a relatively complicated operation and is
now rarely used.

(4) Ammonium chloride precipitation method

Ammonium chloride can generate corresponding ammonium precipitates of different
colors with chloride complexes of precious metals, which have low solubility in water
and even lower solubility in ammonium chloride solution, and can fully wash out the
entrapped base metal ions with a certain concentration of ammonium chloride solution,
to achieve effective separation of precious and base metals; this method is widely used
in the refining of platinum-group metals. George et al. [76] studied the mechanism and
kinetics of Rh3* co-precipitation with CuS upon adding excess aqueous thiosulfate to metal
sulfate solutions. First, a homogeneous reaction occurs before nucleation, followed by the
growth of heterogeneous crystals. During this process, metal sulfides are automatically
catalyzed. At the initial stage of ionic precipitation, there is competition between Rh**
and Cu®* within the hydrogen sulfide aqueous solution, resulting in precipitation of most
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of the Rh. When [Rh3*] falls below [Cu?*], the total reaction rate of Rh3* will be much
lower than that of Cu?*, which can deplete available sulfides and restrain the amount of
ionic Rh3* precipitation. Eventually, the concentration of Rh3* is two orders of magnitude
lower than that of Cu?* and the temperature ranges from 50 to 150 °C. The heterogeneous
cationic substitution reaction has been identified as a new precipitation path in metal
sulfide co-precipitation. According to this study, the concentration of metal ions and the
reaction temperature are confirmed as the main factors affecting the precipitation rate of
metal sulfide.

Researchers [77] investigated different precipitants, providing H-, Cl-, CO- and acac-
source reagents, along with fresh triphenylphosphine (TPP), to produce easily precipitated
substances such as RhCl (CO)(TPP),, HRh (CO)(TPP)3; and Rh (CO)(acac)(TPP) (acac is an
acetylacetonate base), to separate Rh from the spent catalyst. The process is simple and
mature and the partially deactivated catalyst is activated directly. However, the higher the
degree of catalyst deactivation, the more difficult it is to form precipitates. As a result, the
recovery rate is greatly reduced, indicating that it depends heavily on the activity of the Rh
catalyst in the spent catalyst solution. Japan Mining Metal Co. Ltd. invented a way to refine
Rh-containing hydrochloric acid solution, wherein the solution also contains Ag, alkaline
earth metals and other heavy metal impurities [78]. First, alkali is added to the solution
to adjust the pH within the range of 7 and 12. After all components other than Rh are
neutralized and precipitated, the solution is then filtered and separated. Then, hydrochloric
acid is added to control the molar ratio of Cl: Rh in the solution. Ag is removed by a heating
and cooling treatment. In the final step, the previously obtained solution was extracted
with bis(2-ethylhexyl) phosphate acid (DEHPA). Through the above steps, the recovery of
Rh from the aqueous phase can be ensured, while heavy and alkaline earth metals can be
removed. Hermann et al. [79] developed a process for the recovery of noble metals from
dilute aqueous and non-aqueous solutions, which contain salts of non-noble metals and
other less volatile inorganic or organic compounds. At first, the Rh-containing catalyst
solution is mixed with elemental tellurium or a reducible tellurium compound. Then the
solution is stirred at a temperature of 100 °C to 250 °C for 1 to 3 h. Finally, the Rh precipitate
is acquired via precipitation. The recovery rate of the above method is higher than 98%.
Except for a slight entrainment loss, tellurium is not absorbed by organic waste streams,
s0 its consumption is very small. The U.S. Patent (No. 5256188) provides a method by
which Rh is separated from an organic solution, organic water mixture or aqueous solution
complexing agent by reacting with bismuth or a reducible bismuth compound to form
precipitates [80]. In this method, bismuth in the homogenous catalysis is added to the
residue of a homogeneous catalytic aqueous solution containing Rh. After sulfuric acid is
added to adjust the pH to about 2, the solution is refluxed at a temperature of 200 °C for
12 h. Finally, Rh recovery can be achieved after filtering out the precipitate.

The advantages of the reduction precipitation method are simple equipment, low
investment and large treatment capacity. Inconvenient operation and a slow reaction speed,
however, limit its applications. In addition, the introduction of other elements when adding
precipitating agents, especially those containing metal elements, increases the difficulty of
post-treatment. The amount of sludge generated is large and difficult to recycle, and it is
easy to produce secondary pollution of sludge.

2.2.3. Adsorption Separation

Recently, adsorption separation has emerged as a new technology, based on adsorp-
tion of certain elements or ions by an adsorbent. This method separates dissolved Rh-
phosphorus complex catalysts from high-boiling-point organics by adding adsorbent for
pure physical separation (Figure 7). In particular, it benefits from the application of ion
exchange resin technology for adsorption. The ion exchange method is a method of sep-
aration by using ion exchange agents to exchange ions in solution. Depending on the
nature of the functional groups they contain, ion exchange resins can be classified into
seven categories: strongly acidic, weakly acidic, chelating, redox, weakly basic, acid-base
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amphoteric and strongly basic [81]. Since ion exchange occurs between similar ions, and
platinum-group metals tend to form complex anions, anion exchange resins are the ma-
jority of resins used in platinum group metal separation. Compared with conventional
hydrometallurgy, adsorption separation is more promising by its high separation efficiency,
low cost, simple equipment and operation [25,82-87]. We believe that it will gradually
become the most desirable option for the recovery of low concentrations of PGMs.

Polar solvents Nonpolar solvents

a C
Adsorbent Solute Hydrophilic Hydrophobic
molecule molecules part part

Figure 7. Schematic diagram of adsorption action of large-grid adsorbent. (a) In polar solvents,
the adsorption of non-polar adsorbents. (b) In polar solvents, the adsorption of moderately polar
adsorbents. (c) In non-polar solvents, the adsorption of moderately polar adsorbents.

Japanese patent (No. 51-048519) provided a method for a complete separation of Rh-
phosphine complexes from high-boiling-point or gelatinous distillation residues formed by
organic reaction [88]. The Rh phosphine complex catalyst is adsorbed and separated by
adding a selective adsorbent material to the mixture. The adsorbents used are carbonates
and alkaline earth metal silicates, with magnesium silicate being preferred. The surface area
of the adsorbent generally covers the range from 100~1000 m? g~!, with a recovery rate of
Rh > 90%. In 2018, Ibrahim et al. [89] reported a selective and efficient Rh recovery process
under modest working conditions. This method utilizes CO to extract Rh nanoparticles on
a variety of polar solvent carriers. In comparison with traditional recovery technologies, it
operates at a low temperature and does not require strong acids. In the presence of other
precious metals, the newly reduced sample is still very selective for Rh with a leaching
rate exceeding 90%. The metals are obtained in the form of highly reduced multi-core
clusters. Similar to CO, as a leaching agent, formic acid is also able to extract Rh from
the spent catalysts under milder conditions. A.C.R. Brown et al. [34] recovered Rh from
a spent catalyst solution with the aid of ion exchange resins that bonded with metal
components. After calcination and purification processes, the Rh powder was obtained.
Using this method, the Rh catalyst can be recovered from the homogeneous catalytic
hydroformylation reaction of olefins with CO. Panster et al. have successfully recovered Rh
by suspending an organosiloxane-based absorbent in HNBR solution via the stirred kettle
method [90]. The absorbent was removed from the solution after a suitable residence time.
Alternatively, by employing a column method in which the catalyst is fully absorbed in an
absorbent, the combustion residue was collected by incineration or by extraction with a
suitable solvent. Li et al. [91] investigated the direct adsorption of catalysts from HNBR
mastic with a macroporous ion exchange resin and analyzed the adsorption capacity of Ru
and Rh precious metals in hydrogenated nitrile rubber (HNBR) chlorobenzene mastic. The
resin was pretreated with 2 wt% NaOH and 5 wt% HCI solution and then soaked in ethanol
and acetone solution in turn to load the column. A certain amount of HNBR mucilage
was slowly added to the column to control the effluent rate, which was substituted by
chlorobenzene. At 90 °C, the adsorption rate of metal Rh was over 95% using A40, R01
and R02 resins, while the recovery via resin incineration can exceed 98%. A Chinese
Patent (No. CN102923796A) developed a technique to recover Rh from the spent catalysts
of carbonyl synthesis [92]. The researchers first added silica adsorbent into the waste
containing Rh catalyst after the carbonyl synthesis reaction. Then, a high-temperature dry
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distillation and roasting were performed, before adding concentrated hydrochloric acid to
the resulting residue. Ozone was passed into the system until there were no black particles
in it. After performing filtration and washing, rhodium chloride acid solution was acquired.
Finally, impurities such as Fe, Ni and Ca were removed by ion exchange and the solution
was concentrated and dried to get hydrated rhodium chloride. The described procedure
combines incineration and liquid phase digestion, which overcomes the low efficiency
arising from the all-liquid phase method and large loss stemming from the incineration
method. Additionally, this approach has the characteristics of high efficiency, simple
operation and low loss. Benefiting from this process, the recovery rate of Rh is greater than
99% and the content of total impurities within the produced rhodium chloride hydrate is
less than 0.5% [93]. Although the adsorption method is straightforward, a deeper insight
is still required to gain a high and stable recovery of Rh. Apart from the Rh dissociation
problem from adsorption resin, the introduction of resin incineration is not only costly but
also brings a risk of serious secondary pollution.

Compared with the pyrometallurgical process, the hydrometallurgical approach pro-
vides the following merits: (a) suitable for small-scale treatment at a low cost; (b) excellent
quality of recycled precious metals; (c) mild reaction conditions and low energy consump-
tion [47]. However, it is obsessed by the following problems: (a) the process is complicated
and a certain amount of precious metals is lost; (b) the alkaline or acid leaching agent
is highly corrosive, causing inevitable secondary pollution to the environment; (c) the
extractant and diluent in the extraction are highly toxic, resulting in a potential threat to
environment and human health; (d) a huge amount of wastewater is generated, containing
spent chemical solvents that are difficult to treat or recycle [64].

2.2.4. Other Methods

The oxidation method [77] employs oxidizing agents to disrupt the coordination of
ligands with Rh metal in catalyst under appropriate conditions, resulting in Rh as Rh3*
or solid particles, which are then separated from the catalyst waste stream. Though the
hardware requirement of oxidation method is simple, the overall recovery rate is low. Chen
et al. [94] invented a way to refine Rh-containing waste catalysts out of a hydroformylation
reaction by treating them with hydrogen peroxide. As a result, nearly 90% of total Rh is
recovered in the form of precipitation by keeping the reaction temperature at 100~150 °C
for 1 h~3 h. The remaining solution is concentrated and processed into Rh slag. Then
the as-obtained slag is incinerated for 2~4 h to remove the residual carbon. Owing to the
existence of other metal impurities, the final rhodium trichloride hydrate merely serves as
crude material.

Yang et al. [95] provided a method to recover Rh from the spent catalysts in carbonyl
synthesis reactions. The carbonate of alkali metal or alkaline earth metal was added to the
waste catalyst and incinerated at 650 ~700 °C. The residue after incineration was crushed
and then dissolved by adding an appropriate amount of alkali metal acid sulfate at an
elevated temperature. The waste Rh species converted into soluble Rhy(504)3. When the
as-obtained solution was poured into the cathode chamber of an electrolysis device at a
controlled potential, Rh powder was plated at the cathode. The single process recovery
rate can reach more than 96% with a purity as high as 99.95% in the final powder.

Photocatalytic reactions produce free radicals with high reactive properties, which
can interact with other substances. In addition, photocatalysis has the advantages of low
energy consumption, simple operation, high efficiency and zero emission of hazardous
waste. Chen et al. report a photocatalytic process for the selective recovery of elemental Rh
from spent circuit boards, spent catalysts and ores [96]. The whole process does not involve
strong acids or bases or toxic cyanides, but only the addition of a photocatalyst, (e.g., TiO,)
in a MeCN-DCM solvent and exposure to light. By a simple reduction reaction, more than
99% of the target elements can be dissolved with a purity of 98% and the catalyst can be
reused more than 100 times by experiments.
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2.3. Biosorption

As mentioned earlier, both pyrometallurgical and hydrometallurgical processes are
widely adopted to recycle precious metals from waste. Unfortunately, the corresponding
time and labor costs of both methods are relatively high. At the same time, from the
process point of view, because many chemical reagents are added during the treatment
process, a large amount of secondary waste is generated. The reprocessing of these wastes
is also tricky. Therefore, it is necessary to develop a low-cost and environmentally friendly
precious metal recovery process for Rh recovery from wastewater.

Biosorption is based on the usage of active or inactive microorganisms and their
metabolites, (including yeasts, bacterial active matter, bacteria, fungi, algae and some
biological wastes) [97], to adsorb metals through physical interactions and/or chemical
reactions (including complexation and deposition, redox and ion exchange, etc.) [54,98]. The
mechanism of metal biosorption is relatively complex. The state of the biomass (active or
inactive), type of biomaterial, chemical nature of the metal solution, and the environmental
conditions, affect the mechanism of metal biosorption on the basis of physicochemical
interactions in the form of chelation and complexation of metal ions, ion exchange, and
electrostatic interactions, between functional groups on the cell surface and metal ions
(Figure 8). The process parameters affecting the biosorption of precious metals are listed as
follows [99].

Biosorption
Metabolism Independent

Complexation Precipitation

cell membrane

@
ye o

| microorganism | Transport Across Cell

Membrane

Bioaccumulation

Metabolism Dependent

Figure 8. Mechanisms of biosorption and bioaccumulation of metal ions by microorganisms.

(a) Solution pH serves as the most important factor influencing both adsorption
process [100] and the exposure of the adsorbent binding sites. The optimal adsorption pH
(1.0-3.0) for platinum-based metals is generally low [101].

(b) Biosorbent dosage. Decreasing the surface area of the biosorbent increases the
number of binding sites, while the number of solutes adsorbed per unit weight of biosorbent
decreases with increasing biosorbent dosage.
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(c) Initial solute concentration. The higher the concentration, the greater the solute
uptake, which is due to the lower ratio of the initial molarity of the solute to the effective
surface area at lower initial solute concentrations. Subsequently, the number of adsorbed
solutes is independent of the initial metal concentration.

(d) Stirring speed and period. By adjusting the stirring speed, the mass transfer
resistance of the system can be reduced.

(e) Reaction temperature usually affects the stability of the precious metal ions in
solution [48], the stability of the ions with the adsorbent fit, and the ionization of the cell
wall chemistry.

(f) Ionic strength also affects the solute adsorption on the biomass surface, which can
be attributed to a competition between ions, i.e., other competing ions may compete with
the major metal ions for adsorption sites or reduce the properties of the adsorbent.

The biosorption of precious metals could be governed by chemisorption and/or
physisorption mechanisms. Considering the adsorption groups of microorganisms, the
main mechanisms include complexation, ion exchange adsorption, electrostatic mechanism,
micro-precipitation mechanism, enzymatic mechanism, redox mechanism, etc. [102,103].
(1) Complexation mechanism: the microbial cell wall (mainly sugars, proteins, lipids
and pigments) contains a variety of functional groups, such as hydroxyl, carboxyl and
phosphate groups, which can be ligand-binding with heavy metals [104,105]. (2) Ion
exchange adsorption mechanism: some pre-existing ions such as Ga?*, Mg?* and OH"
ions are replaced by the target heavy metal ions in solution and exchange adsorption
with heavy metals. (3) Electrostatic mechanism: some charged groups on the surface
of microbial cells exert an electrostatic effect on the heavy metals in solution and thus
adsorb on the surface. (4) Micro-precipitation mechanism: some microorganisms react
with heavy metals in the cell wall or inside the cell to produce precipitates. (5) Enzymatic
mechanism: microorganisms use their biomass enzymes to transport some of the precious
metals into the cell, thus acting as recycling agents. (6) Redox mechanism: certain enzymes
secreted by microorganisms undergo redox reactions with metal ions. One of the unique
and effective ways of fabricating novel biosorbents is to enhance biosorption by cell surface
engineering. Microorganisms are endowed with a large contact area with metal ions in the
environment due to their small size and resultant large specific surface areas. The bounded
metal ions can be easily recovered without disrupting the integrity of cells. Moreover,
provided the metal-binding molecules anchored on the cell surface are functionally active,
the biosorption capacity of the cells can be maintained, even if an inanimate biomass
is used.

Garcia evaluated the biosorption of platinum-group metals (Pd, Ru, Ir, Rh, Pt) using
plant powder of Eichhornia crassipes. The recovery adsorption capacity of Rh reached
67.6% at an initial concentration of 14 mg/L. By investigating the mechanism, they con-
cluded that the high density of carboxylates in the root system is one of the main roles of
biosorption [106]. Gao et al. used waste P. pastoris and recombinant P. pastoris as new
adsorbents to study the adsorption of Rh (III). Under the adsorption conditions of pH 1.2,
temperature 30 °C and adsorption time 2 h, the maximum adsorption rates of waste P. pas-
toris and recombinant P. pastoris were 55.69% (110.1 mg g~ !) and 75.03% (142.11 mg g~ 1),
respectively. They found that the absorption peaks of O-H, C-O, amide II band, amide III
band and sugar were shifted after adsorption, indicating that hydroxyl, amino, protein
and sugar on the surface of the cell wall of P. pastoris GS-R play an important role in the
adsorption of Rh (III) [107]. Ngwenya et al. carried out a quantitative analysis of Rh (III)
removal by stationary sulfate-reducing bacteria (SRB) under different biomass, initial Rh
concentration, electron donor, temperature and pH conditions [108]. It has been shown
that SRB cells have a stronger affinity for anionic Rh species compared with neutral species
and cations. They found that SRB were indeed capable of recovering and subsequently
reducing Rh from highly concentrated solutions (>200 mg L~!). When the cells were
exposed for 90 min, Rh-rich precipitates were observed inside SRB cells. After exposure
for 9 h, high-density Rh zones existed at the exterior and periphery of SRB cells. Yousif
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prepared a new chelating biosorbent with iminodiacetate functionality [109] and produced
a resin (R-COONa) with better adsorption of Rh (III) in dilute solution. In the column
experiments, the breakthrough points of Pd (II) and Pt (IV) were faster than those of Rh (III).
This study suggests an immense potential for selective adsorption of Rh in spent catalyst
converters containing palladium and platinum.

In recent years, a great deal of studies on biosorption have proven it to be a cost-
effective biological method with great promise. This type of biomass is relatively inex-
pensive, readily available, and can be used in situ with proper designation. Notably, the
immobilization of biomaterial is another key factor that needs to be addressed before apply-
ing biosorption. In addition to cost reduction, it is also important to reduce the distribution,
regeneration, and recycling of biosorbents. The pursuit of a balance between energy cost
and environmental impact is also one of the research directions for Rh recovery. With the
rapid application of biotechnology in metal recovery, these problems are expected to be
partially solved soon. However, there is still a long way to go before biosorption can be
commercialized at a large scale [110,111].

3. Conclusions and Prospect

As precious metals are heavily used in industrial catalysts, functional materials, and
electronic products, related applications are restrained by their insufficiency in nature.
However, the above problem can be generally solved under consideration of the existence
of many kinds of secondary resources of precious metals. As the content of precious metals
from different sources varies greatly, the environmental pollution problem in processing
puts forward higher requirements on the secondary resource enrichment technology of
precious metals. This review provides an overview of the processes used to recover the
spent catalysts. These are divided into hydrometallurgical, pyrometallurgical and biosorp-
tion processes, all of which have merits and demerits. In the current industrial practice,
the pyrometallurgical process benefits from its short processing period, lower emission of
wastewater, and lower economic cost. Nevertheless, it requires a lot of energy and invest-
ment and causes environmental pollution. In contrast, hydrometallurgy allows small-scale
processing at a cost of mild reaction conditions and low energy consumption. However, the
corresponding process is complicated and generates large amounts of wastewater contain-
ing spent chemical solvents. Bio-recycling processes are flexible and cost-effective while
avoiding secondary waste generation. In addition, the bio-recycling process is sustainable
compared to other conventional metal recovery methods. Nevertheless, it suffers from low
Rh recovery efficiency. It is clear that current technology is deficient and still has a long
way to go before industrialization.

Currently, the recovery of spent Rh catalysts relies mainly on a combination of pyro-
processing, wet metal separation, and subsequent purification processes. With the growing
demand for avoiding large-scale disposal and the requirement of environmental protection,
in addition to developing new recovery processes, it is necessary to further optimize the
existing recovery process and improve the industrial chain of spent catalyst recovery. We
suggest that we can start from the special characteristics of secondary resources of precious
metals, increase the investment in developing secondary resources recovery technology,
and gradually establish a robust and efficient recovery system for precious metals. Secondly,
in the future, we shall be able to use secondary resources efficiently without increasing
the environmental burden while keeping certain economic benefits. Finally, since there
are many valuable metals in secondary resource waste, we hope to achieve simultaneous
recovery and comprehensive utilization of other valuable resources while enhancing the
recovery rate of precious metals.

Author Contributions: Conceptualization, H-W. and ].S.; methodology, H.W. and Y.L.; software,
M.J. and H.C,; validation, H.W. and ].S.; formal analysis, Y.P. and EY.; investigation, Z.Z., N.M. and
C.Z.; resources, HW.,, Y.L. and ].S.; data curation, HW. and Y.L.; writing—original draft preparation,
MJ]J. and EY.; writing—review and editing, HW.,, Y.L., G.J. and ].S.; visualization, HW. and Y.L.;



Catalysts 2022, 12, 1415 21 of 24

supervision, H.W. and ].S.; project administration, H.W.; funding acquisition, HW., Y.L. and J.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Taishan Scholar Project of Shandong Province, grant
number ts201712047 (Hui Wang), the Key Research and Development Program of Jiangsu Province,
grant number BE2021070 (Hui Wang), the Natural Science Foundation of Shandong Province, grant
number ZR2019MB001 (Hui Wang), the National Natural Science Foundation of China, grant number
21674055 (Jianhui Song) and 21801150 (Yanyan Li).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dong, H.; Zhao, J.; Chen, ].; Wu, Y.; Li, B. Recovery of platinum group metals from spent catalysts: A review. Int. ]. Miner. Process.
2015, 145, 108-113. [CrossRef]

2. Batten, J.A.; Ciner, C.; Lucey, B.M. The macroeconomic determinants of volatility in precious metals markets. Resour. Policy 2010,
35, 65-71. [CrossRef]

3. Chen, Z.; Duan, X.; Wei, W.; Wang, S.; Ni, B.J. Electrocatalysts for acidic oxygen evolution reaction: Achievements and perspectives.
Nano Energy 2020, 78, 105392. [CrossRef]

4. Chen, Z.; Duan, X.; Wei, W.; Wang, S.; Ni, B.J. Iridium-based nanomaterials for electrochemical water splitting. Nano Energy 2020,
78, 105270. [CrossRef]

5. Chen, Z.; Zheng, R.; Zou, W.; Wei, W.; Li, ].; Wei, W.; Ni, B.-].; Chen, H. Integrating high-efficiency oxygen evolution catalysts
featuring accelerated surface reconstruction from waste printed circuit boards via a boriding recycling strategy. Appl. Catal. B
Environ. 2021, 298, 120583. [CrossRef]

6. Chen, Z.; Zou, W,; Zheng, R.; Wei, W.; Wei, W.; Ni, B.].; Chen, H. Synergistic recycling and conversion of spent Li-ion battery
leachate into highly efficient oxygen evolution catalysts. Green Chem. 2021, 23, 6538-6547. [CrossRef]

7. Hou,J; Yang, M,; Ke, C.; Wei, G.; Priest, C.; Qiao, Z.; Wu, G.; Zhang, ]J. Platinum-group-metal catalysts for proton exchange
membrane fuel cells: From catalyst design to electrode structure optimization. EnergyChem 2020, 2, 100023. [CrossRef]

8.  Chen, Z,; Liu, Y.; Wei, W.,; Ni, B.]. Recent advances in electrocatalysts for halogenated organic pollutant degradation. Environ.
Sci-Nano 2019, 6, 2332-2366. [CrossRef]

9.  Chaudhari, N.K;; Joo, J.; Kwon, H.-b.; Kim, B.; Kim, H.Y; Joo, S.H.; Lee, K. Nanodendrites of platinum-group metals for
electrocatalytic applications. Nano Res. 2018, 11, 6111-6140. [CrossRef]

10. Franz, D.; Schroder, U.; Shayduk, R.; Arndt, B.; Noei, H.; Vonk, V.; Michely, T.; Stierle, A. Hydrogen solubility and atomic structure
of graphene supported Pd nanoclusters. ACS Nano 2021, 15, 15771-15780. [CrossRef]

11. Wang, H.; Rao, H.; Luo, M.; Xue, X.; Xue, Z.; Lu, X. Noble metal nanoparticles growth-based colorimetric strategies: From
monocolorimetric to multicolorimetric sensors. Coord. Chem. Rev. 2019, 398, 113003. [CrossRef]

12.  Bernardis, FL.; Grant, R.A.; Sherrington, D.C. A review of methods of separation of the platinum-group metals through their
chloro-complexes. React. Funct. Polym. 2005, 65, 205-217. [CrossRef]

13.  Duclos, L.; Chattot, R.; Dubau, L.; Thivel, PX.; Mandil, G.; Laforest, V.; Bolloli, M.; Vincent, R.; Svecova, L. Closing the loop:
Life cycle assessment and optimization of a PEMFC platinum-based catalyst recycling process. Green Chem. 2020, 22, 1919-1933.
[CrossRef]

14. Jha, MK, Lee, J.c.; Kim, M.s.; Jeong, J.; Kim, B.S.; Kumar, V. Hydrometallurgical recovery/recycling of platinum by the leaching
of spent catalysts: A review. Hydrometallurgy 2013, 133, 23-32. [CrossRef]

15. Mudd, G.M. Key trends in the resource sustainability of platinum group elements. Ore Geol. Rev. 2012, 46, 106-117. [CrossRef]

16. Tao, M.; Lu, D.; Shi, Y.; Wu, C. Utilization and life cycle assessment of low activity solid waste as cementitious materials: A case
study of titanium slag and granulated blast furnace slag. Sci. Total Environ. 2022, 849, 157797. [CrossRef] [PubMed]

17.  Hoang, A.T.; Varbanov, P.S.; NiZeti¢, S.; Sirohi, R.; Pandey, A.; Luque, R.; Ng, K.H.; Pham, V.V. Perspective review on municipal
solid waste-to-energy route: Characteristics, management strategy, and role in circular economy. J. Clean. Prod. 2022, 359, 131897.
[CrossRef]

18. Chen, Z.; Wei, W.; Chen, H.; Ni, B.]. Recent advances in waste-derived functional materials for wastewater remediation.
Eco-Environ. Health 2022, 1, 86-104. [CrossRef]

19. Chen, Z.; Zheng, R.; Wei, W.; Wei, W.; Zou, W.; Li, ].; Ni, B.-].; Chen, H. Recycling spent water treatment adsorbents for efficient
electrocatalytic water oxidation reaction. Resour. Conserv. Recycl. 2022, 178, 106037. [CrossRef]

20. Nakahiro, Y. Recycling of precious metals. In Ecomaterials; Yamamoto, R., Furubayashi, E., Doi, Y., Fang, R., Liu, B., Otsuka, K.,
Liu, C.T., Shimizu, K., Suzuki, Y., Van Humbeeck, J., et al., Eds.; Elsevier: Amsterdam, The Netherlands, 1994; pp. 167-170.

21. Morris, R.H. Exploiting metal-ligand bifunctional reactions in the design of iron asymmetric hydrogenation catalysts. Acc. Chem.
Res. 2015, 48, 1494-1502. [CrossRef]

22.  Foubelo, F; Njjera, C.; Yus, M. Catalytic asymmetric transfer hydrogenation of ketones: Recent advances. Tetrahedron Asymmetry
2015, 26, 769-790. [CrossRef]

23. Taylor, K.C. Nitric oxide catalysis in automotive exhaust systems. Catal. Rev.-Sci. Eng. 1993, 35, 457-481. [CrossRef]


http://doi.org/10.1016/j.minpro.2015.06.009
http://doi.org/10.1016/j.resourpol.2009.12.002
http://doi.org/10.1016/j.nanoen.2020.105392
http://doi.org/10.1016/j.nanoen.2020.105270
http://doi.org/10.1016/j.apcatb.2021.120583
http://doi.org/10.1039/D1GC01578H
http://doi.org/10.1016/j.enchem.2019.100023
http://doi.org/10.1039/C9EN00411D
http://doi.org/10.1007/s12274-018-2161-2
http://doi.org/10.1021/acsnano.1c01997
http://doi.org/10.1016/j.ccr.2019.06.020
http://doi.org/10.1016/j.reactfunctpolym.2005.05.011
http://doi.org/10.1039/C9GC03630J
http://doi.org/10.1016/j.hydromet.2012.11.012
http://doi.org/10.1016/j.oregeorev.2012.02.005
http://doi.org/10.1016/j.scitotenv.2022.157797
http://www.ncbi.nlm.nih.gov/pubmed/35932851
http://doi.org/10.1016/j.jclepro.2022.131897
http://doi.org/10.1016/j.eehl.2022.05.001
http://doi.org/10.1016/j.resconrec.2021.106037
http://doi.org/10.1021/acs.accounts.5b00045
http://doi.org/10.1016/j.tetasy.2015.06.016
http://doi.org/10.1080/01614949308013915

Catalysts 2022, 12, 1415 22 of 24

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yoneda, N.; Kusano, S.; Yasui, M.; Pujado, P.; Wilcher, S. Recent advances in processes and catalysts for the production of acetic
acid. Appl. Catal. A Gen. 2001, 221, 253-265. [CrossRef]

Arambasic, M.; Hooper, J.E,; Willis, M.C. Activating group recycling in action: A rhodium-catalyzed carbothiolation route to
substituted isoquinolines. Org. Lett. 2013, 15, 5162-5165. [CrossRef] [PubMed]

Liu, S. Metallurgy of Platinum Group Metals; Central South University Press: Changsha, China, 2013; pp. 24-76.

Wilburn, D.R.; Bleiwas, D.I. Platinum-Group Metals—World Supply and Demand; US geological survey open-file report, 2004-1224;
U.S. Department of the Interior: Washington, DC, USA, 2005.

He, X.; Guo, J.; Wang, H.; Li, Y.; Wu, X,; Zhao, Y.; Han, S.; Li, K,; Tan, W.; Liu, W. Reviews of platinum group metals secondary
resource and recycling industries in China. Precious Met. 2013, 34, 82-89.

Zhang, R.; Chen, Q.; Liu, Q.; Yu, W.; Tan, H. World demand and analysis of supply and demand of platinum-group metals. Resour.
Sci. 2015, 37, 1018-1029.

Kim, C.-H.; Woo, S.I; Jeon, S.H. Recovery of platinum-group metals from recycled automotive catalytic converters by carbochlori-
nation. Ind. Eng. Chem. Res. 2000, 39, 1185-1192. [CrossRef]

Kasuya, R.; Miki, T.; Morikawa, H.; Tai, Y. Dissolution of platinum in catalyst materials using hydrochloric acid: A new method
based on the use of complex oxides. Miner. Eng. 2016, 87, 25-31. [CrossRef]

Pérez-Ramirez, J.; Kapteijn, E; Schoffel, K.; Moulijn, J].A. Formation and control of N,O in nitric acid production: Where do we
stand today? Appl. Catal. B Environ. 2003, 44, 117-151. [CrossRef]

Horn, R.; Mestl, G.; Thiede, M.; Jentoft, F.C.; Schmidt, PM.; Bewersdorf, M.; Weber, R.; Schlogl, R. Gas phase contributions to the
catalytic formation of HCN from CH4 and NHj3 over Pt: An in situ study by molecular beam mass spectrometry with threshold
ionization. Phys. Chem. Chem. Phys. 2004, 6, 4514-4521. [CrossRef]

Brown, A.C.R;; Pearce, R.; Reynolds, G. Method for recovery of metals by incineration of metal contg. basic ion exchange resin.
Patent CN1452605A, 29 October 2003.

Steinhoff, B.A.; Fix, S.R.; Stahl, S.S. Mechanistic study of alcohol oxidation by the Pd(OAc),/O,/DMSO catalyst system and
implications for the development of improved aerobic oxidation catalysts. J. Am. Chem. Soc. 2002, 124, 766-767. [CrossRef]
[PubMed]

Hageliiken, C. Precious metals process catalysts: Material flows and recycling. Chim. Oggi 2006, 24, 14-17.

Adamek, J.; Bartuska, P; Lejéek, P; Baretzky, B. Grain boundary segregation and brittle fracture in a Pt-Rh base alloy. Scr. Mater.
1999, 40, 485-489. [CrossRef]

Peng, Z.; Li, Z; Lin, X,; Tang, H.; Ye, L.; Ma, Y.; Rao, M.; Zhang, Y.; Li, G.; Jiang, T. Pyrometallurgical recovery of platinum group
metals from spent catalysts. JOM 2017, 69, 1553-1562. [CrossRef]

He, X.; Wang, H.; Wu, X,; Li, Y,; Zhao, Y.; Han, S.; Li, K.; Guo, J. Study on the recovery of rhodium from spent organic rhodium
catalysts of acetic acid industry using pyrometallurgical process. Precious Met. 2012, 33, 24-27.

Byrd, A].; Pant, K K.; Gupta, R.B. Hydrogen production from glycerol by reforming in supercritical water over Ru/Al,O; catalyst.
Fuel 2008, 87, 2956-2960. [CrossRef]

Mark, M.E; Maier, W.E. CO,-reforming of methane on supported Rh and Ir catalysts. J. Catal. 1996, 164, 122-130. [CrossRef]
Samel, U.R; Bieg, W.; Broellos, K.; Irnich, R. Process for the recovery and recycling of nickel, cobalt and rhodium from mixtures
comprising aliphatic carboxylic acids. Patent EP0337262, 18 October 1989.

Liu, H.; Duarte, A.; Meihack, W.; Ratchev, LP. Production of ferro-nickel or nickel matte by a combined hydrometallurgical and
pyrometallurgical process. Patent US7597738B2, 06 October 2009.

Rossini, G.; Bernardes, A.M. Galvanic sludge metals recovery by pyrometallurgical and hydrometallurgical treatment. . Hazard.
Mater. 2006, 131, 210-216. [CrossRef]

Birloaga, I.; Veglio, F. An innovative hybrid hydrometallurgical approach for precious metals recovery from secondary resources.
J. Environ. Manag. 2022, 307, 114567. [CrossRef]

Chen, Z.; Ren, Z.; Zheng, R.; Gao, H.; Ni, B.J. Migration behavior of impurities during the purification of waste graphite powders.
J. Environ. Manag. 2022, 315, 115150. [CrossRef]

Choubey, PK,; Singh, N.; Panda, R.; Jyothi, RK.; Yoo, K,; Park, I.; Jha, M.K. Development of hydrometallurgical process for
recovery of rare earth metals (Nd, Pr, and Dy) from Nd-Fe-B magnets. Metals 2021, 11, 1987. [CrossRef]

OZer, A.; Ozer, D.; ibrahim Ekiz, H. The equilibrium and kinetic modelling of the biosorption of copper(ii) ions on cladophora
crispata. Adsorption 2005, 10, 317-326. [CrossRef]

Buhling, A.; Elgersma, ].W.; Nkrumabh, S.; Kamer, P.C.J.; van Leeuwen, PW.N.M. Novel amphiphilic diphosphines: Synthesis,
rhodium complexes, use in hydroformylation and rhodium recycling. J. Chem. Soc. Dalton Trans. 1996, 10, 2143-2154. [CrossRef]
Candeias, N.R.; Afonso, C.A.M.; Gois, PM.P. Making expensive dirhodium(ii) catalysts cheaper: Rh(ii) recycling methods. Org.
Biomol. Chem. 2012, 10, 3357-3378. [CrossRef]

Gurung, M.; Adhikari, B.B.; Alam, S.; Kawakita, H.; Ohto, K.; Inoue, K. Persimmon tannin-based new sorption material for
resource recycling and recovery of precious metals. Chem. Eng. J. 2013, 228, 405-414. [CrossRef]

Buhling, A.; Kamer, P.C.J.; van Leeuwen, PW.N.M.; Elgersma, ].W.; Goubitz, K.; Fraanje, ]. Novel amphiphilic diphosphines:
synthesis, X-ray structure, rhodium complexes, use in hydroformylation, and rhodium recycling. Organometallics 1997, 16,
3027-3037. [CrossRef]


http://doi.org/10.1016/S0926-860X(01)00800-6
http://doi.org/10.1021/ol402650q
http://www.ncbi.nlm.nih.gov/pubmed/24083625
http://doi.org/10.1021/ie9905355
http://doi.org/10.1016/j.mineng.2015.10.005
http://doi.org/10.1016/S0926-3373(03)00026-2
http://doi.org/10.1039/B407897G
http://doi.org/10.1021/ja016806w
http://www.ncbi.nlm.nih.gov/pubmed/11817948
http://doi.org/10.1016/S1359-6462(98)00470-9
http://doi.org/10.1007/s11837-017-2450-3
http://doi.org/10.1016/j.fuel.2008.04.024
http://doi.org/10.1006/jcat.1996.0368
http://doi.org/10.1016/j.jhazmat.2005.09.035
http://doi.org/10.1016/j.jenvman.2022.114567
http://doi.org/10.1016/j.jenvman.2022.115150
http://doi.org/10.3390/met11121987
http://doi.org/10.1007/s10450-005-4817-y
http://doi.org/10.1039/dt9960002143
http://doi.org/10.1039/c2ob06731e
http://doi.org/10.1016/j.cej.2013.05.011
http://doi.org/10.1021/om970068w

Catalysts 2022, 12, 1415 23 of 24

53.
54.
55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

De Wolf, E.; Speets, E.A.; Deelman, B.]J.; van Koten, G. Recycling of rhodium-based hydrosilylation catalysts; A fluorous approach.
Organometallics 2001, 20, 3686-3690. [CrossRef]

Lei, X. Review on the development of precious metal recovery industry in china. World Nonferrous Met. 2007, 42, 163-175.

Cui, J.; Zhang, L. Metallurgical recovery of metals from electronic waste: A review. . Hazard. Mater. 2008, 158, 228-256. [CrossRef]
Chang, EY.; Chen, ].C.; Wey, M.-Y. Catalytic removal of NO in waste incineration processes over Rh/Al,O3 and Rh-Na/Al,O3:
Effects of particulates, heavy metals, SO, and HCI. Fuel Process. Technol. 2009, 90, 576-582. [CrossRef]

Sakamoto, M.; Mori, T.; Tsuboi, A. Recovery method of rhodium. US Patent 5364445A, 15 November 1994.

Wang, R.; Zhao, X.; Zhang, W.; Gao, C.; Liu, G. Process for recovering metal rhodium from residual liquid of waste rhodium
catalyst. Patent CN1273278A, 15 November 2000.

Yong, L.I; Tang, H.X,; Xiong, Q.E; Yao, Y.; Xiao, X.; Wang, H.; Zhao, Y.; Ning, X.X. Recovery of platinum group metals from spent
auto-catalysts by smelting. Nonferrous Met. 2017, 145, 40-43.

Zhou, L.; Dong, H.; Zhao, |J.; Yuedong, W.U.; Bojie, L.I; Yang, H.; Bao, S.; Tong, W. Recovery of Rh from spent organic catalyst by
solid state reduction iron collection. Precious Met. 2015, 36, 17-20.

Zhao, J.; Cui, H.; Bao, S.; Tong, W.; Dong, H. Recovery of Pt, Pd and Rh from spent auto catalysts by copper collection method.
Precious Met. 2018, 39, 56-59.

Toru, S. Method for recovering platinum group metal. Patent JPH01225729A, 8 September 1989.

Ferracin, L.C.; Chacon-Sanhueza, A.E.; Davoglio, R.A.; Rocha, L.O.; Caffeu, D.J.; Fontanetti, A.R.; Rocha-Filho, R.C.; Biaggio, S.R.;
Bocchi, N. Lead recovery from a typical brazilian sludge of exhausted lead-acid batteries using an electrohydrometallurgical
process. Hydrometallurgy 2002, 65, 137-144. [CrossRef]

Chen, Z.; Wei, W.; Zou, W.; Li, J.; Zheng, R.; Wei, W.; Ni, B.J.; Chen, H. Integrating electrodeposition with electrolysis for
closed-loop resource utilization of battery industrial wastewater. Green Chem. 2022, 24, 3208-3217. [CrossRef]

Syed, S. A green technology for recovery of gold from non-metallic secondary sources. Hydrometallurgy 2006, 82, 48-53. [CrossRef]
Huang, K.; Chen, J.; Chen, Y.R.; Zhao, J.C.; Yang, Q.X. Recovery of precious metals from spent auto-catalysts by method of
pressure alkaline treatment-cyanide leaching. Chin. . Nonferrous Met. 2006, 16, 363-369.

Demopoulos, G.P. Solvent extraction in precious metals refining. JOM 1986, 38, 13-17. [CrossRef]

Barnes, R.L. Process for recovery of rhodium values. Patent US4364907A, 21 December 1982.

Fuchs, S.; Steffen, M.; Dobrowolski, A.; Rosler, T.; Johnen, L.; Meier, G.; Strutz, H.; Behr, A.; Vorholt, A.J. Secondary diamines as a
monomer from bis-hydroaminomethylation of industrial cyclic dienes. Catal. Sci. Technol. 2017, 7, 5120-5127. [CrossRef]

Yang, Y,; Jiang, ].; Wang, Y.; Liu, C,; Jin, Z. A new thermoregulated PEG biphasic system and its application for hydroformylation
of 1-dodecene. J. Mol. Catal. A Chem. 2007, 261, 288-292. [CrossRef]

Miceli, M.; Frontera, P.; Macario, A.; Malara, A. Recovery/reuse of heterogeneous supported spent catalysts. Catalysts 2021,
11, 591. [CrossRef]

Yu, P; Huang, K.; Zhang, C.; Xie, K,; He, X.; Liu, H. One-step separation of platinum, palladium, and rhodium: A three-liquid-
phase extraction approach. Ind. Eng. Chem. Res. 2011, 50, 9368-9376. [CrossRef]

Yan, Y.; Wang, Q.; Xiang, Z.; Yang, Y. Separation of Pt(IV), PA(II), Ru(IlI), and Rh(III) from chloride medium using liquid-liquid
extraction with mixed imidazolium-based ionic liquids. Sep. Sci. Technol. 2018, 53, 2064-2073. [CrossRef]

Brunsch, Y.; Behr, A. Temperature-controlled catalyst recycling in homogeneous transition-metal catalysis: Minimization of
catalyst leaching. Angew. Chem. Int. Ed. 2013, 52, 1586-1589. [CrossRef]

Behr, A.; Brunsch, Y.; Lux, A. Rhodium nanoparticles as catalysts in the hydroformylation of 1-dodecene and their recycling in
thermomorphic solvent systems. Tetrahedron Lett. 2012, 53, 2680-2683. [CrossRef]

Mc George, B.; Gaylard, P.G.; Lewis, A.E. Mechanism of rhodium(III) co-precipitation with copper sulfide (at low Rh concentra-
tions) incorporating a new cationic substitution reaction path. Hydrometallurgy 2009, 96, 235-245. [CrossRef]

Chen, G,; Yuan, Z,; Jiang, S.; Gong, H. Advances in technologies for recovering precious metal rhodium from spent catalysts.
Sino-Glob. Energy 2021, 26, 65-69.

Usui, S.; Ito, Y.; Okajima, N.; Swkine, K. Method for Recovering Rhodium. Patent CN101045959A, 3 October 2007.

Renner, H.; Kleiss, K.; Schlodder, R. Process for the Recovery of Noble Metals from Solutions. Patent US4687514 A, 18 August 1987.
Kleinwachter, I.; Kleiss, K.; Gerner, R. Process for the separation of rhodium from organic solutions. Patent US5256188 A,
26 October 1993.

Du, X.; Zhang, X.; Zhou, Y.; Yang, J.; Lv, J. Hydrometallurgical processes of platinum group metals recovery from exhaust catalysts.
China Min. Mag. 2009, 18, 82-85.

Els, E.R.; Lorenzen, L.; Aldrich, C. The adsorption of precious metals and base metals on a quaternary ammonium group ion
exchange resin. Miner. Eng. 2000, 13, 401-414. [CrossRef]

Iglesias, M.; Antico, E.; Salvado, V. Recovery of palladium(II) and gold(IIl) from diluted liquors using the resin duolite GT-73.
Anal. Chim. Acta 1999, 381, 61-67. [CrossRef]

Rovira, M.; Hurtado, L.; Cortina, J.L.; Arnaldos, J.; Sastre, A.M. Recovery of palladium(II) from hydrochloric acid solutions using
impregnated resins containing Alamine 336. React. Funct. Polym. 1998, 38, 279-287. [CrossRef]

Kakoi, T.; Goto, M.; Nakashio, F. Separation of platinum and palladium by liquid surfactant membranes utilizing a novel
bi-functional surfactant. J. Membr. Sci. 1996, 120, 77-88. [CrossRef]


http://doi.org/10.1021/om010115r
http://doi.org/10.1016/j.jhazmat.2008.02.001
http://doi.org/10.1016/j.fuproc.2008.12.017
http://doi.org/10.1016/S0304-386X(02)00087-7
http://doi.org/10.1039/D1GC04891K
http://doi.org/10.1016/j.hydromet.2006.01.004
http://doi.org/10.1007/BF03257809
http://doi.org/10.1039/C7CY01050H
http://doi.org/10.1016/j.molcata.2006.10.003
http://doi.org/10.3390/catal11050591
http://doi.org/10.1021/ie200883u
http://doi.org/10.1080/01496395.2018.1440304
http://doi.org/10.1002/anie.201208667
http://doi.org/10.1016/j.tetlet.2012.03.062
http://doi.org/10.1016/j.hydromet.2008.10.007
http://doi.org/10.1016/S0892-6875(00)00022-4
http://doi.org/10.1016/S0003-2670(98)00707-7
http://doi.org/10.1016/S1381-5148(98)00038-8
http://doi.org/10.1016/0376-7388(96)00137-8

Catalysts 2022, 12, 1415 24 of 24

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Liu, Y;; Fu, J; Zhou, Z.; Yu, X,; Yao, B. A study of P4t adsorption and its reduction by bacillus megaterium. Chem. Res. Chin. Univ.
2000, 16, 246-249.

Veglio, F.; Beolchini, F. Removal of metals by biosorption: A review. Hydrometallurgy 1997, 44, 301-316. [CrossRef]

Berunhalt, F. Recovery method of rhodium-phosphine complex catalyst. Patent 51-048519, 26 April 1976.

Ibrahim, M.Y.S.; Denmark, S.E. Selective extraction of supported Rh nanoparticles under mild, non-acidic conditions with carbon
monoxide. J. Mater. Chem. A 2018, 6, 18075-18083. [CrossRef]

Panster, P.; Wieland, S.; Buding, H.; Obrecht, W. Recovery of hydrogenation catalysts from solutions of hydrogenated nitrile
rubber. Patent US5403566, 4 April 1995.

Zhang, L.; Yao, M.; Xu, R.; Kuei-Hsien, H.; Zhong, Y. Adsorption of rhodium and ruthenium from hydrogenated nitrile
rubbersolution by macroporousion exchange resin. China Synth. Rubber Ind. 2006, 3, 197-199.

Jiang, L.; Yu, H.; Li, J.; Li, C,; Li, J.; Hao, T. Method for preparing rhodium chloride hydrate by recovering rhodium from dead
rhodium catalyst of oxo synthesis. Patent CN102923796A, 13 February 2013.

Jiang, L.; Li, C; Li, ].; Hao, T.; Wang, P.; Wang, B. Study on preparing high-purity rhodium chloride by using digestion solution
produced in dispelling waste catalyst containing rhodium from butyl octanol unit. Inorg. Chem. Ind. 2017, 49, 76-78.

Li, C; Yu, H; Jiang, L.; Li, J.; Li, J.; Hao, T. Method for recovering rhodium from dead catalysts containing rhodium of
hydroformylation reaction through treatment of hydrogen peroxide. Patent CN102925699A, 13 February 2013.

Chun, Y.; Gui, W.; Yu, L. Method of recovering rhodium from spent rhodium catalyst in carbonyl group synthesis reaction. Patent
CN1414125A, 30 April 2003.

Chen, Y.; Xu, M.; Wen, J.; Wan, Y.; Zhao, Q.; Cao, X.; Ding, Y.; Wang, Z.L.; Li, H.; Bian, Z. Selective recovery of precious metals
through photocatalysis. Nat. Sustain. 2021, 4, 618-626. [CrossRef]

Godlewska-Zylkiewicz, B.; Malejko, J. Appraisal of biosorption for recovery, separation and determination of platinum, palladium
and rhodium in environmental samples. In Platinum Metals in the Environment; Zereini, F., Wiseman, C.L.S., Eds.; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 33-52.

Kwak, I.S.; Won, S.W.; Chung, Y.S.; Yun, Y.-S. Ruthenium recovery from acetic acid waste water through sorption with bacterial
biosorbent fibers. Bioresour. Technol. 2013, 128, 30-35. [CrossRef]

Das, N. Recovery of precious metals through biosorption—A review. Hydrometallurgy 2010, 103, 180-189. [CrossRef]

Esposito, A.; Pagnanelli, F,; Veglio, F. pH-related equilibria models for biosorption in single metal systems. Chem. Eng. Sci. 2002,
57,307-313. [CrossRef]

Bashir, A.; Malik, L.A.; Ahad, S.; Manzoor, T.; Bhat, M.A_; Dar, G.N.; Pandith, A.H. Removal of heavy metal ions from aqueous
system by ion-exchange and biosorption methods. Environ. Chem. Lett. 2019, 17, 729-754. [CrossRef]

Liu, S. Preparation of four microbial adsorbents and their removal characteristics and mechanisms for heavy metals from
wastewater. Ph.D. Thesis, Kunming University of Science and Technology, Kunming, China, 2019.

Li, WW.; Yu, H.Q. Insight into the roles of microbial extracellular polymer substances in metal biosorption. Bioresour. Technol.
2014, 160, 15-23. [CrossRef]

Minoda, A.; Miyashita, S.i.; Fujii, S.i.; Inagaki, K.; Takahashi, Y. Cell population behavior of the unicellular red alga Galdieria
sulphuraria during precious metal biosorption. J. Hazard. Mater. 2022, 432, 128576. [CrossRef] [PubMed]

Ohata, J.; Ball, Z.T. A hexa-rhodium metallopeptide catalyst for site-specific functionalization of natural antibodies. J. Am. Chem.
Soc. 2017, 139, 12617-12622. [CrossRef]

Garcia, A.; Deyris, P.A.; Adler, P; Pelissier, F.; Dumas, T.; Legrand, Y.M.; Grison, C.I. Ecologically responsible and efficient
recycling of Pd from aqueous effluents using biosorption on biomass feedstock. J. Clean. Prod. 2021, 299, 126895. [CrossRef]
Gao, M,; Zhou, Y; Yan, J.; Zhu, L.; Li, Z.; Hu, X.; Zhan, X. Efficient precious metal Rh(III) adsorption by waste P. pastoris and P.
pastoris surface display from high-density culture. |. Hazard. Mater. 2022, 427, 128140. [CrossRef] [PubMed]

Ngwenya, N.; Whiteley, C.G. Recovery of rhodium (iii) from solutions and industrial wastewaters by a sulfate-reducing bacteria
consortium. Biotechnol. Prog. 2006, 22, 1604-1611. [CrossRef]

Yousif, A.M. Rapid and selective adsorption of rh(iii) from its solutions using cellulose-based biosorbent containing iminodiacetate
functionality. Sep. Sci. Technol. 2011, 46, 2341-2347. [CrossRef]

Mahamadi, C. Will nano-biosorbents break the achilles” heel of biosorption technology? Environ. Chem. Lett. 2019, 17, 1753-1768.
[CrossRef]

Hong, H.J.; Yu, H,; Hong, S.; Hwang, ].Y.; Kim, S.M.; Park, M.S,; Jeong, H.S. Modified tunicate nanocellulose liquid crystalline
fiber as closed loop for recycling platinum-group metals. Carbohydr. Polym. 2020, 228, 115424. [CrossRef] [PubMed]


http://doi.org/10.1016/S0304-386X(96)00059-X
http://doi.org/10.1039/C8TA06508J
http://doi.org/10.1038/s41893-021-00697-4
http://doi.org/10.1016/j.biortech.2012.10.146
http://doi.org/10.1016/j.hydromet.2010.03.016
http://doi.org/10.1016/S0009-2509(01)00399-2
http://doi.org/10.1007/s10311-018-00828-y
http://doi.org/10.1016/j.biortech.2013.11.074
http://doi.org/10.1016/j.jhazmat.2022.128576
http://www.ncbi.nlm.nih.gov/pubmed/35313161
http://doi.org/10.1021/jacs.7b06428
http://doi.org/10.1016/j.jclepro.2021.126895
http://doi.org/10.1016/j.jhazmat.2021.128140
http://www.ncbi.nlm.nih.gov/pubmed/34979391
http://doi.org/10.1002/bp060167h
http://doi.org/10.1080/01496395.2011.595034
http://doi.org/10.1007/s10311-019-00909-6
http://doi.org/10.1016/j.carbpol.2019.115424
http://www.ncbi.nlm.nih.gov/pubmed/31635723

	Introduction 
	Process of Rhodium Catalyst Recovery 
	Pyrometallurgical Process 
	Incineration 
	Plasma Melting Method 
	Metal Trapping Method 
	Volatilization 

	Hydrometallurgical Process 
	Extraction Method 
	Coprecipitation 
	Adsorption Separation 
	Other Methods 

	Biosorption 

	Conclusions and Prospect 
	References

