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A B S T R A C T

Critical and precious metals are essential in many modern applications. While their natural sources are de-
pleting, one must adapt to guarantee a reliable supply by developing new and optimizing existing techniques to
recover the elements from unexplored material flows. The aquatic phase is of great meaning to this issue, as
migration from solid to liquid streams is ubiquitous during industrial manipulation of the raw materials. The
resulting (waste) waters are characterized by low concentrations and varying chemical composition. Hence,
hydrometallurgical technologies should cope with such specific system conditions and physico-chemical prop-
erties of critical and precious metals when elaborating a recovery strategy. This review provides an overview of
the present status and outlook on technologies used to recover critical metals from solution, including ce-
mentation, precipitation, reduction, ion exchange, solvent extraction, electrochemical methods and adsorption
onto novel, sustainable materials. Special attention is given to adsorption technology, which is considered as one
of the most promising metal recovery options owing to its facile implementation, low cost, high availability and
high removal efficiencies even at low target metal concentrations. Key directions are suggested to tackle existing
challenges in the field of resource recovery and improve the sustainability of future material cycling.

1. Critical and precious metals

Driven by a rapidly growing human population and increasing use
of raw materials in industrial activities, the scarcity of low-abundant
resources has become a prime global concern. Hence, a reliable, sus-
tainable and unhindered access to these raw materials needs to be se-
cured. This issue was put at the forefront of policies and legislations
worldwide, inter alia in the United States and the European Union (EU).
As a result, under the EU Raw Materials Initiative, the European
Commission published a strategy for identifying such critical raw ma-
terials (CRMs). These CRMs are considered vital for economic devel-
opment, as well as for improving life quality. The criteria to evaluate
the criticality of raw materials in the nearest foreseeable future were
not solely based on overall global reserves. Also, their economic im-
portance and supply risk, arising out changing geopolitical-economic
contexts of supply and demand, may create e.g. export restrictions.

Furthermore, the estimated size of natural reserves plays a vital factor
in the assessment of raw materials that are deemed crucial (Hennebel
et al., 2015). Recently, the European Commission updated the criti-
cality assessment report and identified 27 out of 61 materials analyzed
as critical (Fig. 1).

The supply risk for a certain material is evaluated based on: (1)
substitutability (index), which is the measure of the difficulty to sub-
stitute the material, (2) end-of-life recycling rates (EOL-RR), which is
the proportion of material produced from EOL scrap and other low-
grade residues and the (3) concentration of producing countries with
poor governance (European Commision, 2017). Sixteen out of the 27
identified CRMs are metals, which are very vital to the development of
advanced materials such as catalysts and reagents in industries (Dodson
et al., 2015). These metals include antimony, beryllium, bismuth, co-
balt, gallium, germanium, hafnium, indium, magnesium, niobium,
platinum group metals (PGMs), rare earth elements (REE), scandium,
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Fig. 1. Scheme of 27 critical raw materials (CRMs), up right (red), that were identified in the 2017 criticality assessment (European Commision, 2017) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 2. Countries accounting for the largest share of global CRMs’ supply (European Commision, 2017).
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tantalum, tungsten and vanadium. In a similar report of the US De-
partment of Energy in 2010, 14 critical metals were identified to be
crucial to the development of emerging and low-carbon energy tech-
nologies (Hurd et al., 2012). Twelve metals that are included in the EU
assessment were also listed in the US DOE report, which also contained
lithium and tellurium as additional elements. Most of these critical
metals are classified as specialty metals because they are used in very
small amounts for very specific technologies such as phosphors, high-
strength magnets, thin-film solar cells and integrated circuits (Reck and
Graedel, 2012). In addition, gold, silver and PGMs, which consists of
platinum, palladium, rhodium, iridium, ruthenium and osmium, are
categorized as precious metals and often used in small amounts, yet
with a significant economic value (UNEP, 2011). Despite of the sig-
nificance of these metals to the EU economy, around 90% of their
supply comes from outside of the EU, with China almost providing half
of the total CRM supply (European Commision, 2017), as presented in
Fig. 2.

The fraction of CRMs supplied to the EU and its major suppliers,
common uses and EOL-RR of critical and precious metals are sum-
marized in Table 1. It can be seen that the EOL-RR of these metals
remains to be very low. The low recycling and recovery rate in specialty
materials can be explained by the technological and economical chal-
lenging conditions. Complex use of the metals in their respective
technological applications results in extensive mixing in waste streams,
and leads to the need of economically unfavorable and technologically
demanding separation techniques and processes (Ilyas et al., 2007; Reck
and Graedel, 2012). Furthermore, the EOL-RR is significantly reduced
due to the exportation of the specialty metal-containing products to
developing countries which often have informal and low-processing
recycling technologies (Hageluken et al., 2009; Rochat et al., 2007).
Even for precious metals, for which the high economic value is a key
incentive for recycling and recovery, the EOL-RR is at best still below
60% (Graedel et al., 2011). Hence, attention should be given to the
reduction of the import dependency of the EU for metals and the im-
provement of material supply conditions through resource efficiency
and supply alternatives (Hennebel et al., 2015). Due to criticality of
metals, the research focus has shifted from sole removal of metals to
reduce the environmental burden towards resource recovery through
the development of efficient methods for recuperating critical metals
from residues and scraps, EOL products and waste streams (Zhuang
et al., 2015). In addition to preserving the diminishing raw material
reserves, the recovery of critical and precious metals from industrial
waste streams also mitigates the prevailing problems on environmental

degradation and contamination. In this regard, Ag is an important case
considering its high toxicity and consequent need for immobilization
from discarded water streams (Folens et al., 2017). Hereafter, an
overview of the state-of-the-art hydrometallurgical techniques for the
recovery of critical and precious metals is given.

a European Commision (2014); UNEP (2011)

2. Conventional metal recovery techniques

Critical and precious metals can be recovered from liquid waste
streams through traditional techniques which are also applied in hy-
drometallurgy to extract metals from high-grade ores. Hydrometallurgy
is a process that involves several chemical reactions in aqueous media.
The recovery is achieved by chemical leaching of the metals from their
ores, followed by a purification step and the separation of metals from
the leachate solution. Common chemical reagents used as leaching
agents for metal recovery include cyanide, halides, thiourea, thio-
sulfate, mineral acids and oxidants such as aqua regia, sulfuric acid,
nitric acid and hydrogen peroxide (Jadhav and Hocheng, 2012;
Sayilgan et al., 2009). After extraction from a metal-containing waste
stream, the metals in the leachate are concentrated in a solid phase
either by cementation, adsorption, solvent extraction, ion exchange
using commercial resins, ion flotation, chemical precipitation or re-
duction, or by electrochemical methods. The following methods de-
scribe this crucial step in the recovery process of metals from liquid
streams.

2.1. Cementation

Cementation is one of the most common techniques used for re-
covery of metals, especially for precious metals such as gold and silver.
It is an electrochemical reduction process wherein the metal-containing
leachates are contacted with less noble metals such as zinc or copper
(Han, 2002). For example, in the “Merill-Crowe process” or zinc ce-
mentation, the cyanide leaching solution is passed through a bed of
metallic zinc shavings. It results in cathodic deposition of the metal at
the surface of the zinc particles, which undergo anodic oxidation (Cui
and Zhang, 2008; Syed, 2016). The redox reaction involved in the zinc
cementation process is shown in equations 1 and 2, where M is the
metal being recovered and x is the corresponding oxidation state of the
metal.

+ → +
− − −Zn CN Zn CN e4 ( ) 24

2 (1)

Table 1
Summary of the critical and precious metals global supply and common uses.

Metal Fraction imported to EUa (%) Main global supplier (% supply)a Common usesb EOL-RR (%)

Heavy REEs 100 China (99%) Phosphors, magnets < 1
Light REEs 100 China (87%) Battery constituent, catalysts, magnets < 1
Niobium 100 Brazil (90%) HSLA steel, superalloys 11
Gold 100 China (15%) Jewelry, electronics 25
Bismuth 100 China (82%) Steel alloys 1
Phosphorus 100 China (58%) Battery consitituent, military 0
Scandium 100 China (66%) Aluminium alloys 0
Beryllium 99 US (90%) Electronics 19
Helium 96 US (73%) Cooling, airbags, balloons 1
Magnesium 96 China (87%) Construction and transportation 14
Germanium 94 China (67%) Night vision (IR) lenses, PET catalysts fiber optics, solar cell concentrators < 1
Antimony 93 China (87%) Flame retardant, lead acid batteries 11
PGM 93 South Africa (61%), Russia (27%) Autocatalyst. process catalysts 35
Tungsten 91 China (84%) Cemented carbide cutting tools 37
Gallium 90 China (73%) Electronics: ICs, LCDs, LEDs, diodes, solar cells < 1
Vanadium 84 China (53%) Steel alloys 44
Indium 81 China (56%) Coating in liquid crystal displays (LCD) < 1
Silver 80 Mexico (22%) Electronics, catalysts, batteries, mirrors, jewelry 24
Cobalt 32 DRC (64%) Superalloys, catalysts, batteries 16
Hafnium 9 France (43%) Nuclear reactors, electronics 1
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+ → +
− − −M CN x e M x CN( )x (2)

Cementation has been widely applied, because it is a relatively
simple and inexpensive process wherein pure metals can be obtained,
even at low metal concentrations (Fabián et al., 2009; Syed, 2016). It
also offers great stability of the metals formed and the recovery effi-
ciency is reported to be relatively stable over a pH range of 8–11 (Cui
and Zhang, 2008). Moreover, the deposition rate of the precious metal
can be easily improved by carefully choosing the cementation substrate,
depending on its redox potential. As long as the anodic curve of the
substrate does not cross the Tafel region cathodic curve of the targeted
metal, the kinetics of the electrochemical deposition will be mass
transfer controlled (Han, 2002). However, the presence of impurities
such as lead, copper, nickel, arsenic, antimony and sulfur in the lea-
chate could lower the recovery efficiency (Fleming, 1992).

Fabián et al. (2009) investigated the zinc cementation of silver from
thiosulfate leachate. The zinc powders were mechanically activated by
high energy attrition and planetary ball milling in ethanol. Complete
recovery of Ag(I) was observed using zinc powder that had been acti-
vated for 1 h using planetary ball milling. The fast cementation kinetics
are attributed to the increase in surface area of the mechanically acti-
vated zinc. Also, the deposited Ag(I) on the activated zinc powder was
more porous and exhibited a well-distributed and homogeneous de-
position compared to that deposited in the pristine zinc powder. On the
other hand, Keleş (2009) performed an optimization study on the
copper cementation of silver from nitrate solution using a Taguchi ex-
perimental design. The parameters considered were the impeller de-
sign, impeller rotation rate, cementation pH and temperature. Ce-
mentation pH and temperature were both found to be significant
factors, with higher cementation efficiencies at lower pH and tem-
peratures. The highest Ag(I) recovery (99.2%) was achieved using a
cementation solution at pH 0.5 and 30 °C mixed by six impeller blades
at 200 rpm. Li et al. (2011) developed a novel hydrometallurgical
process based on a combined acid leaching-tin sulfide precipitation-zinc
cementation to recover indium from indium-tin oxide (ITO) thin films.
After leaching the metals from ITO targets using H2SO4, the addition of
sulfide enabled selective precipitation of tin from the leachate. Indium
recovery was done from the tin-purified solution using zinc cementa-
tion at pH 1.2 after 40 h. Sponge indium was obtained at 99.9% re-
covery efficiency. Afterwards, it was subjected to thermal decomposi-
tion to afford pure indium ingots.

2.2. Chemical precipitation

Another widely-employed metal recovery technique used due to its
simplicity and cost-effectiveness is chemical precipitation. The desired
metal is recovered by adding, among others, sodium sulfide, sodium
hydroxide or hydrogen peroxide to the leachate and it is thereafter
obtained as a sulfide or hydroxide precipitate (Syed, 2016). For ex-
ample, Luo et al. (2003) developed a process of recovering V(V) and W
(V) from a tungsten alkaline leachate by chemical precipitation. The
alkali leachate was first acidified using HCl to pH 8–8.5 and was heated
to 75–80 °C. This was followed by the addition of a solution of MgCl2 ∙ 6
H2O and NH4OH to precipitate out the V and impurities (i.e., Si, Al, P),
which was separated from the W-rich filtrate. The V-bearing residue
was dissolved in acetic acid (pH 6, 60min), resulting in a V-rich solu-
tion and a residue containing the impurities. The V-rich solution was
mixed with NH4OH and NH4Cl until pH 8–9 to recover V(V) as NH4VO3

crystals (88.3% recovery). On the other hand, the purified W-rich fil-
trate was treated with Ca(OH)2 to precipitate out CaWO4, which was
then converted to ammonium para-tungstate (APT,> 85% recovery)
through the subsequent addition of HCl and NH4OH. Meanwhile,
Arroyo et al. (2009) evaluated two chemical precipitation methods for
the recovery of Ge(IV) from integrated gasification combined cycle
(IGCC) fly ash leachates. Using the H2S by-product of the gas cleaning
in IGCC plants, the Ge-bearing leachate was acidified and sulfidized

using 100% H2S and 50:50 H2S/CO2 gas mixture, which resulted to the
precipitation of GeO2 instead of GeS2 or GeS, as these phases are easily
hydrolyzable. High purity (93%) GeO2 could be achieved by roasting
the Ge precipitates at 700 °C for 4 h. Alternatively, Ge(IV) can also be
recovered from fly ash leachates using cetyltrimethylammonium bro-
mide (CTAB) and catechol (CAT) by forming an insoluble Ge organic
complex [CTA2GeCAT3]°. The Ge-bearing leachate was reacted with
CAT (CAT:Ge molar ratio= 5) and CTAB (CTAB:Ge molar ratio= 3) at
pH 11 and room temperature for 1 h, which resulted to 99% recovery of
Ge as [CTA2GeCAT3]°. The Ge organic complex was roasted at 750 °C
for 7 h to obtain high purity (90%) GeO2. However, metal precipitates
are economically not advantageous as they require additional treatment
or processing prior to reuse of the recovered metal. Furthermore, che-
mical precipitation generates large amounts of sludge, which require
treatment prior to final processing. Dewatering is one important step
included to increase the metal fraction, thereby adding to the opera-
tional costs (Fu and Wang, 2011).

Makino et al. (2018) utilized the positively-charged amino group of
L-lysine, as an organic precipitant, to recover V(V) and W(V) from an
alkaline leachate. L-lysine was added to the leachate, followed by the
subsequent addition of dilute HCl and Milli-Q water. This resulted to
the rapid precipitation of W (92.2% recovery) and V (21.0%) aside of
some Na impurities. The simultaneous precipitation of W and V upon
the addition of lysine is attributed to the formation of W-V hetero-
polyacids ([W3V3O19]5−). The W was recovered from the precipitate by
calcination at 750 °C for 4 h, and the resulting powders were washed for
five times to remove the Na5W14O44 impurities. The high-purity WO3

powder was then reduced at 750 to 890 °C for 3.6 h under H2 atmo-
sphere. The resulting W was mixed with carbon powder, and the mix-
ture was reacted at 1350 °C for 4 h to synthesize tungsten carbide (WC).
Finally, a cemented carbide (WC-Co alloy) was fabricated by mixing
and binding the Co powder (10% w/w) with WC and sintering at
1400 °C for 1 h. The structure, morphology and hardness of the recycled
WC was comparable to the commercially-available WC. A pilot study
based on this recovery process also showed 60% decrease in displace-
ment (i.e., volume of chemical used or effluent waste generated) com-
pared to the conventional ion-exchange methods. Such reduction in
displacement was possible since the proposed method utilizes less re-
agents to regenerate the IEX and involves less processing steps to obtain
WO3 from APT.

2.3. Chemical reduction

In this regard, chemical reduction can be seen as a good alternative
since the recovered metals are obtained in their elemental, metallic
state rather than as a metal hydroxide or sulfide sludge (Chen and Lim,
2002). Awadalla and Ritcey (1991) stabilized sodium borohydride
(NaBH4) in NaOH solution and used it for recovering Au(I) and Ag(I)
from acidic thiourea, thiocyanate and thiosulfate leachates. High re-
covery efficiencies (> 99%) were obtained at ambient temperatures
within 30 s. The reduction process is selective for gold and silver and is
also not affected by the presence of metal impurities such as base metals
(Fe2+, Co2+, Ni2+ and Cu2+). Contrary to chemical precipitation, it is
effective within a wide range of metal concentrations (2–2000mg L−1)
in the leach liquor. Hydrazine (N2H4) is another strong reducing che-
mical agent that is less commonly used in the recovery of precious and
critical metals from wastewater. Unlike NaBH4, hydrazine is not ex-
pensive and it is reduced to N2, which makes it more environmentally
sound. Chen and Lim (2002) studied the recovery of Ag(I) using hy-
drazine. Optimum silver recovery (99.5%) was achieved at pH 11
within 4min of reduction reaction. The effect of potentially interfering
compounds was also investigated. It was found that the presence of
humic acid hinders the reduction of Ag+ at low initial concentrations
due to binding interactions.
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2.4. Ion-exchange methods

Ion-exchange (IEX) resins are used for the selective recovery of
precious and critical metals from dilute aqueous streams. In this pro-
cess, metal recovery is achieved by passing the metal-containing solu-
tion over the IEX resin which contains acidic or basic functional groups
available for ion exchange (Folens et al., 2016b). There are four main
types of IEX resins based on their functional groups: (1) strong-acid
cation exchangers, which contain sulfonic acid groups; (2) strong-base
anion exchangers, which contain quaternary amino groups; (3) weak-
acid cation exchangers, which contain carboxylic acid groups; and (4)
weak-base anion exchangers, which contain primary, secondary and/or
tertiary amino groups (Bernardis et al., 2005; Fu and Wang, 2011).
After saturation, the IEX resin can then be recovered by washing it with
an appropriate regenerant. Table 2 shows the various IEX resins used
for precious and critical metals recovery from solution.

Many of the studies that have been conducted on recovery of pre-
cious and critical metals using IEX focused on synthetic and mono-
metallic aqueous matrices (Kononova et al., 2010, 2011; Liu et al.,
2009; Sun et al., 2012). However, the composition of the leachate or
wastewater, which contains the target metals, is often much more
complex. This makes the investigation of metal recovery from real
aqueous streams very relevant and more advantageous in terms of
practical and industrial applicability. Folens et al. (2016b) combined
the assessment through modelling of the chemical speciation of Pd(II)
in wastewater from a mirror manufacturing plant and its recovery using
cation and anion exchanger resins. Based on the speciation model,
PdCl2 (aq) was found to be the major Pd species present in the waste-
water at pH 1 to 5, comprising 80% of the total Pd, followed by PdCl+

(15%), PdCl32− and PdCl42− (5% combined). Pd(II) recovery from the
pretreated wastewater was tested with the sulfonic acid functionalized
Purolite C100 and the quaternary ammonium functionalized Relite 2AS
in continuous column mode. A faster uptake and a higher recovery
(95.9%) was achieved with the latter. In order to increase the recovery
efficiency, a multi-step recovery approach was set-up using sequential
adsorption in both the cation and anion IEX resins. This resulted in
99.9% Pd(II) recovery, which is attributed to the complementary nature
of the combined IEX resins. On the other hand, Kramer et al. (2002)
treated base metal refinery (BMR) and precious metal refinery (PMR)
effluents with silica-based amine IEX resins containing either mono-
amine, ethylenediamine or diethylenetriamine functional moieties. The
BMR effluent, which contains significant amounts of Fe, Cu and Ni, was

studied for Rh(III) recovery. The recovery efficiency was relatively low
(< 17%) and after four cycles of successive extraction, the Rh(III) re-
covery amounted to 22% only. This poor performance is attributed to
the presence of high amounts of counter-ions such as sulfates, which
strongly compete with the Rh(III) complexes for the resin binding sites.
In the case of the PMR effluent, the number of amine groups affected
the recovery of Pd(II) and Pt(IV), with the diethyleneamine-functio-
nalized IEX resulting in the highest recovery (> 95%). The high se-
lective Pd(II) and Pt(IV) recovery in the presence of Rh(III) is due to the
affinity of their corresponding complexes to anion exchangers. The
tendency of metal complexes to form ion pairs with anion exchangers in
the order of MCl62->MCl42-> >MCl63- > aquo hydroxo complexes
(Bernardis et al., 2005). Pd(II) and Pt(IV) usually exist as, respectively,
PdCl42− and PtCl42− or PtCl62− at relatively high chloride concentra-
tions, while Rh(III) mainly occurs as RhCl63-. The lower charge density
chlorocomplexes of Pd(II) and Pt(IV) makes it favorable to form ion
pairs due to their small hydrated ionic sizes. Using anion IEX resins,
Marinho et al. (2011) investigated the recovery of Pt(IV) and In(III)
from the acidic leachate of commercial spent catalysts Pt/A2O3 and
PtSnIn/Al2O3 leached with aqua regia. Strong basic anion exchange
resins with quaternary ammonium functionalities were used: Amberlite
IRA-400AR, Amberlite IRA 420, Dowex 1 and Amberjet 4200 CI. In-
dium showed the highest retention from the multi-metallic leachate,
with a maximum uptake of 36.7 mg g-1 in Amberjet 4200 Cl. Mean-
while, the recovery of platinum was greatly affected by the presence of
other metals. The adsorption from the multi-metallic leachate is three
times lower than from the pure Pt solution (1 g L-1). The decreased
metal uptake in PtSnIn/Al2O3 is brought about by the presence of InCl4-
and SnCl62- complexes competing for the ion exchange sites.

2.5. Ion flotation

Ion flotation is a separation technology that is typically used in the
removal of metals from wastewater. The removal is based on making
the ionic metal species more hydrophobic in nature, through the use of
surface active substances, and their subsequent removal through air
bubbles (Syed, 2016). The polar ionic head of the surfactant attaches to
the ionic metal species while the hydrophobic tail of the surfactant is
exposed to the solution. The metal ion-surfactant assemblies are then
collected by the air bubbles introduced to the system due to favorable
solution-vapor interfacial interactions. Finally, the air bubbles, which
contain the metal ions, float to the surface and the resulting froth is

Table 2
Different IEX resins tested for the recovery of critical and precious metals.

IEX resin Functional group Target metal Column mode Aqueous matrix pH Recovery (%) Reference

AV-17-10P Quaternary ammonium Ag(I) Batch Thiosulfate leachate 10.6 93.0 Kononova et al. (2007)
Thiocyanate leachate 2.2 88.0

Amberlite IRC-748 Dicarboxylate amine Co(II) Batch Sulfate acidic leachate 0.5-0.7 99.7 Mendes and Martins (2005)
IRA-734 N-dimethyl glucamine Ge(IV) Batch Sulfate acid leachate 3.0 – Virolainen et al. (2013)
Amberlite IRA-900 Cl− Quaternary ammonioum Ge(IV) Continuous Fly ash-water leachate 9.0 96.1 Arroyo Torralvo and Fernández-Pereira

(2011)
Relite 2AS Quaternary ammonium Pd(II) Continuous MM WW 4.2 95.9 Folens et al. (2016b)
Purolite C100 Sulfonic acid 90.2
Amberlite 717-Cl− Quaternary ammonium Ag(I) Continuous Distilled water – >99.9 Liu et al. (2009)

Au(III) > 99.9
Pd(II) > 99.9
Pt(IV) 99.9

Lewatit MP 600 WS Quaternary ammonium Pt(II,IV) Batch Distilled water 0.6-2.0 98.0 Kononova et al. (2010)
Amberlite IRA-93 Quaternary ammonium Pd(II) Continuous Chlorate leachate – 99.0 Gaita and Al-Bazi (1995)

Pt(IV) 97.0
Rh(III) 61.0

AG 1-X8 Quaternary ammonium Rh(III) Batch Distilled water – 44.4 Sun et al. (2012)
Silica-based amine IEX Diethylene-triamine Pd(II), Pt(IV) Batch PMR WW 1.2 > 95.0 Kramer et al. (2002)

Rh(III) BMR WW 1.1 22.0
Amberjet 4200 Cl− Trimethyl ammonium Pt(IV) Batch Cyanide leachate 8.0-9.0 85.0 Shams et al. (2004)

Continuous Acidic leachate – 99.4 Shams and Goodarzi (2006)

HPAL: high pressure acid leach; MM: mirror manufacturing; BMR: base metal refinery; PMR: precious metal refinery; WW: wastewater.
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collected to recover the target metal (Doyle, 2003). The recovery of Ag
(I) from a simulated industrial wastewater was investigated by Polat
and Erdogan (2007) using ion flotation. Based on the flotation experi-
ments, 73% of Ag(I) could be recovered at pH 4 using sodium dodecyl
sulfate as the surfactant and methyisobutyl carbinol as the frother. Less
is known on the application of this technology for other critical and
precious metals.

2.6. Solvent extraction

In the case of solvent extraction, the leach liquor containing the
target metal is contacted with an extraction solution of an organic
solvent. Mixing results in the partition of the metal complex into the
organic phase (extract) while the remaining metals are left in the
aqueous phase (raffinate). The extract is subjected to stripping to then
separate and recover the metal from the organic phase. The most
commonly employed extractants include organophosphorous, amines,
oximes, sulfoxides and amine-organophosphorous derivatives (Cui and
Zhang, 2008; Syed, 2016).

Nishihama et al. (1999) simulated a zinc refinery leach liquor
containing indium, gallium, zinc, aluminum and iron. In(III), Ga(III)
and Zn(II) were extracted from the leach liquor by liquid-liquid ex-
traction using tri-n-butyl phosphate (TBP). The extract was then con-
tacted with bis(2-ethylhexyl)phosphoric acid (D2EHPA) in a 10-stage
counter-current cascade to selectively recover In(III) with 98.9% effi-
ciency and 100% purity. Similarly, Yang et al. (2013) investigated the
recovery of In(III) from ITO acid leachate using D2EHPA diluted in
kerosene. Indium was stripped from the organic phase using 1M HCl
with an overall recovery efficiency of 96%. The separation and recovery
of Pd(II) and Pt(IV) from the chloride leach liquor of a spent automobile
catalyst was investigated by Reddy et al. (2010). High Pd(II) recovery
(99.8%) was achieved using a two-stage countercurrent extraction
process using 0.5% LIX 84I (2-hydroxy-5-nonylacetophenone oxime)
and 99.7% stripping efficiency was obtained using the combination of
1M HCl and 0.5M thiourea. Pt(IV), along with the base metal Fe(III),
was extracted from the resulting raffinate with 0.5% Alamine 336
(tertiary amine of mixed tri-octyl/decyl amine) with recovery rates of
99.8% and 99.3%, respectively. Scrubbing using diluted HCl was done
to remove the co-extracted base metal and resulted in Pt(IV) of 99.7%
purity. Yang et al. (2016) studied the recovery of V(V) from an acid
sulfate leachate using trialkylamine N235 as an extractant. The acid
leachate was contacted with the trialkylamine extractant (20% v/v
N235, 5% v/v TBP, 75% v/v sulfonated kerosene) at pH 6 and aqueous-
to-organic phase (O/A) ratio of 0.5 for 5min. The three-stage counter-
current extraction resulted to the recovery of 98.4% V(V) in the extract,
as well as impurities such as Fe (3.89%), P (5.27%) and Si (9.53%). The
V-rich extract underwent a three-stage scrubbing process using 0.5 M
H2SO4 (O/A ratio= 1) to remove the impurities, followed by three-
stage counter-current stripping with 1M NaOH (O/A ratio= 40,
6min). The stripped V-rich extract was recovered from the organic
phase by ammonia salt precipitation and calcination at 500 °C for 2 h to
produce V2O5. Wang et al. (2013a) examined Sc(III) recovery from a
synthetic red mud leachate using D2EHPA. High recovery (> 99.5%) of
Sc(III) was obtained using 0.1M D2EHPA and 0.05M TBP (O/A
ratio= 0.2, 40 °C, pH 1.5–2), with high separation factors (i.e., ratio of
distribution coefficient of target metal to the impurity) over Fe(III)
(2576), Zr(IV) (151) and Ti (IV) (93).The Sc(III) was then precipitated
as Sc(OH)3 by the addition of 2M NaOH until pH 6. High purity Sc end-
product can be obtained by dissolving Sc(OH)3 in an acidic solution
(HCl/H2SO4) and re-precipitating it as Sc2(C2O4)3 using oxalic acid. The
Sc oxalate precipitate can be calcined to obtain high purity Sc2O3.

The recovery of light and heavy REEs using solvent extraction have
also been investigated recently. Gijsemans et al. (2018) employed a
mild process of recovering REEs from lamp phosphor wastes, specifi-
cally green phosphor (LaPO4:Ce3+,Tb3+, LAP). The LAP phosphor was
dissolved in methanesulfonic acid (MSA) and triflic acid solutions

(13:9 M ratio) at 160 °C for 1 h using a liquid-to-solid ratio of 60mL
g−1. Upon cooling down to room temperature and diluting in water, La
(III), Ce(III) and Tb(III) were extracted from the MSA leachate using
TBP, D2EHPA and Cyanex 272 (bis(2,4,4-trimethylpentyl) phosphinic
acid, using toluene, xylene and n-dodecane as diluents (O/A ratio= 1,
25 °C, 1 h). Highest extraction rates were obtained using undiluted
D2EHPA, especially for light REEs La (77.1%) and Ce (94.9%), while
D2EHPA diluted in xylene provided the highest selectivity for Tb
(heavy REE). Using a three-stage cross-current extraction, Tb was first
recovered from the diluted MSA leachate (DF= 10) with 100% se-
lectivity and 97.5% recovery using 70% v/v D2EHPA in xylene (O/A
ratio= 1, 25 °C, 15min). Afterwards, the remaining La and Ce from the
diluted raffinate (DF= 40) was recovered using three stages of ex-
traction with undiluted D2EHPA (O/A ratio= 1) with an efficiency of
98.8% for La and 100% for Ce. The recovered REEs were stripped from
the organic phases using a large excess of oxalic acid (O/A=20),
precipitating 90% Tb and 99.5% La and Ce from the organic phase. The
REE oxalate precipitates were calcined at 700 °C for 4 h and resulted to
the formation of their corresponding oxides, TbIII/IV4 O7, CeIVO2 +
LaIII2 O3). Li et al. (2018) demonstrated that ethylene glycol (EG), a polar
organic solvent, can be used as an alternative to water as the aqueous
(polar) phase for the selective separation and subsequent recovery of Co
(II) and Sm(III). Co(II) was extracted (99.6% efficiency) from EG using
Aliquat 336 (0.75M) in toluene (phase ratio= 1.18, 3.5 M LiCl as
salting-out agent) while Sm(III) remained in the EG solution. After-
wards, Sm(III) can be extracted from the LiCl-containing EG solution
using Cyanex 923 as SmCl3, and stripped from the loaded Cyanex 923
using water. This non-aqueous solvent extraction process can be used to
separate and recover other base-and-REE metal pairs such as Zn(II)/Eu
(III) and Fe(III)/Nd(III).

2.7. Electrochemical methods

Electrowinning is a traditional recovery technique wherein precious
and critical metals undergo electrodeposition. An electrical current is
applied to the solution containing the target metal, which results in
deposition onto the cathode (Schlesinger et al., 2011). An inert anode
and zirconium cathode were used by Chatelut et al. (2000) to electro-
chemically recover Ag(I) from photographic fixing solutions. A high
silver recovery of 98% with 99% purity was achieved, albeit at a long
recovery time of 128 h. Stanković et al. (2007) employed electrowin-
ning on Ag(I) extracted with calixarine tetramide and its thiol analogue
since traditional stripping results in low efficiencies. Around 60 to 90%
of Ag(I) can be recovered from the thiol calixarene, which can be re-
circulated throughout the process. Meanwhile, electrocoagulation is
based on the electrochemical production of destabilizing agents, in the
form of cations from the dissolution of iron or aluminum sacrificial
anodes. As a result, metal cations are continuously generated in the
vicinity of the anode. These act as coagulant species and generates
ferric oxides or aluminum hydroxides that promote the aggregation, as
well as precipitation of the dispersed target metal from the solution
(Chou et al., 2009; Parga et al., 2012). Chou and Huang (2009) ex-
amined the recovery of In(III) using electrocoagulation with iron. The
optimum conditions based on maximum recovery efficiency (> 90%)
were established to be 6.4mA cm−2 current density, a temperature of
25 °C and a supporting electrolyte of 0.003M NaCl. Parga et al. (2012)
studied the iron electrocoagulation of Ag(I) and Au(I) from cyanide
leach liquor. A maximum of 99.9% of silver and 99.2% of gold could be
recovered within 5min. Remarkably, cyanide could also be removed
(85%) from the leach liquor, which is attributed to its anodic oxidation.

Although conventional metallurgical processes have been ex-
tensively employed for the recovery of critical and precious metals,
these technologies have certain drawbacks from environmental and
economic perspectives. A majority of the traditional recovery techni-
ques have poor efficiencies due to high dilution, specificity and capital
cost requirements (Dodson et al., 2015; Parga et al., 2012).
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Furthermore, the heavy use of chemicals and solvents for metal re-
covery may cause potential release of secondary pollutants to the en-
vironment (Sayilgan et al., 2009). Hence, current research focuses more
and more on exploring the capturing of precious and critical elements
by adsorption using innovative adsorbents.

2.8. Overview of the adsorption process

Adsorption technology remains to be one of the most promising
metal recovery options owing to its facile implementation, low cost,
high availability and high removal efficiencies even at low target metal
concentrations (Folens et al., 2016a). Moreover, there is the potential of
reusing the adsorbent, upon recovering the adsorbate, making it a
sustainable metal recovery alternative (Fomina and Gadd, 2014;
Volesky, 2001). In the adsorption process, the target metal ion (ad-
sorbate) present in the liquid phase interacts with the surface of a solid
material (adsorbent), with the purpose of recovering the adsorbate from
the liquid (Fomina and Gadd, 2014; Tchobanoglous et al., 2003). In-
dustrial adsorptive technologies are normally operated in packed col-
umns, although the adsorbent can also be in suspension, followed by a
sedimentation or filtration step (Chojnacka, 2010).

The type of interaction between the adsorbent and the adsorbate is
determined by their corresponding nature and the condition of the
system. The performance of an adsorbent is assessed by its adsorption
capacity for a specific adsorbate, which depends on the strength of
interaction (Volesky, 2001). The key factors that affect the efficiency of
these interactions and, therefore, the adsorption capacity are: (1) ad-
sorbent characteristics, which include porosity, particle size, specific
surface area, presence of functional groups, stability and selectivity; (2)
adsorbate chemistry: such as size, charge and speciation; and (3) the
operating conditions of the system, including pH, temperature, contact
time, agitation, occurrence of competing species and coexistence of
other pollutants (Fomina and Gadd, 2014; Park et al., 2010b).

On a large scale, activated carbon is the most widely applied ad-
sorbent due to its high removal efficiency. However, its manufacturing
and reactivation process is complex and costly (Das, 2010; Mohan et al.,
2014). Focus has therefore shifted to alternative adsorbents, such as
high-abundant and low-cost biosorbents, on the one hand, and custom-
made specialty adsorbents, on the other hand.

2.9. General principles of adsorbent-metal interactions

Interactions between the adsorbate and the adsorbate surface can be
described by Pearson’s Hard-Soft-Acid-Base (HSAB) principle. This
states that hard acids easily bind to hard bases and soft acids to soft
bases (Wang and Chen, 2009). Table 3 shows the classification of some
metals as hard, soft or intermediate acids and ligand atoms as hard and
soft bases. According to this principle, hard acid-base bonds are of ionic
character and soft acid-base bonds are covalent (Fomina and Gadd,
2014). Intermediate metal ions can bind ligands with different pre-
ferences, as influenced by other factors. However, this type of interac-
tions can be influenced by other parameters such as metal concentra-
tion, competing ions and pH (Fomina and Gadd, 2014).

2.10. Biosorbents

Biomaterials that have been tested for adsorption include crop re-
sidues, sludge from water treatment facilities, fly ash, microbial/plant/
fungi biomass and derived materials (Bhatnagar and Sillanpää, 2010;
Park et al., 2010a). In general, low-cost biosorbents present lower ad-
sorption capacities compared to activated carbon (Won et al., 2014)
and some present disadvantages for industrial applications, such as low
stability and mechanical resistance (Volesky, 2001). However, the
biomaterials can be further modified to achieve higher stability, higher
capacity, higher specificity, broader operating ranges and better se-
paration from the aqueous phase (Fomina and Gadd, 2014; Mack et al.,
2007; Won et al., 2014). Improvements can be done by immobilizing
the adsorbent onto a support or modifying it in a physical, chemical or
biological way (Fomina and Gadd, 2014; Park et al., 2010a). Numerous
examples of raw and modified materials have been reported in the
literature for the adsorption of precious elements. Generally, it can be
seen that the highest adsorption efficiencies have been achieved with
modified adsorbents. Uptakes of even 1753mg g−1 for Au(III) (Gurung
et al., 2013), 296mg g−1 for Pt(IV) (Won et al., 2013), 352mg g−1 for
Pd(II) (Guibal et al., 2002), 239.5 mg g−1 for Ag(I) (Donia et al., 2007),
106.7 mg g-1 for Nd(III) (Roosen et al., 2014), 47.6 mg g-1 La(II),
49.5 mg g-1 Ce(III) and 55.5mg g-1 Eu(III) (Zhao et al., 2016) have been
achieved by modified biomaterials. Crosslinked persimmon tannin gel
(Gurung et al., 2011) and N-aminoguanidine immobilized on per-
simmon tannin gel (Gurung et al., 2013) present larger Au(III) uptakes
than crude persimmon waste gel (Xiong et al., 2009) and persimmon
tannin powder (Gurung et al., 2011). The modification, however, not
necessarily leads towards an improved metal uptake. For example, in
the case of crosslinked carboxymethylchitosan irradiated by electrons,
the adsorption capacity towards Pt(IV) and Pd(II) merely reaches
1.1 mg g−1 for both elements (Wasikiewicz et al., 2007).

Since huge differences are observed in the performance of various
adsorbents, a certain minimum threshold could be established. The
development of new or upscaling of existing adsorbents should aim at
either higher uptakes or more process robustness. Noble metal ions are
extremely susceptible towards reduction to their metallic state, as their
standard reduction potential is higher than that of base metals.
Adsorbents that are capable of facilitating this reduction have a com-
parative benefit in adsorption capacity.

2.11. Iron (oxide) nanoparticles

Among the sustainable, novel materials, iron (oxide) nanoparticles
(NPs) are considered as promising adsorbents for metal recovery due to
their (1) relative inertness, (2) non-toxicity, (3) high adsorption affinity
and capacity due to their high surface area-to-volume ratio and high
amounts of active sites, (4) fast adsorption kinetics because of their
short intra-particle diffusion distance, and (5) ease of separation due to
their magnetic properties (Nassar, 2012; Qu et al., 2013; Tang and Lo,
2013; Xu et al., 2012). The most commonly investigated iron-based
nano-adsorbents are nanoscale zero-valent iron (nZVI), maghemite (γ-
Fe2O3) and magnetite (Fe3O4).

Nanoscale zero-valent iron (nZVI) is commonly used in the treat-
ment of groundwater due to its strong reductive capabilities, which
makes it suitable for the catalytic dehalogenation of organic

Table 3
Classification of hard and soft acids and bases according to the HSAB principle (Fomina and Gadd, 2014; Lemire et al., 2013; Volesky, 2007; Wang and Chen, 2009).

Hard Intermediate Soft

Acid Li+, Na+, K+, Mg2+, Ca2+, Al3+, Co3+, Cr3+, Fe3+, Ga3+ Ni2+, Cu2+, Zn2+, Pb2+, Bi3+, Co2+,
Fe2+

Cu+, Ag+, Au+, Au3+, Hg+, Hg2+, In3+, Pd2+,
Pt4+, Rh3+

Bases Binding groups: hydroxyl, carbonyl (ketone), carboxyl, sulfonate,
phosphonate, phosphodiester
Ligand atom: O

Binding groups: amine, amide, imine,
pyridine
Ligand atom: N

Binding groups: imidazole, thiol (sulfhydryl),
thioether
Ligand atom: N, S
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contaminants and reduction of chromium and arsenic at ambient tem-
perature (Kanel et al., 2005; Kim and Carraway, 2000; Ponder et al.,
2000). Due to oxidation of iron in aqueous solutions, nZVI typically has
a core-shell structure with zero-valent Fe and iron oxides and/or hy-
droxides at the shell structure. As such, it provides nZVI a wider range
of potential for the removal and transformation of contaminants
through its rich surface and redox chemistry (Li and Zhang, 2007).
However, very few studies have been done to explore the applications
of nZVI for the removal and recovery of critical and precious metals
from aqueous streams thus far.

Li and Zhang (2007) explored the potential synergistic effect of the
core-shell structure of nZVI for the immobilization of metal ions using
high-resolution X-ray photoelectron spectroscopy (HR-XPS). Surface
chemical analysis of the nZVI revealed three possible mechanisms for
metal uptake depending on its standard electron potential (E°): (1)
sorption only for metal cations the E° of which is more negative or al-
most equivalent to E° (Fe); (2) sorption and reduction for metal cations
the E° of which is slightly positive compared to E° (Fe); and (3) re-
duction only for metal cations the E° of which is significantly higher
than E° (Fe). Results show that the reductive precipitation of Ag at the
surface of nZVI was energetically favorable due to the large difference
between the E° values of Fe and Ag (Yan et al., 2010). Fig. 3 illustrates
the possible application of core-shell nZVI for the recovery of critical
and precious metals.

On the other hand, iron oxide nanoparticle adsorbents such as
magnetite (Fe3O4) have been gaining interest among researchers as fast
and efficient platforms for the recovery of precious and critical metals.
Uheida et al. (2006a) prepared Fe3O4 NPs for sorptive recovery of PGMs
from diluted hydrochloric acid solutions. Results of the study revealed
that the governing adsorption mechanism for the chlorocomplexes of
Pd(II), Pt(IV) and Rh(III) is monolayer ion exchange. The protons of
hydroxyl (−OH) functional groups bound to Fe are thereby exchanged
with a metal chlorocomplex. However, the pH of the solution also af-
fects the ability of the −OH groups to bind with the metal chlor-
ocomplexes as they may undergo protonation or deprotonation. The
maximum attainable metal uptake was found to be at pH 3.5, at which
there are more active sites on the surface of iron oxides. The speciation
of the targeted metals is then limited to the free metal cations and
negatively charged chlorocomplexes. The maximum adsorption capa-
cities of Pd(II), Pt(IV) and Rh(III) on Fe3O4 NPs, calculated from the
Langmuir isotherms, are 11.0mg g−1, 13.3mg g−1 and 15.3 mg g−1,
respectively.

2.12. Nanohybrid adsorbent structures

The unique properties of iron (oxide) NPs, such as their higher
surface-to-volume ratio and higher chemical reactivity compared to
their bulk material counterpart, make them interesting materials for
adsorption-based applications (Goesmann and Feldmann, 2010).
However, there are some limitations to the surface- and size-dependent
properties of nanoparticles. Iron (oxide) NPs are generally thermo-
dynamically and hydrolytically unstable due to their high surface

energy and large surface, which results in agglomeration and floc for-
mation in aqueous media (Petosa et al., 2010; Shylesh et al., 2010).
These phenomena are undesirable since they reduce the available
specific surface area and lead to lower activity and reactivity. For ex-
ample, pristine Fe3O4 NPs are chemically unstable under ambient
conditions, usually easily oxidized in air or easily dissolved in acidic
medium (Lu et al., 2007; Maity and Agrawal, 2007).

A common approach for enhancing the stability of NPs in aqueous
suspension is the modification of the nanoparticle surface. Stabilization
is achieved through the addition of organic ligands and inorganic
capping materials, which terminates the particle growth reaction and
acts as an “armor” of the nanoparticle surface (Niu and Li, 2014; White
et al., 2009). The usual capping agents used in surface modification
include oleylamine (OAm), oleic acid (OA), trioctylphosphine (TOP),
dodecanethiol, cetyltrimethylammonium bromide (CTAB), poly(N-
vinyl-2-pyrrolidone) (PVP), polyvinyl alcohol (PVA) and poly(amido
amine) (PAMAM). Ebner et al. (2001) modified the surface chemistry of
Fe3O4 using tetraethyl orthosilicate (TEOS) for the recovery of Co(II) at
a wide range of pH (5–8). The silica-coated Fe3O4 NPs exhibited much
higher adsorption capacities (100 times) than the bare NPs over the
tested pH range. Similarly, Davudabadi Farahani et al. (2013) prepared
silica-coated Fe3O4 NPs using TEOS. Then, Fe3O4/SiO2 was coated with
acetic acid as a stabilizing agent in order to produce a magnetic fer-
rofluid for the adsorption of Pd(II). This improved the adsorption of Pd
(II) to around twice (24.6 mg g−1) the maximum adsorption capacity of
bare Fe3O4 NPs.

Aside from stabilizing NPs, surface modification can also be used as
a method for incorporating specific functionalities on the surface of
Fe3O4, visualized in Fig. 4. Chiou et al. (2015) synthesized amine-
functionalized Fe3O4 by coating the surface of the NPs with OA, which
was crosslinked with methyl methacrylate (MMA) and was subse-
quently modified with ethylenediamine (EDA) to attach the amine
functional groups. The synthesized functionalized nano-adsorbent was
used to adsorb In(III). The maximum adsorption capacity of In(III) on
EDA/MMA/OA/Fe3O4 is 54.2 mg g−1. The affinity of In(III) to the
magnetic nano-adsorbent is most likely attributed to the formation of
coordination bonds between the metal and the amine functional groups.
Huang and Chen (2009) also developed an amino-functionalized mag-
netic nano-adsorbent by grafting diethylenetriamine (DETA) via car-
bodiimide reaction to the surface of Fe3O4 coated with polyacrylic acid
(PAA). It demonstrated a fast and complete recovery of Ag+, AuCl4- and
PdCl42-. Similarly, Rossi et al. (2007) modified the surface of OA-coated
Fe3O4 by introducing a thiol functionality. The functionalization was
achieved by substituting the oleate moieties with 3-mercaptopropionic
acid (MPA). The resulting thiol-modified Fe3O4 was used as a magne-
tically recoverable scavenger for Pd(II). It was able to recover 99% of
the Pd present at an initial concentration of 90mg L−1. However, the
performance of the material decreased to 72.6% recovery when the
initial concentration of Pd(II) was increased a four-fold. The decline in
the performance of the thiol-modified Fe3O4 is attributed to the lower
amount of thiol groups available for binding. Similarly, Ashour et al.

Fig. 3. Schematic model of plausible mechanisms for metal recovery by nZVI.
Target metals (Ag, In) are immobilized through either direct interactions or
electrochemical reduction. Modified from Li and Zhang (2007).

Fig. 4. Common chemical moieties utilized for the surface modification of
FexOy NPs.
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(2016) incorporated a thiol functionality coating Fe3O4 NPs with L-
cysteine (Cys) and used it for the recovery of La(III), Nd(III), Gd(III) and
Y(III) from the nitrate liquor generated from the monazite digestion
process. The functionalized Cys-Fe3O4 was able to adsorb 71.5 mg g−1

La(III), 145.5 mg g−1 Nd(III), 64.5 mg g−1 Gd(III) and 13.6 mg g−1 Y
(III). The adsorbed REEs was recovered (85–90%) from Cys-Fe3O4 using
0.1 M HNO3.

Surface modification does not always guarantee an improvement on
the performance of NPs. It might as well result in some drawbacks.
Although capping agents can assist in the dispersion of nanoparticles in
aqueous media, these surface modifiers are not permanent since the
adsorption to the surface may be reversible depending on the NP con-
centration in the suspension, pH, ionic strength and reactivity towards
the NPs (Tang and Lo, 2013). Furthermore, it adds to further com-
plexity of the system due to uncertain homogeneity and dispersion of
the capping molecules, non-covalent interaction between capping mo-
lecules and reactants, and charge transfer at the organic-metal interface
(Niu and Li, 2014). Uheida et al. (2006b) developed amine and thiol-
functionalized Fe3O4 NPs using nonylthiourea (NTH) as the surface
coating. Contrary to the results of their initial study on the adsorption of
PGMs, the adsorptive capacities of NTH-coated Fe3O4 towards Pd(II), Pt
(IV) and Rh(III) were found to be lower than that of the pristine iron
nano-adsorbents. The decrease in adsorptive affinity and capacity was
attributed to steric hindrance between the chlorocomplexes and the
nitrogen atoms. Pd(II) was found to have a better affinity to the ad-
sorbent due to the simple square planar geometric structure of PdCl42+,
whereas PtCl62+ and RhCl63+ both possess a square bipyramidal geo-
metry. Hence, careful consideration must be taken in employing surface
modification to avoid decreased adsorption affinity. A trade-off must be
maintained on ensuring the stability and the reactivity of the NPs since
surface active sites might be blocked due to the surface coating used for
modification (Tang and Lo, 2013). Alternatively, porous materials can
be utilized as supports to stabilize various kinds of metal (oxide) NPs
within their pores. The stabilization of the particle size is attained by
embedding the nanoparticles into rigid cavities with a limited dimen-
sion (Campelo et al., 2009). Metal organic frameworks (MOFs) are good
candidates as stabilizing materials due to their defined pore sizes which
limit the particle growth into a distinct size regime and reduces particle
agglomeration. In addition, it allows the generation of specific ad-
sorption sites within the framework, creating a partition between the
internal and external pore structure (White et al., 2009). Although this
approach has been largely exploited using zeolites, mesoporous alu-
minosilicates and other porous organic and inorganic materials, MOFs
offer the advantage of rationally designed structural frameworks with
desired pore size and shape through the selection of appropriate organic
(and inorganic) building units (Furukawa et al., 2010; Moon et al.,
2013; Rosswell and Yaghi, 2014). Moreover, the inner surface of the
pore channels and cavities of MOFs can also be chemically tailored
through functionalization and/or modification of the organic linkers
(Burrows, 2013; Cohen, 2012; Deng et al., 2010; Eddaoudi et al., 2002;
Jiang et al., 2016; McGuire and Forgan, 2015; Meilikhov et al., 2010;
Tanabe and Cohen, 2011; Wang and Cohen, 2009). The tailoring is
important since the electronic interaction between the NPs and the
organic linkers plays a significant role in controlling the limited growth
of NPs in the confined cavities of the framework and in ensuring the
production of highly reactive monodispersed NPs (Aijaz and Xu, 2014).
Furthermore, the high porosity of MOFs guarantees the accessibility of
the pores – preventing restricted diffusion of the substrates leading to
severe collapse of pore structure, and agglomeration of NPs
(Dhakshinamoorthy and Garcia, 2012).

The encapsulated nanoparticles in MOFs and COFs may be classified
into three classes, as illustrated in Fig. 5, depending on their location
within the framework and size (Meilikhov et al., 2010; Rösler and
Fischer, 2015). Class A, which is denoted by NP/MOF, is used when the
nanoparticles are preferentially deposited on the external surface of the
material due to the larger size of the nanoparticle compared to the pore

size of the host framework. If the particles are distributed throughout
the bulk of the material but the nanoparticle size is still larger than the
pore size, the material is categorized as Class B, which is denoted by
NP@MOF. This is usually accompanied by partial or full degradation of
the framework during NP formation. The ideal case, Class C, is char-
acterized by encapsulated nanoparticles whose size exactly matches the
pore size of the framework. In order to achieve this, the hybrid material
must be highly loaded with cavity-sized matching NP, which has well-
defined and homogenous size dispersion throughout the framework.
The classification of the resulting hybrid material can usually be con-
trolled by the applied synthetic method to load the pore cavities with
metal (oxide) NPs. The usual methods used to prepare metal (oxide)
NPs in MOFs and COFs include: (1) chemical vapor infiltration, wherein
volatile metal-organic precursors fill the pore cavity which are ther-
mally or chemically decomposed afterwards; (2) wet impregnation,
which involves the immersion of the material in metal salt solutions
followed by reduction, thermal decomposition, or co-precipitation; (3)
incipient wetness (or dry) impregnation, which is similar to wet im-
pregnation except that the pores are filled with liquid precursors at
minimum or equivalent to the pore volume; and (4) encapsulation of
pre-formed NPs, wherein a capping agent stabilized NP is introduced
into the solution containing the precursors for the synthesis of the host
framework (Moon et al., 2013; Rösler and Fischer, 2015; Shylesh et al.,
2010). Several MOF-supported FexOy NPs have been developed and
investigated. However, the majority of these have only been examined
for the removal of dyes (Li et al., 2015), organic compounds (Doherty
et al., 2012; Huo and Yan, 2012) and toxic heavy metals and metalloids
(Folens et al., 2016a; Leus et al., 2017; Sohrabi et al., 2013; Wang et al.,
2013b) from water.

3. Future challenges in critical and precious metal recovery
technologies

While almost all discussed technologies show great promise, there
are still drawbacks that prevent their implementation on full industrial
scale. Although many studies have been conducted on the recovery of
critical and precious metals, most of these focused on synthetic ma-
trices, which are often very different in composition from real industrial
waste streams or leachates. Hence, such kind of studies provide very
little insight on how the investigated adsorbents will behave under real
conditions. In order to guarantee a satisfactory performance, it is often
required to combine several techniques, complicating the overall pur-
ification process. The extensive use of chemicals or organic solvents for
metal recovery may also cause the potential release of secondary pol-
lutants to the environment.

Adsorption can avoid those drawbacks, yet it is mostly focused on
the immobilization of single (toxic) metals, up to now. Adsorption
studies conducted on different elements are generally not performed
under identical conditions or do not report the same type of informa-
tion. It makes it difficult to carry out a comparative assessment of the
adsorbents performance or to design selective metal recovery processes
that combine different techniques based on the outcome of previous
studies (Bacelo et al., 2016; Gautam et al., 2014). Furthermore, in
practice, the liquid streams subject to metal recovery treatments have a
complex composition, which affects the adsorption of the target com-
ponent (Worch, 2012). Moreover, little research has previously focused
on studying the selectivity under different system conditions, to find the
optimal conditions for the recovery of different elements. For example,
it was found that the selectivity of chitosan for Au in a binary Au/Cu
solution, and therefore the purity with which Au is recovered, depends
on the initial concentration of both elements and pH of the solution
(Chen et al., 2011). This type of studies is especially interesting for the
recovery of critical and precious elements with high purity. The de-
velopment of high throughput experimentation methods enabling us to
test a wide range of adsorbent-adsorbate combinations under different
conditions within shorter timeframes may help to evolve in this
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direction.
Secondly, engineered nanomaterials and bio-based adsorbents must

be critically evaluated with respect to environmental health and safety
(EHS) standards prior to full implementation. In particular, functiona-
lized and chemically-modified adsorbents must be looked into since
their innate physicochemical properties are significantly altered. The
advantageous nature of these materials in terms of their enhanced ca-
pacity and affinity could pose potential toxic effects and could change
their reactivity and behavior in the environment (Saleh et al., 2015;
Tang and Lo, 2013). Modifications implemented on adsorbents raise
uncertainty regarding their fate and transport, and the accompanying
environmental risks of these hybrid materials compared to their pristine
counterpart (Holmes and Gu, 2016). In addition to EHS, complete life-
cycle assessment evaluations must be employed on these nanomaterials
and biomaterials. Their environmental sustainability compared to cur-
rent technologies for precious and critical metals recovery must also be
evaluated. While there has been no reported human disease or critical
environmental effect of engineered nanomaterials and bio-based sor-
bents yet, these may attributed to their limited, variability of material
composition and minimal epidemiological and EHS studies (Grassian
et al., 2016). The dearth of knowledge about the fate of these materials
justifies the need to develop appropriate EHS standards, hazard iden-
tification approaches and environmental risk assessment methods.

Lastly, full-implementation and readiness for commercialization of
these adsorption technologies are highly dependent on their cost-ef-
fectiveness. A critical balance between adsorption capacity and re-
generability of these materials must be met to transcend from lab-scale
experiments to pilot-scale studies. By ensuring the structural stability
and integrity of nanohybrid adsorbents either by functionalization or
chemical modification, it would be possible to maintain the high per-
formance of these materials over successive cycles. In the case of bio-
based adsorbents, the cheap cost associated with their production and
the wide-availability of starting materials are their current advantage
compared to other commercial adsorbents. Although most biosorbents
cannot be regenerated due to issues on structural integrity, they can be
used to recover the target metals from liquid phases and wastewaters,
followed by metal recovery from the biosorbent using existing pyr-
ometallurgical technologies. This may provide a cheaper and more
environmentally-friendly and sustainable option compared to biosor-
bent regeneration. Hence, life-cycle assessment studies are needed to
compare these different alternatives.

4. Conclusions

In order to address the rising scarcity of resources, there is an urgent
need to secure reliable, sustainable and unhindered access to crucial
raw materials. Among these materials are critical and precious metals,
which are essential for technological and industrial advancement. This

has driven a shift of current research from removal of toxic metals from
waste streams for reducing the environmental burden towards resource
recovery, which can lead to the conservation of diminishing raw ma-
terial reserves. Although conventional technologies are available for
metal recovery, they often have drawbacks and limitations such as high
costs, environmental impact and poor efficiencies at dilute metal con-
centrations. Adsorption-based technology is considered a promising
alternative technology for metal recovery due to its cost-effectiveness,
ease of operation and high recovery efficiency. Novel and innovative
adsorbents, such as iron (oxide) nanoparticles and biomass-derived
adsorbents, are low-cost and relatively inert materials that offer ex-
cellent uptakes and high affinity for critical and precious metals.
Furthermore, their adsorptive properties could be enhanced further by
surface-modification or chemical functionalization. While these mate-
rials offer great potential for industrial metal recovery, the technologies
should be tested more carefully prior to full-scale implementation.
Herein, several key areas of research should be explored, in particular
the adsorption performance in relevant industrial matrices, regenera-
tion and recycling of the engineered adsorbents and the accompanying
environmental risks of e.g. release of nanomaterials or biomaterials
used as adsorbents.
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