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Abstract: Gold (Au) and palladium (Pd) are platinum group metals (PGMs) that are considered
critical in society because they are required in several industrial applications. Their shortage has
caused the urgent need for their recovery from secondary resources. Therefore, there is a need to
develop functional materials with high adsorption capacity and selectivity for recovery of PGMs from
various secondary sources. In this study, a Zn-Al-layered double hydroxide@zeolitic imidazolate
framework-8 (Zn–Al–LDH@ZIF–8) nanocomposite was used as an adsorbent for the recovery of
Au and Pd from ore concentrates. The Zn–Al–LDH@ZIF–8 nanocomposite was characterised using
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), transmission
electron spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, zeta potential, and X-ray
diffraction (XRD) spectroscopy. The recovery of Au(III) and Pd(II) was achieved using ultrasound-
assisted dispersive µ-solid-phase extraction (UA-D-µ-SPE) and their quantification was attained using
an inductively coupled plasma mass spectrometer (ICP-MS). The results showed that the surface of
the adsorbent remained positively charged in a wide pH range, which endowed the nanocomposite
with high adsorption affinity towards Au(III) and Pd(II). Under optimised conditions, the equilibrium
studies revealed that the adsorption of Au(III) and Pd(II) ions followed the Langmuir isotherm model
with maximum sorption capacities of 163 mg g−1 and 177 mg g−1 for Au(III) and Pd(II), respectively.
The nanocomposite possessed relatively good regeneration, reusability, and stability characteristics,
with its performance decreasing by only 10% after five adsorption–desorption cycles.

Keywords: porous nanocomposite; metal organic frameworks; dispersive µ-solid-phase extraction;
reusable; response surface methodology; electrostatic interactions

1. Introduction

Owing to the unique properties of PGMs such as nobility and catalytic activity, their
recovery from different sources is of economic importance. These remarkable features
have resulted in wide applications of PGMs [1]. Palladium and Au, as with other precious
metals, have a wide range of applications that are not limited to jewellery and electronic de-
vices [2,3]. However, their limited resources are becoming worrisome to various sectors [4].
For instance, compounds of Pd and Au are widely used in the catalysis industry for different
applications in various manufacturing processes [5–7]. Therefore, recovery of Au and Pd
from waste has received significant attention from many researchers [8]. As a possible plan
to meet the future demand and to convert disposable material into a valuable renewable
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resource, it is necessary to recover these precious metals from waste. There are conventional
hydrometallurgical processes that have been used for the recovery of Au and Pd. These
include solvent extraction [9,10], ion-exchange [11,12], co-precipitation [13], reverse osmo-
sis [14], and membrane filtration [15,16]. However, these conventional hydrometallurgical
processes suffer from numerous drawbacks such as being laborious, having incomplete
recovery, and the generation of toxic sludge or by-products [17,18]. Therefore, adsorption-
based techniques have been used as alternative hydrometallurgical methods to address the
above-mentioned limitations [17–19]. Adsorptive recovery of precious metals has gained
more attention due to its simplicity, high efficiency, and wide-range availability. As a result,
various adsorbents have been used for the recovery of precious metals. These include
metal–organic frameworks [19], chitosan derivatives [7], activated carbon [20], HS-PAN
fibres [21], direct-contact membrane distillation (DCMD) [22], Mo–Co–Ni/Al2O3 [23], and
Fe3O4 nanoparticles [1,24].

Layered double hydroxides (LDHs) are evolving as effective adsorbent materials
for various applications [25–27]. LDHs are a class of two-dimensional nanostructured
anionic clays [28]. They have wide applications due to their properties such as stability,
simple preparation, low cost, high specific area, high adsorption affinity, high exchange
capacity, and negatively charged surface [25,29,30]. In spite of the above properties, there
are problems associated with layered double hydroxide, which need to be resolved [31]:
first, to enhance its adsorption capacity and other features; secondly, to meet specific
requirements for wider applications such as extraction, adsorption, and recovery of metals
or efficient separation of biomaterials [32,33]. To attain the above-mentioned requirements,
incorporation of other functional materials during their synthesis is needed. Metal–organic
frameworks (MOFs) have been favoured among many other materials for modification of
LDH due to their thermal and hydrothermal stability [34]. Amongst numerous types of
MOFs that have been reported in the literature, zeolite imidazolate frameworks (ZIFs) have
been favoured compared with other types of MOFs because of their attractive properties.
These include porous crystalline structures, and chemical and thermal stability [35–37].
Therefore, it is expected that the combination of LDHs and MOFs could enhance the
performance of the resulting composite.

In this paper, a simple and rapid µ-solid-phase extraction (µSPE) method based on a
Zn–Al–LDH@ZIF–8 nanocomposite was developed to recover gold and palladium from
GM ore and concentrates. The objectives were to: (1) prepare and characterise the Zn–Al–
LDH@ZIF–8 nanocomposite and (2) apply the nanocomposite for the recovery of gold and
palladium prior to their determination using ICP-MS. The choice of adsorbent was based
on advantages possessed by both LDH and ZIF-8, which are the large surface area, ion
exchange, porous crystalline structure, and better thermal, hydrothermal, and chemical
stabilities. In addition, considering the attractive properties of LDH, we reasoned that
Zn–Al–LDH nanostructures are expected to be a superior support material for in situ
growth of ZIF-8, thus increasing the affinity of Au and Pd ions towards the nanocomposite.
Even though LDH/MOF composites have been reported in the literature, the application
of the Zn–Al–LDH@ZIF–8 nanocomposite for extraction and recovery of Au and Pd has
not been reported. Finally, the effectiveness of the Zn–Al–LDH@ZIF–8 nanocomposite was
investigated by applying the developed method in the recovery of gold and palladium
from mine soil waste and reference materials.

2. Materials and Methods
2.1. Materials

All reagents used were of analytical grade unless stated otherwise in the methods,
and ultra-pure deionised water (type 1 with 18 MΩ cm−1 resistivity) were used for the
entire study. Sodium hydroxide solution was obtained from Associated Chemical Enter-
prises, (Pty) Ltd. (Johannesburg, South Africa) and was used in pH adjustments. Zinc
nitrate hexahydrate (Zn(NO3)2·6H2O), sodium chloride (NaCl), potassium bromide (KBr),
aluminium nitrate (Al(NO3)3), 2-methylimidazole, nitric acid (HNO3, Trace SELECT, for
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trace analysis, 69.0% wt), hydrochloric acid (HCl, Trace SELECT, for trace analysis, fuming,
≥37%), absolute ethanol, and sodium formate (HCOONa) were used for the synthesis of the
Zn–Al–LDH@ZIF–8 nanocomposite, acquired from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Instrumentation

The sample pH was measured using the H1 9811–5 pH meter (HANNA Instruments
Ltd, Smithfield, RI, USA) and adjusted using 1 mol L−1 of HCl or NaOH solutions. The
porosity and surface area of the nanocomposite were investigated using the Surface Area
and Porosity Analyzer (ASAP2020 V3. 00H, Micrometrics Instrument Corporation, Nor-
cross, GA, USA). The nitrogen adsorption/desorption isotherm (Brunauer, Emmett, and
Teller (BET)) was used for the determination of surface properties of the adsorbent. Dur-
ing the analysis, the Zn–Al–LDH@ZIF–8 nanocomposite was degassed with nitrogen gas
at 90 ◦C for 12 h. The surface properties measurements were recorded at 195.8 ◦C and
the adsorption curves with the BJH model were used to calculate the pore volumes and
sizes. The morphological characteristics and elemental composition of the adsorbent were
assessed using SEM (TESCAN VEGA 3 XMU, LMH instrument, Brno, Czech Republic)
coupled with EDS. The SEM instrument was operated at a 20 kV accelerating voltage and
the working distance of 15 cm. The images were recorded using a secondary electron
detector (SED). Before analysis, the SEM specimens were fixed with a double-coated carbon
tap followed by the addition of small amounts of the samples. To improve the conductivity
of the material, the samples were carbon-coated using the Agar Turbo Carbon coater.

A PerkinElmer spectrum 100 FTIR (Waltham, MA, USA) was used to investigate the
functional groups on the surface of the adsorbent. First, portions of the adsorbents were
mixed with KBr and compressed to form desired pellets. The FTIR spectra data collection
was performed in the wavenumber range from 400 to 4000 cm−1. The morphology of
the nanomaterials was further investigated using the Jeol JEM-2100F TEM equipped with
a charge-coupled device (CCD) digital camera and LaB6 source. Before TEM analysis,
small portions of the adsorbents were dispersed in ethanol using an ultrasonic bath. The
suspension was then dispersed onto the TEM grid (200 mesh size Cu-grid). The TEM images
of the materials were acquired by operating the instrument at 200 kV. The zeta potential of
the nanocomposite was measured using a Nano ZS Zetasizer (Malvern Instruments Limited,
Malvern, Worces, UK). Series of samples were prepared by placing 0.1 g of adsorbent in
100 mL of 0.10 mol L−1 of NaCl at different pH values (3–12) adjusted using 0.1 mol L−1

of HCl and NaOH solutions. The samples were shaken uninterruptedly for 24 h at room
temperature. Thereafter, the samples were analysed using a Nano ZS Zetasizer.

The crystalline and XRD patterns of the Zn–Al–LDH@ZIF–8 nanocomposite were
investigated using the PANayltical X’Pert Pro XRD instrument (PANalytical Company,
Almelo, The Netherlands) fitted with a 10 mm programmable divergence slit, a sample
spinner (Spinner PW3064 with rotation time of 1 s), and a 1D X’Celerator detector. The
instrument was also equipped with a Cu Kα (λ = 0.15405 nm) X-ray radiation source
operated at 40 kV and 40 mA. The fine-powdered samples were placed onto a silicon
sample holder and the XRD measurements were recorded at 2θ values starting from 10
to 100◦. X’Pert HighScore Plus V3 software was used for the analysis of the collected raw
data. The determination of Au(III) and Pd(II) ions recovered from the sample solution was
achieved using an Agilent 7900 ICP-MS (Agilent Technologies Inc., Tokyo, Japan) with
the Ultra High Matrix Introduction (UHMI) option and He cell gas option. The operating
parameters for each element were set as recommended by the manufacturer.

2.3. Synthesis of Zn-Al LDH and Zn–Al–LDH@ZIF–8 Nanocomposites

Zn-Al LDH was prepared by the co-precipitation method, which was previously
reported in the literature with some amendments [37]. Briefly, a solution of containing Zn
and Al nitrates (at a concentration of 0.15 mol L−1) was prepared in 100 mL of deionised
water. The pH of the solution was adjusted and kept constant at 10.0 by the addition
of dilute NaOH (2 mol L−1) solution under vigorous stirring. The resulting slurry was
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maintained at 70 ◦C for 24 h in a water bath. Then, the white precipitate was recovered by
centrifugation (3400 revolution), washed with deionised water 5 times, and dried at 80 ◦C
overnight. The obtained samples were labelled as Zn–Al–LDH.

The Zn–Al–LDH@ZIF–8 nanocomposite was prepared according to previous stud-
ies [37,38] with minor modification. To describe the method briefly, 405 mg portions of
HCOONa and 750 mg of 2-methylimidazole were dissolved in 60 mL of methanol under
constant stirring. A portion of dried LDH (360 mg) was added to the above solution under
constant stirring for 30 min and the mixture was maintained in a water bath at 60 ◦C
for 4 h. The product was separated by centrifugation, washed with water and methanol
several times, and dried at 50 ◦C for 12 h. The obtained powder was denoted as the Zn–Al–
LDH@ZIF–8 nanocomposite. For the synthesis of ZIF-8, the same procedure was followed
without the addition of dried LDH. It should be noted that to produce larger amounts of
the nanocomposite, the starting materials were upscaled.

2.4. Dispersive µ-Solid-Phase Extraction Method for Recovery of Au and Pd Ions

The extraction and recovery of Au(III) and Pd(II) ions were carried out by placing
different masses of the adsorbent (50–200 mg) in sample bottles containing 50 mL of
500 µg L−1 of Pd and Au solution (pH 2–9, adjusted with 0.01 mol L−1 of HCl or NaOH). The
adsorption process was achieved by ultrasonication for 5–30 min. The adsorbed analytes
were recovered using 0.5–3.0 mol L−1 of HNO3-HCl (equimolar) mixture and analysed
with ICP-MS. The optimisation of the extraction and recovery process was achieved using
a central composite design. The most influential variables were mass of adsorbent (MA),
sample pH, and extraction time (ET), where their minimum (-), central (0), and higher (+)
levels are presented in Table 1. The experiments were carried out in a random manner to
eliminate systematic errors.

Table 1. Range of independent variables.

Parameters Lower Level (−) Central Point (0) Higher Level (+)

Adsorbent dosage (mg) 50 125 200
Extraction time (min) 5.0 17.5 30
pH 2.0 5.5 9.0
Eluent concentration (mol L−1) 0.5 1.75 3

2.5. Batch Adsorption Experiments

To understand the type of adsorption occurring in the recovery of Pd and Au, equi-
librium studies were conducted. This was performed by adding 150 mg of the Zn–Al–
LDH@ZIF–8 nanocomposite into a 250 mL solution (pH = 3.5) containing Pd(II) and Au(III)
at accurate initial concentrations in the range of 1–100 mg L−1. The mixture was sonicated
for 20 min. After equilibrium was reached, the samples were filtered, and the unadsorbed
analytes were analysed by ICP-MS after appropriate accurate dilutions. The adsorption
capacity (qe) was calculated using Equation (1).

qe =
(C0 − Ce)V

m
(1)

The equilibrium data explained two commonly used adsorption isotherms, that is,
Langmuir and Freundlich models. The linearised mathematical expression was adopted
from the literature [26,35].

2.6. Regeneration and Stability Studies

The desorption of metal ions adsorbed on the surface of the adsorbent was achieved
using 2 mol L−1 of HCl-HNO3 (2.0 mL). Ten millilitres of desorption solution were added to
50 mL reagent bottles containing the adsorbent loaded with Au(III) and Pd(II). The samples



Separations 2022, 9, 274 5 of 19

were sonicated for 10 min. The desorbed metal ions from the adsorbent were analysed by
ICP-MS. All the experiments were carried out in triplicate.

2.7. Application to Real Samples

An amount of 1.0 g of soil sample was accurately weighed and placed in a 50 mL
digestion tube. Then, 10 mL of aqua regia (1 mol HNO3: 3 mol HCl) and 5 mL of the
concentrated H2O2 were added. The sample was then digested for 60 min at 120 ◦C using
the Digi block. The resulting solution was diluted to 50 mL using deionised water. The
explained recovery procedure was carried out using the optimised method.

3. Results and Discussion
3.1. Characterisation of the Nanocomposite
3.1.1. X-ray Diffraction (XRD) Analysis

Figure 1 displays XRD patterns corresponding to Zn−Al−LDH, ZIF−8, and Zn–Al–
LDH@ZIF–8 nanocomposites. As can be seen in Figure 1A, the XRD patterns display
diffraction peaks of Zn–Al–LDH at 2θ = 11.6◦, 23.4◦, 34.8◦, and 60.4◦ [39,40], belonging to
(003), (006) (009), and (110) planes, respectively. These diffraction peaks are characteristic of
a crystalline Zn–Al–LDH material [39]. Figure 1B shows the diffraction peaks at 2θ = 9.81◦,
10.27◦, and 12.67◦ corresponding to (011), (002), and (112) planes, respectively, which
confirmed the formation of highly crystalline ZIF-8 [37,41–43]. This is in agreement with
the previous studies [34]. The XRD pattern of the Zn–Al–LDH@ZIF–8 nanocomposite is
shown in Figure 1C, with peaks corresponding to those of Zn–Al–LDH and ZIF-8, which
reveal evidence for the prepared composite and are in agreement with the literature [37–39].
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3.1.2. Fourier-Transform Infrared Spectroscopy

Figure 2 shows the FTIR spectra of Zn−Al−LDH, ZIF−8, and Zn–Al–LDH@ZIF–
8 nanocomposites. Figure 2A shows four characteristic peaks of ZIF-8 at 2926 cm−1,
1600 cm−1, 1145 cm−1, and 995 cm−1, which were assigned to vibrations of C=H, C−N,
and C−N in the imidazole ring, respectively [34,41]. In Figure 2B, a broad and strong
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peak at 3426 cm−1 associated with the stretching vibration of OH groups of LDH and
interlayer molecules was observed [44]. Furthermore, other characteristics peaks con-
firming the successful synthesis of Zn−Al−LDH were observed at 1635 cm−1 (bending
vibration mode of water molecules), 1360 cm−1 (stretching vibration of the interlayer ni-
trate ions), and 800–400 cm−1 (M−O stretching modes and M−O−H bending vibrations,
M = metal) [30,44,45].
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Figure 2. The FTIR spectrum of (A) ZIF–8, (B) Zn–Al–LDH, and (C) Zn–Al-LDH@ZIF–8
nanocomposite.

The FT-IR spectrum of the nanocomposite is shown in Figure 2C. The broad intense
peak between 3500 and 3000 cm−1 is related to the overlapping stretching vibration of
the OH and N-H bond [42,46,47]. The peaks at 1590 cm−1 and 1457 cm−1 are assigned
to the C-N stretching mode and entire ring stretching [43]. These findings confirmed the
incorporation of ZIF−8 in the LDH matrix. The weak peak between 2000 and 1600 cm−1 can
be attributed to bending vibration of the interlayer LDH [47]. The absorption at 1381 cm−1 is
attributed to the asymmetric stretching nitrate ions of the interlayer, confirming the presence
of the LDH structure in the nanocomposite [42]. Furthermore, the peaks observed between
1200 and 900 cm−1 are associated with aromatic sp2 C-H bending and the anti-symmetric
deformation mode of NO3

− anions, respectively [39]. Finally, the peaks located at 500 cm−1

and lower are attributed to the metal oxide bonds (Al−O, Zn-Al−OH translation, and the
Al−OH deformation) [42,43,47].
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3.1.3. Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy

The morphological features and elemental composition of the Zn–Al–LDH@ZIF–8
nanocomposite and ZIF-8 were investigated using SEM and EDS. Figure 3A illustrates the
SEM image and EDS spectrum of the Zn–Al–LDH@ZIF–8 nanocomposite. The SEM image
of the nanocomposite revealed semi-spherical structures with rough surfaces confirming
the in situ growth of ZIF−8 onto the Zn−Al−LDH material. In addition, the EDS spectrum
shows that the nanocomposite was composed of Zn, N, C, O, and Al, which could be
attributed to the elemental composition of LDH and ZIF−8. In contrast, Figure 3B shows
smooth ZIF-8 crystalline structures. These observations suggest the successful synthesis of
the nanocomposite and they are in agreement with the previously reported results by [43].
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3.1.4. Transmission Electron Microscopy (TEM) Image of Zn–Al–LDH@ZIF–8
Nanocomposite

The morphology of the synthesised nanocomposite was investigated using TEM. As
presented in Figure 4, there were spherical-shaped nanoparticles on the surface of Zn–Al–
LDH after the in situ growth of ZIF-8 onto the surface of Zn–Al–LDH. The TEM image
(scale = 200 nm and 100 nm) reveals that the surface of the LDH was mostly covered with
ZIF-8. However, with a different magnification (scale = 50 nm), the TEM image reveals that
some part of the Zn–Al–LDH surface was naked, suggesting that ZIF-8 was not uniformly
distributed. This observation might be due to some reaction conditions or the formation
of side products that could affect the growth of ZIF-8 nanostructures onto the surface of
Zn–Al–LDH. Despite these observations, the TEM images confirmed the formation of the
Zn–Al–LDH@ZIF–8 nanocomposite and the results are in agreement with the literature [37].
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Figure 4. TEM image of ZIF-8@LDH nanocomposite at different scales.

3.1.5. N2-Adsorption/Desorption Analysis

The specific surface area and pore volume of the Zn–Al–LDH, ZIF-8, and Zn–Al–
LDH@ZIF–8 nanocomposite are presented in Table 2. As seen, the surface area of the
composite had a noticeably high specific surface area, with a value of 1032 m2/g suggesting
that the prepared composite is a good candidate for the adsorption recovery of Au and
Pd. The surface area was slightly lower than that of pristine ZIF-8 and significantly higher
than that of Zn–Al–LDH. These finding confirmed the successful combination of ZIF-8 and
LDH. These surface characteristics are comparable to those reported by [37,48].

Table 2. Porosity characteristics of Zn–Al–LDH, ZIF–8, and Zn–Al–LDH@ZIF–8 nanocomposites.

Adsorbents Specific Surface Area (m2 g−1) Pore Volume (cm3 g−1)

ZI−-8 1234 0.98
Zn–Al–LDH 91.1 0.55
Zn–Al–LDH@ZIF–8 1032 1.43

The nitrogen adsorption/desorption isotherms of ZIF-8 and Zn–Al–LDH@ZIF–8
nanocomposite are presented in Figure 5. This figure revealed that both materials dis-
played a long and narrow hysteresis loop at P/P0 ranging from 0.4 to 1.0, which is a typical
type IV isotherm as defined by the IUPAC classification [37]. These findings confirm the
existence of mesopores [37,48]).
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Figure 5. Nitrogen adsorption/desorption isotherms of (A) ZIF-8 and (B) Zn–Al–LDH@ZIF–8.

3.1.6. Zeta Potential Experiments

Zeta potential experiments were carried out to gain more insight about the surface
science of the prepared Zn–Al–LDH@ZIF–8 nanocomposite. The zeta potential results
against the pH of the solution, between pH 3 and 12, are presented in Figure 6. As seen,
the surface charge of the Zn–Al–LDH@ZIF–8 nanocomposite was positively charged from
low pH values up to about pH 8.2, which is the pHpzc of the adsorbent. In addition, the
surface remained negative at pH > 8.2. The pHpzc values for the individual components
(that is, ZIF-8 and Zn-Al–LDH) were 8.5 and 10.3. According to Figure 6, the unmodified
Zn–Al–LDH exhibited a positive surface in a wide pH range as compared to ZIF-8 and
the nanocomposite. This was attributed to a positively charged LDH structure as well
as hydroxide groups on its surface. The decrease in the structural charge of the Zn–Al–
LDH@ZIF–8 nanocomposite could be due to the neutralisation process that took place after
in situ growth of ZIF-8 onto Zn–Al–LDH. This significant change in the pHpzc value of
the nanocomposite is the indication that ZIF-8 significantly changed the surface charge of
Zn–Al–LDH, thus forming a new material with different surface properties.
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3.2. Optimisation
3.2.1. Selection of an Adsorbent

The selection of a suitable adsorbent for the adsorption of Au and Pd from acidic
solutions was investigated. Figure 7 demonstrates that the adsorption capacities of Zn–
Al–LDHs and ZIF-8 for Au and Pd were around 31–37 mg g−1 and 45–51 mg g−1, respec-
tively, which were considerably lower than that of the Zn–Al–LDH@ZIF–8 nanocomposite
(Figure 7). The increase in the adsorption capacity of Zn–Al–LDH@ZIF–8 could be due to
the combination of ZIF-8 and Zn/Al-LDH.
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Figure 7. Selection of adsorbent. Experimental conditions: Mass of adsorbent, 100 mg; eluent
concentration, 2 mol L−1; initial concentration, 500 µg L−1; eluent volume, 10 mL; extraction time,
20 min; desorption time, 5 min; sample pH, 3.5; sample volume, 25 mL.

3.2.2. Choice of Elution Solution

The selection of elution solution for the desorption of analytes on the adsorbent is
one of the most important factors in the recovery of Au(III) and Pd(II) ions. Therefore, the
suitability of HNO3, HCl, and a mixture of the two acids at 2.0 mol L−1 was assessed for
the desorption of adsorbed Au(III) and Pd(II) onto the Zn–Al–LDH@ZIF–8 nanocomposite.
As seen in Figure 8, the percentage recoveries of target analytes were higher when using
HCl (≥75%) as compared to HNO3 (except for Au). However, quantitative desorption
(≥90%) was achieved for the HNO3-HCl mixture. Therefore, the HNO3-HCl mixture was
used for further studies.

3.2.3. Response Surface Methodology (RSM) Based on Central Composite Design (CCD)

A central composite design (CCD) was used for the optimisation of most influential
factors affecting the adsorption of Au(III) and Pd(II) ions onto the nanocomposite and their
desorption from the adsorbent. The independent parameters include sample pH, extraction
time (ET), mass of adsorbent (MA), and eluent concentration (EC). These parameters were
investigated at five levels, that is, from lowest to highest (Table S1). The resulting design
matrix was composed of sixteen factorial design points, two central points, and eight axial
points (Table S1). The results in Table S1 were computed using Statistica software (Version
13.5) and analysis of variation (ANOVA) was used to evaluate the statistical significance
of each independent variable. The linear form of the main variables and their interactions
were evaluated using a 95% confidence level.
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Figure 8. Selection of eluent type. Experimental conditions: mass of adsorbent, 100 mg; eluent
concentration, 2 mol L−1; initial concentration, 500 µg L−1; eluent volume, 10 mL; extraction time,
20 min; desorption time, 5 min; sample pH, 3.5; sample volume, 25 mL.

The ANOVA results were presented in the form of a Pareto chart (Figure 9). In the
Pareto chart, the red line represents the 95% confidence limit, while the bars represent
the independent parameters and their interaction [35]. As seen in Figure 9B, MA, ET, and
EC were significant for the extraction of Au(III) ions, while Figure 9B reveals that only
MA was statistically significant for the adsorption of Pd(II). Furthermore, Figure 9 shows
that EC, ET, and MA had a positive effect, implying that, for the better adsorption, the
independent variable must be increased towards the maximum level. The bar lengths for
MA, ET, and EC were more prominent, suggesting that they played a major role in the
adsorption process. As seen, sample pH as well as interactions were not significant at the
95% confidence level for both Au(III) and Pd(II) ions.
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Figure 9. Pareto chart of standardised effects: (A) Au(III) and (B) Pd(II). MA = mass of
adsorbent, ET = extraction time, EC = eluent concentration, 1Lby2L = interaction between
MA and pH, 1Lby3L = interaction between MA and ET, 1Lby4L = interaction between MA
and EC, 2Lby3L = interaction between pH and ET, 2Lby4L = interaction between pH and EC,
3Lby4L = interaction between ET and EC, Q represents quadratic interactions.
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Three-dimensional (3D) response surface plots (Figure 10) were used to study the
interaction between two parameters (while the others were fixed at their central points) to
obtain maximum percentage recovery. The effects of sample pH with other parameters on
the adsorption of Au(III) and Pd(II) ions are observed in Figure 10A,D,E. From these plots,
it is evident that the extraction efficiency increased when the sample pH was below 5.0. The
adsorbent has two pHpzc values: 4.7 and 9.5. When the sample pH was less than pHpzc,
the nanocomposite surface had a net positive charge, while above pHpzc, the surface of
the adsorbent was negatively charged [49]. According to the literature, the main species of
Au(III) and Pd(II) are AuCl4− and PdCl3− at pH values lower than 3.0 [49]. Furthermore,
the increase in pH of the solution from 3.0 to 5.0 facilitates the formation of AuCl3(OH)−
and AuCl2(OH)2− as well as Pd(OH)4

2− [49]. Therefore, high extractions of Au(III) and
Pd(II) at pH values less 5.0 were attributed to electrostatic interactions between the positive
surface of the adsorbent and negatively charged analytes. Figure 10A–C illustrate the 3D
plots describing the effects of the mass of the adsorbent combined with other variables:
the extraction and recovery of target analytes. The analytical response increased with
increasing mass of the adsorbent, suggesting that more active sites were available for the
adsorption of Au(III) and Pd(II) ions. The effect of contact time revealed that quantitative
extraction of analytes was achieved in 20 min (Figure 10B,D,F). Lastly, Figure 10C,E,F reveal
that increasing eluent concentration results in high recoveries.
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Figure 10. 3D response surface plots of precious elements: Interactions between: (A) sample pH and
mass of adsorbent (MA) while fixing extraction time (ET) and eluent concentration (EC) at central
points, (B) ET and MA while fixing pH and EC at central points, (C) EC and MA while fixing pH and
ET at central points, (D) ET and pH while fixing MA and EC at central points, (E) EC and pH while
fixing MA and ET at central points, (F) ET and EC while fixing pH and MA at central points (Table 1).



Separations 2022, 9, 274 13 of 19

For simultaneous optimisation of independent variables, the desirability function was
used. The desirability function is the optimisation method in which the predicted responses
are converted into a dimensionless desirability value, D [50–52]. According to previous
studies, the desirability function scale ranges between D = 0 (an undesired response) and
D = 1 (acceptable or desired response) [50–52]. In this study, the optimum values for
the investigated independent variables (mass of adsorbent, sample pH, extraction time,
and eluent concentration) were achieved using the highest desirability, D = 1.0. As seen
in Figure 11, the corresponding optimum conditions: extraction and recovery of Au(III)
and Pd(II), were 100 mg, 3.5, 20 min, and 2.0 mol L−1 for mass of adsorbent, sample pH,
extraction time, and eluent concentration, respectively. The obtained optimum conditions
were validated experimentally to confirm the validity of the RSM model. The experimental
responses (99.1 ± 1.4, n = 6) were in close agreement with the predicted % recovery (101%),
suggesting that the desirability was valid. Therefore, the obtained optimum conditions
were used for further studies.
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Figure 11. Profile of predicted values and desirability for optimisation of experimental parameters
affect the extraction and recovery of Au(III) and Pd(II).

3.3. Batch Adsorption Studies

Under optimum conditions, the maximum adsorption capacity of the adsorbent was
investigated. This was performed to determine the amount of analyte required for quan-
titative extraction of Au(III) and Pd(II) ions. Following the procedure in Section 2.5, the
equilibrium data (Figure S1) showed that the degree of adsorption was directly proportional
to the concentration of Au(III) and Pd(II) ions until it reached the saturation point. The data
were fitted to Langmuir and Freundlich isotherm models. Linearised plots of the isotherm
models for adsorption of Au(III) and Pd(II) ions onto the Zn–Al–LDH@ZIF–8 nanocompos-
ite are presented in Figures S2 and S3. The values of parameters relating to Langmuir and
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Freundlich isotherms were estimated using the intercept and slope of linearised isotherm
plots (Table 3). It can be seen from this table that the correlation of determination values for
Langmuir models was higher than those of the Freundlich isotherm. This suggested that
the adsorption data were better explained by the Langmuir isotherm model. The values of
maximum adsorption capacities (qmax) were found to be 163 mg g−1 and 177 mg g−1 for
Au(III) and Pd(II), respectively.

Table 3. Parameters of Langmuir and Freundlich isotherm models for adsorption of Au(III) and
Pd(II) ions onto Zn–Al–LDH@ZIF–8 nanocomposite.

Isotherms Parameters Au Pd

qcal (mg/g) 163 177
Langmuir qmax (mg/g) 164 178

KL 0.37 0.36
R2 0.9950 0.9945

Freundlich KF (mg/g) 40.8 39.9
n 2.5 2.2
R2 0.9430 0.9613

The adsorption capacities of the current adsorbent for the target analytes were com-
pared with others that are reported in the literature (Table 4). As seen, the nanocomposite
had a higher adsorption capacity compared to those reported elsewhere [51,53,54]. Fur-
thermore, the Zn–Al–LDH@ZIF–8 nanocomposite had comparable adsorption capacity for
Au(III) and Pd(II) with previous studies [50]. However, its capacity towards the adsorption
of Au(III) and Pd(II) ions was lower than those reported in the literature [48,49,53,55,56].
The differences between the adsorption capacities might be due different physicochemical
properties of the adsorbent, as well as affinity of the adsorbent towards the target analytes.
This suggests that there is a need to increase the affinity of the adsorbent towards Au and
Pd by incorporating suitable functional groups.

Table 4. Comparison of the adsorption capacities of Zn–Al–LDH@ZIF–8 on different sorbents.

Analyte Adsorbent Eluent qmax (mg g−1) Refs

Au(III) and Pd(II) Zn–Al–LDH@ZIF–8 3.0 mol L−1 HCl-HNO3 163 and 177 This work
Au(III) and Pd(II) Fe3O4@SiO2@PT 917 and 196 [48]
Au(III) and Pd(II) CSGO 1077 and 217 [49]
Au(III) MoS2 Thiourea 1133 [55]
Au(III) and Pd(II) mag-GO@MBT/SDS 160 and 160 [50]
Pd(II) Ligand-based conjugate 0.10 mol L−1 HCl-0.20 mol L−1 thiourea 157 [51]
Au(III) and Pd(II) DAVF-PT HCl 535 and 214 [52]
Pd(II) and Au(III) ZrO2-TOA 0.2 mol L−1 HCl-/0.5 mol L−1 thiourea 6.3 and 44 [53]
Pd(II) Pd(II)-MIIPs Acidified solution 65.75 [54]
Au(III) Microbial thermophilic proteins 5 mol L−1 HNO3 483.2 [56]

CSGO: chitosan/graphene oxide, MoS2: molybdenum disulphide, Zn–Al–LDH@ZIF–8: Zn-Al-layered double
hydroxide@zeolitic imidazolate framework-8, Fe3O4@SiO2@PT: Plant tannin immobilised Fe3O4@SiO2 micro-
spheres, mag-GO@MBT/SDS: magnetic graphene oxide modified with 2-mercaptobenzothiazole, DAVF-PT:
persimmon tannin (PT) on the surface of viscose fibre (VF), ZrO2-TOA: zirconia nanoparticles with thioctic acid,
and Pd(II)-MIIPs: palladium ion imprinted polymer.

3.4. Effect of Interfering Ions

The selectivity of the Zn–Al–LDH@ZIF–8 nanocomposite towards the recovery of
500 µg L−1 of Au(III) and Pd(II) was investigated in the presence of base metals at different
concentrations (Al, Cu, Co, Ni, Mg, Ca, Mn, Fe, K, and Zn). The results revealed that the
recovery of target precious metals could be achieved even at high concentrations of base
metals. This might be because the adsorption of Au and Pd was achieved when the surface
of the adsorbent had a positive surface, which led to electrostatic repulsion of positively
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charged base metals. These results proved that the Zn–Al–LDH@ZIF–8 nanocomposite
could be a good candidate for the recovery of PGMs from secondary sources.

3.5. Recovery of Au(III) and Pd(II) from PGM Ore and Concentrate

The accuracy and feasibility of the proposed method were tested using South African
Reference Materials (SARM 186 and SARM 107). The SARM portion was first digested using
the manufacturer’s recommended methods. This was performed to solubilise the analytes
of interest. The obtained analytical results are shown in Table 5 and the concentrations of
Au(III) and Pd(II) by the present method agreed with both certified values of SARM 186
and SARM 107. The recoveries ranged from 93.4 to 95.7% and from 92.7 to 99.6% for gold
and palladium, respectively.

Table 5. Analytical results (mg kg−1) of Pd(II) and Au(III) in the South African reference materials
(SARM (186 and 107)).

Au(III) Pd(II)

Certified value Recovered %R Certified value Recovered %R
SARM 186 2.58 ± 0.8 2.41 ± 0.15 93.4 28.1 ± 1.4 28.0 ± 0.22 99.6
SARM 107 0.046 ± 0.010 0.044 ± 0.020 95.7 0.926 ± 0.036 0.858 ± 0.050 92.7

3.6. Effect of other PGMs Present in Ore Samples on the Extraction and Recovery of Au(III)
and Pd(II)

Ore samples used in this study were found to contain elements other than gold and
palladium (Table 6). Therefore, the effect of these coexisting ions was on the adsorption,
and the recovery of Au(III) and Pd(II) was studied using the optimised method. The results
obtained are presented in Table 6. The recoveries of most coexisting ions were found to be
less than 5% except for Pt (32–38%). As observed in Section 3.4, most of the base metals
present in the ores were not detected, and this might be due to electrostatic repulsion
between the positive sites of the adsorbent and the cations. The results for Pt(IV) suggest
that there was a competition for active sites with Au and Pb, suggesting that for higher
masses of the adsorbent, the simultaneous recovery of Au, Pd, and Pt is possible.

Table 6. Effect of other PGMs present in ore samples on the extraction and recovery of Au(III)
and Pd(II).

PGMs SARM 186 SARM 107

Certified Valuemg kg−1 Recoveredmg kg−1 %R Certified Value Recovered %R
Pt 67.1 ± 4.21 31.7 ± 1.3 31.7 1.99± 0.07 0.75 ± 0.02 37.7
Rh 7.63 ± 0.596 0.17 ± 0.01 2.23 0.320 ± 0.0396 0.12 ± 0.01 3.75
Ru 11.4 ± 0.66 0.22 ± 0.01 1.93 626 ± 0.0087 8.23 ± 0.11 1.31
Ir 3.01 ± 0.567 0.092 ± 0.002 3.05 0.14 ± 0.0180 0.0021 ± 0.0001 1.43
Fe 10.9 ± 0.46 ND
Co 0.18 ± 0.014 ND
Cr 0.59 ± 0.07 0.012 ± 9.01 2.03
Cu 1.25 ± 0.097 ND
Ni 2.29 ± 0.21 ND
Al 1.48 ± 0.032 ND
Ca 1.29 ± 0.23 ND
Mg 13.5 ± 0.72 ND
Os 1.48 ± 0.08 0.032 ± 0.001 2.16

3.7. Regeneration and Stability

It is crucial to determine the regeneration and stability of a promising adsorbent for
recovery of precious metals. As presented in Figure 12, no obvious drop in the recov-
ery percentage was observed even after four conservative adsorption–desorption cycles.
However, after the fifth and sixth cycle, the recovery declined by 6–9%. The slight decline
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could be due to partial damage of sorption sites that might occur during the regeneration
process. Therefore, the excellent regeneration and stability of Zn–Al–LDH@ZIF–8 make
it a potential adsorbent for the recovery of precious metals from waste materials. Other
than the advantages, this adsorbent has other merits such as a simple and mild preparation
process, and low adsorbent dosage as well as no secondary pollution.
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4. Conclusions

Zeolite imidazole frameworks on a layered double hydroxide (ZnAl-LDH@ZIF-8)
nanocomposite were synthesised and used for extraction and recovery of Au(III) and
Pd(II) from ore and concentrates. The material effectively removed >90 to 98% of trace
amounts of Au(III) and Pd(III) from ore concentrates. Under optimised conditions, the
equilibrium studies’ results revealed that the adsorption of Au(III) and Pd(II) ions followed
the Langmuir isotherm model with the maximum sorption capacities of 163 mg g−1 and
177 mg g for Au(III) and Pd(II), respectively. The recovery percentage was observed even
after three conservative adsorption desorption cycles, confirming the excellent stability of
the prepared adsorbent for precious metals recovery. The material possessed relatively good
regeneration and stability characteristics, with its performance decreasing by 10% after
five adsorption desorption cycles. The reported results indicate that this material can be
highly influential in precious metals recovery processes. Although the material presented
remarkable performance, the recovery of the adsorbent from the aqueous medium was
challenging. Therefore, future work will focus on the application of highly porous magnetic
materials based on ZnAl-LDH@ZIF-8 nanocomposites. In addition, future work will also
focus on the conversion of recovered Au and Pd into solid form, and the purity of the sold
materials will be studied extensively. Finally, the results obtained in this study form a basis
for future work on devising new scalable, selective, and eco-friendly adsorbents that can
be used on large scales for the recovery of PGMs from secondary resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9100274/s1, Figure S1: Effect of initial Au and Pd
concentration on the adsorption capacity of Zn–Al–LDH@ZIF–8 nanocomposite. Experimental
conditions: mass of adsorbent dosage = 100 mg, contact time = 20 min, pH = 3.5); Figure S2:
Langmuir isotherm model plots for adsorption of Au and Pd onto Zn–Al–LDH@ZIF–8 nanocomposite;
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Figure S3: Freundlich isotherm model plots for adsorption of Au and Pd onto Zn–Al–LDH@ZIF–
8 nanocomposite; Table S1: Central composite design matrix and %recoveries efficiency as an
analytical response.
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