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ABSTRACTS

The stability and performance of surface-modified zirconia nanoparticles with thioctic acid to 

effectively and selectively capture Pd(II) and Au(III) ions from industrial electronic waste water 

were investigated. A particular interest laid in the robustness of the interface in highly acidic and 

oxidizing environments under real conditions. Surface modifications of commercial nano-ZrO2 

were optimized from Brønsted acid-base surface reactions in aqueous solution, either by direct 

thioctic acid (TOA) grafting or by a two-step process: (i) alendronic acid (AA) grafting and (ii) 

amide coupling reaction between AA and TOA, giving inorganic-organic hybrid systems 

designated respectively as ZrO2-TOA and ZrO2-AA-TOA. All materials were thoroughly 

characterized and had a similar specific surface area (50m².g-1). They also demonstrated similar 

characteristics in terms of thermodynamic and kinetic adsorption data (Langmuir adsorption model 

and pseudo-second order model). The ATR-FTIR, DRIFT-FTIR and 31P solid state NMR data 

elucidated the bidentate bridging and tripodal bonding modes for TOA and AA coordination, 

respectively. In addition, the DRIFT technique was used to reveal the covalent amide bond 

between the -NH2 group of the AA group and the -COOH groups of the TOA. The adsorption 

capacities of ZrO2-TOA at Pd and Au of 44.6 mg/g and 6.3 mg/g respectively, showed that our 

systems had competitive adsorption capacities and selectivity compared to the literature. 

Nevertheless, ZrO2-TOA was too sensitive to hydrolysis in high acid concentration ([HCl] > 1M) 

and the use of ZrO2-AA-TOA was then mandatory to overcome hydrolytic cleavage of M-OOC 

bonds in media with high acid concentration. The novel ZrO2-AA-TOA material demonstrated 

promising stability, efficiency and reusability in industrial applications for gold and palladium 

recovery. 
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1. INTRODUCTION

Precious metals, in particular palladium (Pd) from PGMs (platinum group metals) and gold (Au), 

have been commonly used in many different industrial applications, such as jewellery, catalysts 

and high-tech devices, due to their high conductivity and anti-corrosion properties. Because of the 

amount of end-of-life of electrical and electronic equipment, called waste electrical and electronic 

equipment (WEEE) or e-waste, processed annually, it represents a suitable alternative resource for 

valuable metals from sources other than ores. From an economic point of view, the mining and 

extraction of gold and/or palladium would no longer be profitable and sustainable compared to the 

recycling of e-waste1. As a result, e-waste has been considered as an "urban mine", due to its 

increasing value. According to a recent survey, 44.7 million tons of e-waste were produced in 2016 

and the value of raw materials contained in e-waste was estimated at around €55 billion 2. The 

medals for the 2020 Olympic Games in Japan will be made entirely of the metal of millions of 

recycled devices (mainly telephones). The collection lasted two years and 28 kilos of gold and 

more than 5,000 kilos of silver and bronze were collected to make the 5,000 medals that will be 

awarded during the Games.

After collection, e-waste is subjected to different stages of the recycling process during which 

preliminary physical processes, such as disassembly, shredding, classification and separation, are 

used. Subsequently, the fraction containing the metal is involved in metallurgical steps using 

different types of metal leaching agents, such as aqua regia, thiourea, thiosulfate, etc. 3 Purification 

and separation processes play a crucial role in the overall process to increase the purity of the final 

product. Various hydrometallurgical technologies have been studied to improve this process, such 

as electrolysis, precipitation, solvent extraction and solid-liquid adsorption. When it comes to 

profitability, ease of use and environmental benefits, processes using solid-liquid adsorption 

appear to be predominant options. For palladium and gold separation/purification, two types of 

commercial adsorbents were used with different mechanisms: (i) ion exchange, including Bonlite 

BA304, Purolite A500 4 strong base resins or Dowex Marathon WBA, Diaion WA21J 5  weak base 

resins and (ii) coordination process based on adsorbents bearing functional groups containing N 

and S atoms, e. g. Duolite GT-73 6 or synthetic chelate resins functionalized with amine, thio, 

amine/mercaptan groups 7. J. M. Sánchez et al. demonstrated better adsorption of chelating 

polymers containing phosphine sulfide (P=S) on commercial quaternary ammonium resins 



(Amberlite IRA 410 and 910) in terms of performance and selectivity 8. Among these materials, 

phosphine-oxide resins have demonstrated high adsorption performance to PGMs (Pt, Pd, Rh) in 

an aqueous solution containing abundant competing ions, having a low pH and carrying an 

oxidizing aqua regia nitrate anion 9. Effluents from recycling plants usually contain traces of Pd 

and Au in the concentration range of 10 to 100 ppm, competing major ions, highly acidic and 

oxidizing media; therefore, the value of the effluents will only be able to contribute significantly 

to recycling processes if cost-effective methods or materials are readily available to capture these 

metals.

In addition to polymeric adsorbents, nano-adsorbents based on nanometallic oxide are of 

increasing interest due to their high surface-to-volume ratio. In addition, the presence of a surface 

modification of the inorganic support is likely to confer synergistic selectivity properties on the 

hybrid material resulting from it. The adjustment of inorganic supports by surface modification 

was carried out using many reagents called "coupling agents" or "anchoring molecules" such as 

silanes (RxSiX4-x, x = 0, 1, 1, 2, 3), amines, phosphonates (phosphonic acid, RP(O)(OH)2 or 

phosphonate ester derivatives, RP(O)(OR)2) 10, carboxylic acids and others 11.

Few reports have shown that phosphonates are of particular interest in obtaining an effective, 

robust and controllable monolayer on the surface of oxide substrates. Previously, our group has 

demonstrated the ability of nano-TiO2 materials modified on the surface by different 

monophosphonate molecules as effective and selective nano-adsorbents to light or heavy 

polyaromatic hydrocarbons (PAH) 12. With regard to the nature of the support for metal adsorption 

applications 13, nano-zirconium oxide (ZrO2) has also gained a lot of interest due to the high 

chemical stability of Zr-O-P which has extended its application to some difficult matrices that are 

very rich in acidity, oxidizing power and complexity14. V. Luca et al. have demonstrated that a 

combination of polyphosphonate ligands (such as alendronate) and Zr-rich carrier compositions 

has resulted in hybrid materials that can be used in nuclear applications where acid stability is 

crucial 15.

We present here the influence of the interface of zirconia-based materials, modified on the surface 

by carboxylate or polyphosphonate ligands, as effective and robust nano-adsorbents for extracting 

Pd and Au from WEEE wastewater recycling processes. Commercial ZrO2 nanoparticles surface 

modified with thioctic acid (TOA) by a one- or two-step functionalization process, consisting of 

(i) surface modification with alendronic acid (AA) and (ii) covalent grafting of AA with a TOA 



group by amide coupling reactions have been fully characterized and their performance as nano-

adsorbents compared. This work highlights the effect of the nature of the grafting groups which 

affects the stability of the resulting materials and ultimately their properties and recyclability. This 

contribution will focus on the development and applications of hybrid nanomaterials for the 

effective absorption of traces of Pd and Au ions from real industrial wastewater effluents.

2. EXPERIMENTAL SECTION

2.1 Reagents and Chemicals

All chemicals were of analytical grade and used without further purification. DL-Thioctic acid 

(TOA) (> 98%, C8H14O2S2, Mw = 206.32 g/mol) and Alendronic Acid (AA) (> 98%, C4H13NO7P2, 

Mw = 249.1 g/mol) were purchased from ACROS OrganicsTM. N, N’ – Dicyclohexylcarbodiimide 

(DCC) (>99%, C6H11N=C=NC6H11, Mw = 206.33 g/mol), anhydrous ethanol (C2H5OH, ACS 

reagent, 99%) and hydrochloric acid (HCl, ACS reagent, fuming, ≥ 37%) were purchased from 

Sigma-Aldrich. Sodium chloride (ACS reagent) was purchased from Carlo Erba. N-

hydroxysuccinimide NHS-activated ester of TOA (NHS-TOA) was synthesized and provided by 

ICSM Institute. ZrO2 nanosuspension (10 wt. % in H2O, pH 4-5, dp < 100 nm) and standard 

solutions of Pd2+ (9373 mg kg-1 ± 20 mg kg-1 in 10% HCl, TraceCERT®) and Au3+ (975 mg kg-1 ± 

2 mg kg-1 in 5%) were purchased from Sigma-Aldrich. All solutions were prepared using deionized 

18 MΩ.cm water.

2.2 Equipment and characterization

Surface-modified nano-zirconia materials were characterized using attenuated total reflection 

FTIR (ATR) on Thermo scientific system (model Nicolet Avatar 380) equipped with Diamond 

crystal (working range: 30000 – 200 cm-1) and diffuse reflectance FTIR (DRIFT) on Nicolet 6700. 

The determinations of organic content on the ZrO2’s surface were carried out using TGA/DSC 1 

STARe system from Mettler Toledo in crucibles alumina 70 µL. The experiments were recorded 

under air and were heated from 25o C to 900o C at rate of 10 oC.min-1. AVANCE III 500WB NMR 

system with MAS technique was employed to obtain 31P solid-state NMR spectra of zirconia 

modified with phosphonic acid derivatives. Solid state MAS (Magic Angle Spinning) 31P NMR 

spectra were recorded using frequency of 202.418 MHz, at rotation speed of 10 KHz. All 

measurements used H3PO4 85% as a reference. Specific surface areas of materials were determined 



using the Micrometrics ASAP 2020 system based on the BET method. Prior to measurements, 

solids were desorbed at 423K for 3 hrs. Elemental analyses determining the concentrations of Pd, 

Au, Cu, Ni, and Fe were conducted based on the ICP-OES system ACTIVA from HORIBA. 

Regarding liquid samples, direct determinations were carried out at suitable emission lines (Pd at 

340.46, 324.27 nm; Au at 242.79, 267.27 nm, Cu at 224.70, 327.39 nm, Ni at 221.65, 230.30, 

231.60 nm and Fe at 240.49, 259.94 nm). With respect to solid samples comprising modified-

zirconia nanoparticles, samples were decomposed at 250 – 300oC in the mixture of H2SO4 and 

HNO3 (for powder) until the white fume of SO3 starts to appear, dilute with water and evaporate 

until dryness. Eventually, the residue was dissolved in HNO3 1%.

2.3 Procedures for adsorption and stripping experiment

Batch adsorption experiments were used to evaluate and compare the adsorption capacity and 

selectivity of thioctic acid-modified zirconia samples. This method was also used to study the 

effect of parameters of the thioctic acid-modified zirconia adsorption process such as time contact, 

HCl concentration and stripping process. Unless otherwise indicated, the experiments were 

performed by adding 50 mg of hybrid nanomaterial in 20 mL of a solution containing Pd and/or 

Au at a defined initial concentration (Ci) and then stirring the mixture for a specified period (t). 

Finally, the supernatant solution was separated by centrifugation at 4000 rpm and the concentration 

of Pd and/or Au (Cf) was determined by the ICP-OES technique. The extraction percentage E (%) 

to Pd and/or Au has been calculated as follows:

𝐸 (%) =  
(𝐶𝑓 ‒ 𝐶𝑖)

𝐶𝑖
× 100%

Batch experiments were performed to investigate the adsorption capacities of Pd and Au and the 

adsorption isotherm of Pd and Au, but series of batch experiments were performed in which the 

initial concentrations of Pd or Au varied between 5 and 300 mg/L. The equilibrium adsorption 

capacity q (mg/g) was calculated according to the following formula:

𝑞 (𝑚𝑔
𝑔 ) =

(𝐶𝑓 ‒ 𝐶𝑖) × 𝑉
𝑚



In the desorption and recyclability study of the nanomaterials ZrO2-TOA and ZrO2-AA-TOA, Pd 

was extracted by a mixture of 0.2 M thiourea and 0.5 M HCl from the material loaded with Pd 

after adsorption in the previous step (20 mL Pd solution 10 mg.kg-1). In a typical experiment, 50 

mg of ZrO2-TOA or ZrO2-AA-TOA loaded with Pd were separated from the medium, washed with 

water (2 x 20 mL) and shaken with 10 mL of 0.2 M thiourea and 0.5 M HCl for 4 hours. The 

materials were then washed with water (2 x 15 mL) and reused in another adsorption step.

2.4 Synthesis of surface modified nano-ZrO2 by thioctic acid (TOA)

2.4.1) Direct TOA surface modification process

In a typical experiment, 6 mL of a 10% by weight aqueous solution of a ZrO2 nanosuspension 

(5 mmol of ZrO2) at pH 4-5 was added to a 10 mL round bottom flask. A solution containing a 

different amount of TOA dissolved in ethanol was added dropwise to the ZrO2 nanosuspension 

and the mixture was stirred for 24 hours at 25°C. The molar ratio ZrO2/TOA ranged from 100:1 to 

5:1. The solid phase was separated by centrifugation for 10 minutes at 10,000 rpm. The supernatant 

was removed and the solid phase was dispersed in 20 mL of water, sonicated and then separated 

by centrifugation. The washing procedure was repeated twice with water (2x20 mL) and three 

times with ethanol (3x20 mL). The hybrid zirconia powder was dried at 80°C for 24 hours.

2.4.2) Two-step surface modification process

1st step - surface functionalization with alendronic acid (AA): 8 g of 10% by weight water ZrO2 

nanosuspension (6.5 mmol of ZrO2) was stirred in 10 mL of 10-1 M AA solution (1 mmol of 

AA) and refluxed for 4 hours. The powder obtained was washed three times with water (3 x 10 

mL) and dried for 24 hours at 80°C

2nd step – amide coupling reaction with thioctic acid (TOA):

Path A- using NHS-activated ester of TOA (NHS-TOA): To 0.20 g of ZrO2-AA was added 2 

mL of NHS-TOA reagent and the mixture was stirred for 24 hrs at 25oC. The powder was 

separated by centrifugation for 10 min at 10,000 rpm and washed three times with DMF (3x15 

mL) and three times with ethanol (3x15 mL). The white powder ZrO2-AA-TOA was dried at 

80oC for 24 hrs. 

Path B- using TOA mediated by DCC (TOA/DCC): 0.10 g of TOA (0.48 mmol) and 0.15 g of 

DCC (0.73 mmol) were mixed in 5 mL of anhydrous C2H5OH and then the mixture was stirred 



for 30 min. The resultant solution was filtered through 0.45 μm filter to remove any precipitate 

and 0.30 g of ZrO2-AA was poured into. The mixture was stirred for 24 hrs at 25oC and the 

powder was separated via centrifugation for 10 min at 10,000 rpm and washed three times with 

ethanol (3x15 mL). The white powder ZrO2-AA-TOA was dried at 80oC for 24 hrs. 

All samples were manually crushed by pestle and mortar to desaglomerate them before use.

3. RESULTS AND DISCUSSION

3.1 Syntheses of hybrid ZrO2 nano-absorbents

The surface modifications of commercial nano-ZrO2 were based on acid-base Brønsted surface 

reactions in aqueous solution at 25°C for 24 hours, either by direct thioctic acid (TOA) grafting or 

by a two-step route: (i) alendronic acid (AA) grafting and (ii) amide coupling reaction between 

AA and TOA; obtaining inorganic-organic hybrid systems (in the form of white powders) and 

designated respectively by ZrO2-TOA and ZrO2-AA-TOA, respectively (Figure 1). The pH has 

been set around 4-5 to be far from the zero point of charge of our ZrO2 support (around 9) to avoid 

any aggregation of the support. It should be noted that all our attempts of direct coupling reactions 

between alendronic acid and thioctic acid even with activated thioctic acid such as NHS-TOA have 

been unsuccessful.
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Figure 1. Schematic illustration of ZrO2-TOA and ZrO2-AA-TOA hybrid nanomaterials studied (nano ZrO2 support 

is represented as grey sphere / half sphere)

3.2 Characterization of ZrO2 nano-hybrids

The XRD powder diffractograms and TEM images of all ZrO2 nano-hybrids were similar 

to those of commercial ZrO2, showing a mixture of tetragonal (~ 58%) and monoclinic (~ 42%) 

ZrO2 (Figure S1) and that the samples are rather polydispersed in size (20 ± 10 nm) (Figure S2), 

respectively. These data indicate that our grafting process did not modify the morphology and 

structure of the ZrO2 starting support. 

This was also confirmed from the BET analysis which provides similar specific surface 

area for all the materials (~50 m²/g) (Table 1). Even after the functionalization, the crucial surface 

area is preserve, which is beneficial for the adsorption application.



Table 1. Specific surface areas of surface-modified ZrO2 materials determined by BET method

Material BET specific surface area (m2/g)

ZrO2 52.0 ± 1.0

ZrO2-TOA 50.7 ± 1.7

ZrO2-AA 47.5 ± 1.1

ZrO2-AA-TOA (NHS-TOA) 51.2 ± 1.4

ZrO2-AA-TOA (TOA-DCC) 58.0 ± 1.4

The weight losses given by the TG analysis, between 160 and 900 °C, were used to estimate 

the organic fraction in order to maximize it. By performing the one-step TOA surface modification 

process in the molar ratio range of ZrO2/TOA from 100 to 5, a maximum TOA load of about 2.7% 

by weight (0.131 mmol/g) corresponding to an initial ZrO2/TOA molar ratio of 50-60 was 

obtained. In the case of the modification of the AA surface area, the maximum AA load was 

approximately 1.8% by weight. (0.073 mmol/g) for an initial molar ratio ZrO2/AA of 6-7. It should 

be noted that this value is largely underestimated because phosphate residues were still present 

after calcination at 900°C (as shown by solid state 31P NMR data, Figure S3) which contributed to 

the apparent weight of the inorganic fraction. Nevertheless, the estimated grafting densities for the 

ZrO2-TOA and ZrO2-AA samples, obtained from TGA (TGA) data and using equation eq. 1, gave 

1.58 TOA/nm² and 0.87 AA/nm², respectively. An elemental phosphorus analysis was also 

performed for the ZrO2-AA sample to obtain 2.23% by weight of organic fraction, resulting in an 

estimated grafting density of 1.06 AA/nm² for ZrO2-AA. This value is in accordance with the 

literature assuming 24Å² per phosphonic group and a coverage not exceeding a monolayer 16.

TGA  =  (%wtL x Na) / (MW x S x 1018)    (Eq. 1)

Amide coupling reactions performed using either TOA activated with an N-hydroxysuccinimide-

activated TOA ester (path A) or N,N-dicyclohexylcarbodiimide (DCC) (path B) resulted in similar 

final weight losses between 160 and 800°C of about 2.8% by weight (0.064 mmol/g) and 2.7% by 



weight (0.062 mmol/g), respectively (Figure 2). Therefore, the reaction yields along these two 

routes were estimated in a comparable way to about 88% (theoretical weight loss of 3.2%).
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Figure 2. TGA curves of ZrO2-AA and ZrO2-AA-TOA (NHS-TOA) and ZrO2-AA-TOA (TOA/DCC) samples

ATR-FTIR spectroscopy was first used to detect the presence of ligands and retrieve 

relevant information on the nature of carboxylic and phosphonic acid bonds on the surface of ZrO2. 

The ATR-FTIR spectrum of ZrO2-TOA displayed new absorption bands at 1559 cm-1 and 1435 

cm-1 corresponding to asymmetric and symmetric CO2
- stretching bands, respectively (Figure S4). 

The value Δν = [νas(CO2
-) - νs(CO2

-)] = 124 cm-1 was compatible with the expected 

bidentate/chelating coordination17. The absorption band associated with the methylene chains was 

located at about 2935 cm-1 and the free TOA band at about 1690 cm-1 was not present. ZrO2-AA 

was also characterized by ATR-FTIR and its spectrum showed the presence of AA phosphonate 

groups (-PO3) on the surface of ZrO2 due to the wide absorption bands at 1130 and 993 cm-1 (Figure 

S5). Tridentate bonds are likely due to the disappearance of the P=O and P-OH stretching bands 

at 1200 and 917 cm-1, respectively. In an attempt to confirm the amide coupling between the 

primary amine group of the AA group and the carboxylic group of the TOA, the DRIFT technique 

was used to collect spectra with higher sensitivity and resolution that can reduce the interference 

effect of water bands (3400 and 1630 cm-1) in the region from 1400 cm-1 to 1700 cm-1 18. 

DRIFT spectra (25°C) have also confirmed phosphonate grafts with a high absorption band 

at about 1200 cm-1 (Figure3). The overlap between the water bending bands at ~1674 cm-1 and the 



amide bands [ν(C=O) = 1600-1700 cm-1] was confirmed by recording the spectra after desorption 

of the water at 105°C for 24 hours under vacuum (Figure 4), showing a decrease in band intensity 

at ~3400 and ~1630 cm-1 in both spectra of the ZrO2-AAA and ZrO2-AA-TOA samples. Thus, the 

residual signal at 1630 cm-1 in the ZrO2-AA spectrum was assigned to the -OH group in the AA 

structure. In addition, the intensity of the band at ~1630 cm-1 in the ZrO2-AA-TOA spectra was 

higher than that of the ZrO-AA spectrum resulting from the contribution of amide (mainly C=O 

stretching band) created between -NH2 group of AA and -COOH group of TOA.
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Figure3. DRIFT spectra of ZrO2-AA, ZrO2-AA-TOA (NHS-TOA), ZrO2-AA-TOA (TOA/DCC) and ZrO2-TOA.
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Figure 4. DRIFT spectra of ZrO2-AA, ZrO2-AA-TOA samples after water desorption at 105°C

Many publications have reported the use of 31P solid state NMR for the characterization of 

nano-metallic oxides modified with phosphonic acids in which different species such as 

physisorbed and/or chemisorbed phosphonate could be distinguished 19. AA is a biphosphonic acid 

existing in zwitterionic form which contains a neutral -P(O)(OH)2 and an anionic -P(O)(O-)(OH) 

group 20.  As a result, the 31P solid state NMR spectrum had two resonance peaks at 22.7 ppm and 

13.0 ppm with a very narrow width, respectively. The solid state 31P NMR spectra of ZrO2-AA 

and ZrO2-AA-TOA broadened in a range from -4 to 34 ppm which was characteristic of metal 

oxides functionalized with phosphonate ligands 21 (Figure 5). The chemical shifts of 31P NMR 

were greatly influenced by the surrounding environment, including the length/bond angle O-P-O 

and the electronegativity of the neighbouring atoms. Therefore, the width of the 31P resonance 

peak could not be calculated by the MAS technique due to the different binding modes of the 

phosphonic acid head groups to the surface of ZrO2 19a, 22 . A tripodal binding mode was probably 

present due to the decrease in P=O absorbance in the ATR-FTIR spectrum and the widening of the 

NMR peak. Weak downfield chemical shift of ZrO2-AA-TOA relative to ZrO2-AA could be 

explained by the presence of an amide bond (-NH-CO) that promoted an electron-withdrawing 

effect, thus deshielding P atoms.
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Figure 5. 31P MAS solid-state NMP spectra of Alendronic Acid (AA), ZrO2-AA, and ZrO2-AA-TOA.

3.3 Palladium and gold adsorption studies 

The two hybrid nanomaterials ZrO2-TOA and ZrO2-AA-TOA with a maximum organic load of 

about 2.7% by weight (from TGA) were investigated in Pd and Au adsorption processes.

In adsorption studies, determinations of adsorption capacity or loading capacity, defined as the 

maximum amount of adsorbate captured by 1g of adsorbent at equilibrium state, is of great 

importance to describe the characteristic of the nano-adsorbent, evaluate and compare the 

adsorption performance of the nano-adsorbents to the target adsorbates. The main objective of our 

study was to understand and highlight the effectiveness of TOA as a trapping agent for Pd2+ and 

Au3+ ions. An article published during our study showed that Fe3O4@SiO2 core-shell nanoparticles 

functionalized with thioctic acid could be of interest for precious metal recycling, but these systems 

have not been used to process real industrial solutions at very low pH 23. With regard to the study 

of the reusability of the resulting materials, comparative adsorption and desorption cycles to 

standard solutions of Pd2+ and/or Au3+ in HCl and industrial electronic waste water matrices were 

carried out to demonstrate and highlight the crucial role of the two-step surface modification 

process in terms of robustness.



The adsorption capacities of ZrO2-TOA and ZrO2-AA-TOA with Pd2+ and Au3+ were achieved 

with 50 mg of material and 25 mL of 25 mg Pd/L or 135 mg Au/L and the results are summarized 

in Table 2.

Table 2. Pd and Au adsorption capacities summary of ZrO2-TOA vs. ZrO2-AA-TOA in standard solutions

Adsorption 

capacity (mg/g)
nM(a) (μmol/g) nR-S-S-R/nM(a)

Materials nR-S-S-R (μmol/g)

Pd Au Pd Au Pd Au

ZrO2-TOA 131 6.3 44.6 59.2 218.3 2.2 0.6

ZrO2-AA-TOA 64 3.5 6.4 32.9 32.5 1.9 2.0

The maximum experimental adsorption capacities were determined to be 6.3 and 44.6 mg/g for 

Pd2+ and Au3+, respectively, in the same order as in the published comparable studies (Table 3). 

Table 3. Adsorption capacities to Au and/or Pd of different adsorbents in previous publications

Capacity 
(mg/g)Used adsorbents Targeted 

metals
Pd Au

References

Phosphine sulphide-type chelating 
polymers Au, Pd 11.7 78.8 24

Diaion WA21J Pd 4.84 - 5

DTDGA-impregnated XAD-16 Beads Au - 35 25

Amberlite XAD-16 Functionalized 
with 2-Acetyl Amide group Pd 9 - 26

p-tert-butylthia[4]calixaren-
impregnated Amberlite XAD-7 Pd 10.1 - 27

Thioctic acid functionalized silica 
coated magnetite nanoparticles Au - 38.3 23



Considering the molar ratio of TOA/M (M = Au or Pd), values of 1.8 and 0.5 were obtained for 

TOA/Pd and for TOA/Au respectively, suggesting that two TOA molecules coordinated a Pd2+ 

ion, while a TOA molecule could form two coordination bonds with two Au3+ ions. Therefore, 

since the predominant species of Pd(II), and Au(III) in the acid solution beyond pH 1 were the 

anionic  chloro species PdCl4
2-, and AuCl4

- 28, the reactions could be presented as follows 

(assuming square planar geometries around the metal ions):

PdCl4
2- + 2TOA(s) ↔ [PdCl2(TOA)2(s)]  +  2Cl- (Eq. 2)

2AuCl4
- + TOA(s)  ↔ [(2AuCl3)TOA(s)]  +  2Cl- (Eq. 3)

Compared to the adsorption capacities of ZrO2-TOA, the nano-absorbent ZrO2-AA-TOA had 

lower values mainly due to the lower amount of TOA fragments (64 μmol/g on ZrO2-AA-TOA 

compared to 131 μmol/g on ZrO2-TOA). With regard to the molar ratio of disulfide fraction (R-S-

S-R) to adsorbed metals, some conclusions can be drawn: (i) a Pd ion forms coordination bonds 

with 2 R-S-S-R fragments with a single bond to each fragment, regardless of the amount of TOA 

on the surface of the materials or types of materials (ZrO2-TOA or ZrO2-AA-TOA); however, (ii) 

the molar ratio of disulfide to gold is not constant. This latter result could result from the fact that 

the disulfide fractions could be partially oxidized to sulfoxide, as proposed in reference 13a, in 

industrial electronic waste water containing a complex mixture of acids and/or oxidizing species 

such as [AuCl4]-, HNO3 … Other parameters, such as pH, Cl- concentrations, and thermodynamic 

and kinetic data have been developed to optimize and understand the performance of the ZrO2-

TOA and ZrO2-AA-TOA systems.

3.3.1 ZrO2-TOA nano-absorbent

Effect of hydrochloric acid (HCl) and chloride concentration

Effluents from recycling plants and refineries often contain various acids at high concentrations 

because of their use in the dissolution and separation stages. Among them, hydrochloric acid (HCl) 

is one of the main components; therefore, the effect of HCl on adsorption has been studied with 

respect to extraction efficiency. The impact of chloride concentration was also carried out in order 

to understand the driving force that governs the coordination process. In this experiment, the 

extraction percentage of a single solution containing Pd2+ and Au3+ at 10 ppm was monitored while 



the HCl concentration varied from 0.08 to 6 M. All other adsorption parameters were similar to 

those of previous experiments, including 50 mg ZrO2-TOA, 20 mL solution and 180 minutes of 

mixing.

Figure 6 shows a decrease in extraction efficiency for the adsorption of Au3+ and Pd2+ when the 

HCl concentration exceeds 1M. The percentage of Pd extraction dropped to 80% and 54% while 

the HCl concentration reached 3M and 6M, respectively. Gold adsorption decreased more deeply, 

the extraction percentage fallen to less than 40% for an HCl concentration of 3M. Therefore, the 

acid concentration in electronic wastewater must be controlled, dilution and pH adjustment must 

be used.
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Figure 6. Effect of HCl concentration on adsorption capability of ZrO2-TOA

The effect of Cl-  concentration was also studied by performing adsorption experiments in which 

Pd2+ solutions at 10 mg/L were prepared with a constant concentration of H+ at 0.5 M and a variable 

concentration of Cl- from 0.6 to 4M. Figure 7 shows that chloride concentration had no effect on 

adsorption performance. The Pd extraction percentages were higher than 99% in the Cl- 

concentration range studied from 0.6 to 4M. 
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Figure 7. Effect of chloride concentration (NaCl) on Pd adsorption capability of ZrO2-TOA (pH = 0.3)

Thermodynamic study: Adsorption capacities of ZrO2-TOA toward Pd and Au ions

According to Error! Reference source not found.8, the adsorption data from ZrO2-TOA to Pd2+ 

and Au3+ showed a similar two-step trend: (i) rapid increase in the low concentration range (0 – 

20 mg/L) with a linear correlation between capacity and initial concentration; (ii) non-

proportionally increasing relationship to higher initial concentrations, which seems to reach a 

plateau in the range above 100 mg/L. A plausible reason for this trend was that at low 

concentrations all active sites on the zirconia surface are sufficient for the adsorption process; 

however, at high concentrations, the presence of former Pd2+ and Au3+ ions limits the accessibility 

of the zirconia surface and the adsorption of additional cations. 
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Figure 8. Adsorption capacities from ZrO2-TOA to Pd and Au (pH = 0.3)

A thorough study of the adsorption behavior of Pd2+ and Au3+ ions and the surface properties of 

ZrO2-TOA was investigated applying the adsorption data to Langmuir’s isothermal adsorption 

model. According to this model, the surface of the adsorbent is assumed homogeneous in terms of 

adsorption energy and the adsorbates would form a single layer on the surface of the adsorbent. In 

other words, the active sites on the surface of the adsorbent are supposed to be finite and identical 

and the interaction between the adsorbates is considered absent. The mathematical formula of this 

theory is expressed as follows:

𝑞𝑒 =  𝑞𝑚𝑎𝑥( 𝑏𝐶𝑒

1 + 𝑏𝐶𝑒)
Where b (L/mg) is the Langmuir equilibrium constant related to energy or binding affinity 

parameter of the adsorption system, qmax (mg/g) is the maximum adsorption capacity, Ce (mg/L) is 

the equilibrium concentration, and qe (mg/g) is the equilibrium capacity. The linear form of the 

Langmuir model is generally used to determine b and qmax:
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Based on Pd and Au adsorption data, the linear regression of the Langmuir model was fitted. From 

the correlation coefficients R2 value, respectively 0.993 and 0.999 for Pd2+ and Au3+, it is clear 

that the Langmuir model of adsorption fits with our experimental results. The maximum sorption 

capacities qmax for Pd2+ and Au3+ calculated from the curves were 6.3 mg/g and 44.6 mg/g 

respectively. A good agreement between experimental and calculated capacities supported the 

Langmuir model. It was interesting to note that the constant b values assigned and adjusted for 

molecular weight 29 of the Langmuir model showed a higher affinity of TOA for Pd (b = 8.9 L.mg-1; 

badjusted = 943.5x103 L.mol-1) than for Au (b = 0.29 L.mg-1 ; badjusted = 57.6x103 L.mol-1).

Kinetic study: effect of contact time

In liquid-solid adsorption studies, the contact time required to achieve adsorption equilibrium is 

one of the crucial parameters that sheds light on the adsorption mechanism. The adsorption 

capacities to Pd2+ and Au3+ were monitored by varying the contact time from 15 to 360 min. The 

results in Figure 9 show that the minimum contact time required for adsorption capacities to Pd2+ 

and Au3+ to reach a plateau was about 200 minutes.

Table 4 summarizes some critical parameters associated with pseudo-first-order and pseudo-

second order kinetic adsorption models for Pd and Au. In two models, the pseudo-second order 

adsorption kinetics model is suitable for describing the adsorption process as a function of time 

with a correlation coefficient greater than 0.999. In the solid-liquid adsorption process, three steps 

are assumed to be involved: (i) external mass diffusion, (ii) intra-particle diffusion (pores) and (iii) 

interaction step 30. During the adsorption process, stirring was used to accelerate the external mass 

transfer, so that intra-particle diffusion and chemical reaction became the flow control steps. 

Considering the chemical interaction between ZrO2-TOA and [PdCl4]2
- or [AuCl4]-, Pearson's 

theory, that predicts the stability of coordination between target metals and sulphur sites on the 

surface of ZrO2, is a plausible justification for adjusting the pseudo-second model. Essentially, the 

principle of the pseudo-first and pseudo-second models is based on a general equation 31, but the 



magnitude of the concentration relative to the sites on the adsorbent decides which model best 

describes the adsorption process. In other words, the adsorption process follows the pseudo-second 

model at the low initial concentration (ppm-ppb) and the pseudo-primary model at the high initial 

concentration.

Figure 9. Effect of contact time on the adsorption capacities of ZrO2-TOA for Pd and Au (pH = 0.3)

Table 4. Summary of adsorption kinetic parameters of Pd and Au on ZrO2-TOA

Model Pd Au

Pseudo-first-order

k1 (min-1)

qe (mg g-1)

R2

0.00178

1.9

0.8474

0.00152

12.8

0.8670

Pseudo-second-order

k2 (g mg-1 min-1)

qe (mg g-1)

R2

0.0218

6.9

0.9992

0.000538

43.1

0.9990
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A plausible explanation for this phenomenon, which is illustrated in Figure 10, is that adsorption 

is likely to be inhibited/decreased due to (i) the shift of the equilibrium to the left due to the high 

concentration of Cl- which promotes tetrachloro complexes of Au and Pd (according to equations 

1 and 2) or (ii) protonation of sulphur sites when the concentration of H+ is greater than 1M which 

prevents the complexing of Au and Pd species in the TOA solution on the surface of the zirconia 
24 and/or (iii) hydrolysis of the Zr-O-C bonds leading to cleavage between thioctic acid and ZrO2 

surface.

Figure 10. Schematic representation of three plausible causes responsible for the declining extraction performance at 

elevated concentration of hydrochloric acid.

Selectivity and reusability of the ZrO2-TOA nano-absorbent

The feasibility of using ZrO2-TOA in the ionic adsorption of Pd2+ and Au3+ has been realized with 

real industrial electronic wastewater effluents (from Morphosis) to obtain information not only on 

the adsorption performance but also on the selectivity of Pd2+ and Au3+. The initial effluent was 

diluted 5 times to reduce the acid concentration to a pH around 1, then Pd and Au in 25 mL of this 

solution were recovered with ZrO2-TOA and desorbed with a 0.2M/HCl 0.5M thiourea mixture. 

The results presented in Figure 11 demonstrate the selectivity of our TOA-based system for Pd, 

even though Cu, Ni, Fe coexist at dominant concentrations (initial concentrations: [Fe] = 4600 

mg/L, [Ni] = 3940 mg/L, [Cu] = 1320 mg/L, [Pd] = 1.58 mg/L, [Au] = 0.12 mg/L). The initial 

concentration of Au was too low to obtain relevant results.
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Figure 11. Adsorption extraction from ZrO2-TOA to Pd2+ and Au3+ in the industrial electronic wastewater (pH = 1) 

The regeneration and reuse of the hybrid material ZrO2-TOA was tested by repeating Pd ion 

adsorption/desorption cycles up to four times in a "model" standard solution (20 mL Pd2+ at 10 

mg/L) and real industrial effluents (Pd2+ at 1.58 mg/L and 1 pH). As shown in Figure 12 and Figure 

S6, the adsorption capacity from ZrO2-TOA to Pd decreases after each adsorption/desorption 

cycle. It should be noted that the Pd and Au ions were stripped off quantitatively using the 

optimized mixture of 0.2M thiourea and 0.5M HCl in the desorption step.
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Figure 12. Reusability test of ZrO2-TOA for Pd adsorption in the standard solution at 10 mg/L through four cycles of 

adsorption/desorption (pH = 0.3)



With regard to cost-effectiveness, an adsorbent used in recycling applications should be a result of 

the ease of synthesis as well as a reusable material. Such results prompted us to investigate the 

same adsorption studies using a more robust system such as ZrO2-AA-TOA materials.

3.3.2 ZrO2-AA-TOA nano-absorbent

Kinetic study

As with nano-ZrO2 directly modified by TOA, the study of adsorption kinetics using nano-ZrO2-

AA-TOA was conducted to verify whether the surface modification method could modify the 

adsorption process. A 10 mg/L Pd standard solution was used to study the adsorption capacity of 

Pd as a function of contact time. The contact time required for Pd adsorption to reach saturation 

(60 min) was shorter than that of ZrO2-TOA, probably due to the lower disulfide content. (Figure 

S7a). In addition, the adsorption data also demonstrated that the adsorption process is similar to 

that of ZrO2-TOA due to the relevance of the pseudo-second adsorption kinetic model to describe 

the adsorption process (Figure S7b).

Reusability of the surface-modified ZrO2-AA-TOA materials

The two-step surface modification significantly improved the reusability of the materials obtained 

and approximately 95% of the extraction percentage was maintained after four 

adsorption/stripping cycles using either a standard 10 ppm palladium solution (Figure 13) or a 

Morphosis industrial wastewater effluent (Figure 14). 
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Figure 13. Reuse test of ZrO2-AA-TOA materials for the adsorption of Pd ions in the 10 mg/L standard solution by 5 

adsorption/desorption cycles. (pH = 0.3)
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Figure 14. Comparison of the reusability of ZrO2-TOA and ZrO2-AA-TOA to Pd in real electronic wastewater at pH 

= 0.3.



In conclusion, the two-step surface modification process appears to be a very promising alternative 

path that bypasses ZrO2-TOA's reuse deficiencies under the harsh conditions of industrial 

recycling effluents while maintaining good adsorption capabilities and kinetic performances.

4. CONCLUSIONS

Surface modifications of commercial nano-ZrO2 by different strategies, including direct grafting 

of thioctic acid (TOA) and a two-step modification process via an initial alendronic acid (AA) 

grafting and subsequent amide coupling of TOA, have been developed and optimized. They made 

it possible to compare the performance of both hybrid ZrO2-based nano-absorbents (ZrO2-TOA 

and ZrO2-AA-TOA) for the recycling of precious metals such as gold and palladium from 

industrial electronic waste. Our systems have remarkable selectivities that have allowed us to 

recover precious metals (Pd and Au) quantitatively and at trace level (< 10ppm) from the complex 

mixture of Ni, Fe, Cu provided by the industrial partner (Morphosis). The need to work in highly 

acidic and oxidizing environments created major difficulties in terms of reusability. These could 

be solved thanks to the grafting stability of bis-phosphonate ligands, such as alendronic acid, 

without loss of efficacy and selectivity. This study highlighted the importance of the stability of 

the binding of the organic group on the surface of nano-objects and in particular that of 

phosphonate groups for applications in harsh environments. This promising approach (which only 

uses commercial products) can be extended to other fields of application due to the chemical 

versatility of the alendronate ligand and the multitude of possible functionalizations via its NH2 

function.
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