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Ethylene glycol dimethacrylate (EGDMA) – dithiadiamide (DTDA) copolymer was synthesized by condensation 

reaction between monomeric mercaptoacetamide and ω-dibromoalkanes. This previously designed DTDA was 

complexed with Pt2+ before direct copolymerization with EGDMA. Pt2+-template was eluted with dilute HCl. The 

EGDMA-DTDA copolymer was evaluated for Pt2+ adsorption in terms of adsorption isotherm and selectivity. The 

copolymer exhibited monolayer Langmuir-type adsorption isotherm with qm = 177 mg g-1 at optimum pH = 1. It 

is selective to Pt2+ in a simulated solution containing the predominant cations present in an acid-leached spent 

3-way, gasoline automobile catalytic converter sample (i.e., Al3+, Ba2+, Ce3+, Fe2+, Mg2+, and Zn2+).  

1. Introduction 

Platinum, being a critical raw material (European Commission, 2019), can be considered as integral element for 

sustainable technologies for fight against climate change. Platinum (Pt) and palladium (Pd) oxidizes harmful CO 

and hydrocarbon to CO2 and H2O, they find use in automobile catalytic converters (ACC) (Sun et al., 2022). Pt 

is also employed as catalyst in both anode and cathode for proton exchange membrane fuel cells (Granados-

Fernández et al., 2021). Pt, due to its resistance to corrosion, chemical inertness, thermal stability, and catalytic 

property, has been crucial for different chemical and electrochemical processes and hence, finds increasing 

demand (Granados-Fernández et al., 2021). Its criticality, compounded by their low substitutability and restricted 

reserve distributions, (European Commission, 2019) calls for recovery from secondary sources.  

Pt concentration in ACC can be significant (~2,000 g t-1) in comparison to natural ores (~10 g t-1) (Sun et al., 

2022). Other parameters such as energy cost (1,400 – 3,400 MJ vs. 18,860 – 254,860 MJ/kg of metal) and 

natural resources used (3,000 – 6,000 m3 vs. 100,000 – 1,200,000 m3 of water per t of metal extracted) make 

recycling from end-of-life products like ACC highly viable and advantageous than extracting it from primary 

sources such as natural ores (European Commission, 2019).  

Although the abundant Pt-complexing functional groups of many sustainable and cheap biomass-based 

sorbents render the material with high adsorption capacity (qe), it may limit the Pt selectivity (Wang et al., 2017). 

Meanwhile, molecular recognition technology has been recently explored to have industrial application for Pt 

separation from process streams (Izatt et al., 2011). While molecular ion imprinting technology has been 

explored for the selective sequestration of cationic analytes (Izatt et al., 2011), it has not been much explored 

for Pt recovery from secondary sources.  

Previously designed dithiadiamide (DTDA) ligand (Gxoyiya 2003) has been synthesized and evaluated for Pt 

recovery from acid-digested spent ACC. The DTDA ligand has been copolymerized with minimal amount of 

ethylene glycol dimethacrylate (EGDMA) to optimize the copolymer’s qe. The morphology of the copolymer was 

normalized with that of the control (i.e., poly-EGDMA) and characterized to eliminate the possible morphological 

factor on the performance of the EGDMA-DTDA copolymer vs. that of the poly-EGDMA. Adsorption isotherm 

was evaluated to determine the qm. Finally, the selectivity of the copolymer was evaluated using simulated feed 

solution containing the predominant cations present in actual acid-digested spent ACC. 
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2. Methodology 

Synthesis of ethylene glycol dimethacrylate (EGDMA) – dithiadiamide (DTDA) copolymer was synthesized using 

modified procedure from the literature (Gxoyiya, 2003). 

2.1 Dithiadiamide ligand 

KOH solution (2.36 g in 2 mL H2O) was added to 4-acetamidophenol solution (34 mmol in 25 mL EtOH). Allyl 

bromide (37 mmol) was then added dropwise. The reaction solution was boiled under reflux and terminated with 

deionized (DI) water. Precipitated solid was filtered and recrystallized from dilute EtOH to yield N-(4-

(allyloxy)phenyl)acetamide 1. Intermediate 1 (27 mmol) was then acid hydrolyzed in 20 % H2SO4 at elevated 

temperature under reflux. Gradual cooling at 5 oC precipitated fine crystals which were re-dissolved in hot DI 

water with pH adjusted to 11 using NaOH solution. Resulting amine was extracted using diethyl ether which was 

subsequently evaporated in vacuo to yield 4-(allyloxy)aniline 2 (5.5 mmol). This was subsequently reacted with 

2-mercaptoacetic acid (5.5. mmol) under N2 atmosphere for 3 h at 90 oC. Precipitated solid upon cooling at room 

temperature was crushed into fine powder under DI water. This was then filtered and washed sequentially with 

dilute HCl and DI water and recrystallized from aqueous EtOH to yield N-(4-allyloxyphenyl)-2-

mercaptoacetamide 3 (1.4 mmol). This was dissolved in equimolar KOH (1.4 mmol) solution in MeOH (60 mL). 

ω-dibromoalkane (0.7 mmol) in MeOH (10 mL) was then added dropwise. The reaction was carried out at room 

temperature for 24 h before quenching it with DI water. The MeOH was evaporated in vacuo while the residual 

aqueous phase was extracted with EtOAc. The combined extracts were dried with anhydrous MgSO4. The 

dithiadiamide (DTDA) was purified via recrystallization from EtOH. 

2.2 EGDMA-DTDA copolymer 

DTDA ligand (0.1 mmol) in MeOH (25 mL) was added dropwise to K2PtCl4 (0.1 mmol) solution in MeOH (10 

mL). The mixture was stirred for 48 h to yield white precipitate which was then washed with MeOH and dried in 

vacuo to yield the Pt-DTDA ligand complex. This complex was dissolved in DMF (3 mL). EGDMA was added 

under N2. Catalytic amount of AIBN (0.1 mmol) was added and the mixture was heated at 65 oC for 4-12 h. The 

resulting yellow solid was washed sequentially with CHCl3 and MeOH, dried in vacuo, then washed with 0.5 M 

HCl and DI water to remove the Pt-template to produce the Pt-templated EGDMA-DTDA copolymer. Known 

amount of the copolymer (50 mg) was soaked in 10 mL 0.5 M HCl and vigorously vortexed. The solids were 

vacuum filtered and rinsed with DI water. 

2.3 Analyses and characterization 

Starting precursors, intermediates, and products were analyzed using attenuated total reflectance (ATR) - 

Fourier transform infrared (FTIR) spectroscopy (Agilent Technologies, USA) to monitor the synthesis reaction. 

Structures of the intermediates and products were confirmed via 13C NMR (400 MHz Varian, USA) using 

deuterated chloroform (CDCl3) or dimethyl sulfoxide (DMSO-d6) as solvents. 

Nitrogen adsorption/desorption isotherms were determined using Belsorp-mini II (Bel Japan, Inc) at relative 

pressure range (p po
-1) between 0.01 and 1.0. Brunauer–Emmett–Teller (BET) surface area was determined 

from the BET plot while pore size distributions were calculated using Barrett–Joyner–Halenda (BJH) method. 

Concentrations of the different metal ions were quantified using inductively coupled plasma mass spectrometry 

(ICP-MS, Agilent 7500 series). Liquid samples such as feed, ligand copolymer-treated solutions, and HCl 

washings were collected and passed through 0.2 µm Nylon syringe filters. Sample aliquots were acid digested 

(5 mL sample + 10 mL DI + 3 mL 60% RHM HNO3) via microwave irradiation (MARS-5 CEM) and diluted to 

100-mL polypropylene volumetric flasks prior ICP-MS analysis. 

3. Results and Discussion 

Synthesis of the MIIP involves three major phases (Figure 1a): a) formation of monomeric mercaptoacetamide 

3; b) condensation of two monomeric 3 with ω- dibromoalkanes to yield the DTDA ligand followed by 

complexation with Pt2+; and c) polymerization of Pt-ligand complex with EGDMA and subsequent elution of Pt2+ 

to yield the Pt-templated EGDMA-DTDA copolymer. Starting material, intermediates, and final ligands were 

confirmed via FTIR (Figure 1b) and 13C NMR (Figure 2). 
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Figure 1: Synthesis of EGDMA-DTDA copolymer: (a) synthesis route and (b) FTIR of starting material, 

intermediates, and final product. 

Starting material 4-acetamidophenol contains three fundamental functional groups: (1) secondary amide is 

depicted by single peak at 3,320 cm-1. Strong peak at 1,649 cm-1 can be attributed to the C=O while the peak 

at 1,560 cm-1 is due to the combined C-N and N-H stretching; (2) the -OH group can be observed from the broad 

peak at 3,155 cm-1 (Pavia et al., 2001); (3) the aromatic ring can be confirmed from the C=C stretching between 

1,600 cm-1 and 1,450 cm-1 peaks while the para-di-substitution is exhibited by the strong band between 850 – 

800 cm-1 (Pavia et al., 2001) which are present in all intermediates and products. 4-acetamidophenol was 

reacted with allyl bromide in methanolic KOH to yield N-(4-(allyloxy)phenyl)acetamide 1 at high yield (85 %). 

Disappearance of the -OH band of 4-acetamidophenol suggests the successful allylation while peak at 3,281 

cm-1 can be attributed to the N-H stretching. More intense peak at 1,653 cm-1 can be assigned to the overlapping 

C = O (1,680 – 1,630 cm-1) of the amide and C = C (1,660 – 1,600 cm-1) of the vinyl groups (Pavia et al., 2001). 

Subsequent acid hydrolysis of 1 yielded 4-(allyloxy)aniline 2 at acceptable yield (63 %). The appearance of two 

bands at 3,423 and 3,351 cm-1 confirms the conversion of secondary amide of 1 to primary amine of 2 (Pavia 

et al., 2001). This can also be confirmed from the disappearance of C = O stretching of the amide in the region 

1,630 – 1,680 cm-1. Less intense peak at 1,622 cm-1 can be associated to the C=C of the vinyl group (Gxoyiya 

et al., 2003). 

 

Figure 2: 13C NMR of a) N-(4-(allyloxy)phenyl)-2-mercaptoacetamide denoted as intermediate 3 (yield = 52 %) 

and b) of 2,2'-(ethane-1,2-diylbis(sulfanediyl))bis(N-(4-(allyloxy)phenyl) acetamide) denoted as DTDA (yield = 

64 %). 

The mercaptoacetamide 3 was prepared by condensation reaction between 2 and mercaptoacetic acid and was 

purified by recrystallization from EtOH-H2O mixtures. Product was isolated in moderate yield (52 %) and was 

also confirmed by spectroscopic analysis. The disappearance of the two primary amine peaks of 2 and the 

appearance of single peak at 3,284 cm-1 can be regarded as the conversion of the amine to the amide of 3. This 

is supported by the emergence of peak at 1,650 cm-1 which can be associated to the C = O of the amide (Pavia 

et al., 2001). Peak at 1,600 cm-1, which is present up to the final products, can be attributed to the C = C of the 
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vinyl group. Lastly, weak peaks at 2,651 and 697 cm-1 can be attributed to the S - H and C - S stretching, of the 

thiol group of 3 (Rao et al., 1964). 

Monomeric 3 was coupled with ω-dibromoalkanes at 2:1 mole ratio in methanolic KOH. Purification was 

conducted by recrystallization from EtOH and the diamide products were isolated in reasonable yields (64 - 

71 %). FTIR showed similar spectra of the ligand which resemble that of 3 (Figure 1b). While very weak S - H 

peak at 2,651 cm-1 was detected in 3, this was not observed among ligands though C-S stretching at 570 -710 

cm-1 were present. Similarly, the 13C NMR of the DTDA (Figure 2b) resemble that of 3 (Figure 2a) except the 

appearance of extra signal in the methylene regions δ 30 - 40 ppm. This confirms the successful coupling of the 

monomer 3 with ω-dibromoalkanes to yield the bidentate DTDA ligand (Gxoyiya 2003). 

White poly-EGDMA and yellowish-brown EGDMA-DTDA copolymer show different optical images (Figure 3a 

inset). To eliminate the factor of morphological differences on the performance of the poly-EGDMA and EGDMA-

DTDA copolymer, N2 adsorption-desorption isotherms at 77 K (Figure 3a) and pore size distribution analysis via 

BJH model (Figure 3b) were conducted. Both exhibited type IV isotherm indicating that samples are mesoporous 

and that adsorption proceeds in multilayer followed by capillary condensation (Gong et al., 2016). Type H1 

hysteresis suggests that all samples have high degree of pore size uniformity which was confirmed from the 

narrow pore size distribution obtained using BJH model (Figure 3b) with mean pore diameter = 4.62 nm (poly-

EGDMA) and 4.66 nm (EGDMA-DTDA). Both samples have comparable pore volume (0.16 cm3 g-1) and surface 

area (162.71 m2 g-1 for poly-EGDMA and 158.06 m2 g-1for EGDMA-DTDA) obtained from the BET plot (Figure 

3b inset). These morphological similarities of the poly(EGDMA) and EGDMA-DTDA copolymer can suggest that 

differences in the adsorption performance of the materials cannot be attributed to the normalized morphologies 

and can be mainly due to the molecular component of the adsorbents. 

 

Figure 3: Morphological characterizations of the MIIPs: (a) N2 adsorption–desorption curves (inset: optical 

images); and (b) pore size distribution via BJH model (inset: BET plots). 

Effect of pH on the adsorption capacity of the EGDMA-DTDA copolymer was first evaluated since pH, together 

with Cl- and Pt2+ concentrations, affects the speciation of the Pt2+. Adsorption capacity (qe) of the EGDMA-DTDA 

copolymer decreases with increasing pH (Figure 4a). At low, HCl-controlled pH (e.g., 0.1 M HCl), Cl- 

concentration is high enough to promote the formation of chloro-anionic species (e.g., PtCl42- and PtCl3-) (Figure 

4b). These can be readily adsorbed by donor atoms of the copolymer (e.g., N and/or S) (Chassary et al., 2005). 

At lower Cl- concentration (e.g., 0.01 M HCl for pH = 2) (Figure 4c), Pt2+ species are less adsorbable (Chassary 

et al., 2005) and pH = 1 was chosen for the batch adsorption experiments. 

Adsorption isotherm experiments were conducted at different Pt2+ initial concentrations (Co = 10 - 200 mg L-1). 

The qe’s were fitted on non-linear Langmuir (Eq. 1) and Freundlich (Eq. 2) isotherm models: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 (1) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (2) 

 

where qm and KL are the maximum adsorption capacity and Langmuir constant, respectively while KF is the 

Freundlich constant for the adsorption capacity while n is for the adsorption intensity (Rostamian et al., 2011). 

The control poly-EGDMA follows Langmuir-type adsorption isotherm and has minimal qm = 12.15 mg g-1 (Table 

1) indicating that the adsorption capacity of the EGDMA-DTDA copolymer can be mainly due to the DTDA 

component. 

364



 

Figure 4: Adsorption performance evaluation. Effect of pH: (a) qe of MIIPs at different pH [Co = 50 mg Pt2+ L-1; 

V = 30 mL; m = 10 mg; T = 30ºC; 300 rpm; t = 12 h]; speciation of Pt2+using Hydra-Medusa® equilibrium diagram 

software (Co ≈ 50 mg L-1) at (b) 0.1 M HCl and (c) 0.01 M HCl. 

Pt2+ adsorption on EGDMA-DTDA copolymer can be characterized by the monolayer Langmuir-type than the 

Freundlich model as suggested by better correlation, R2 > 0.99 with maximum Pt2+ capacity, qm = 177.22 mg g-

1(Table 1). While this qm are lower than chitosan-based biosorbents such as glycine-modified persimmon powder 

(250 mg g-1) (Gong et al., 2016), this is better than polythyleneimine-modified biomass (122 – 154 mg g-1) 

(Garole et al., 2018) and organic adsorbents synthesized such as dibenzo-18-crown-6 grafted polymer (84 mg 

g-1) (Talanova et al., 2000). 

Table 1: Adsorption performance of poly-EGDMA and EGDMA-DTDA copolymer [V = 30 mL; m = 10 mg; pH = 

1; T = 30 ºC; 300 rpm; t = 12 h]. 

Samples 

Freundlich Langmuir 

n 
Kf 

(mg g-1) 
R2 

KL 

(x 10-3 L mg-1) 
qm (mg g-1) R2 

Poly-EGDMA 1.47 0.49 0.96 1.65 12.15 > 0.99 

EGDMA-DTDA  1.86 15.54 0.90 10.89 177.22 > 0.99 

 

The EGDMA-DTDA copolymer was tested on a simulated solution of predominant cations present in acid-

digested automobile catalytic converter (ACC) to evaluate its selectivity. ICP-MS semi-quantitative analysis of 

actual spent ACC (data not shown) reveals that the most abundant elements present in the sample are Al3+, 

Ba2+, Ce3+, Fe2+, Mg2+, and Zn2+ which constitute the support cordierite (2MgO•2Al2O3•5SiO2), additives in the 

washcoat (e.g., Ce and Fe) and alkaline-earth (e.g., Ba) (Garole et a., 2018). These elements were selected as 

competing cations for Pt2+ in the selectivity study.  

Table 2: Selectivity of EGDMA-DTDA copolymer to Pt2+ from other major cations in acid-leached spent ACC  

[Co Mn+ ≈ 20 mg L-1; V = 30 mL; m = 10 mg; pH = 1; T = 30 ºC; 300 rpm; t = 12 h]. 

Cations Co (mg/L) 
Co 

(mmol L-1) 

Ce 

(mmol L-1) 

qe 

(mmol g-1) 

Kd 

(mL/g) 

α 

(Kd Pt/M) 

CF x 10-3 

(L/g) 

Pt2+ 19.17 ± 0.53 0.10 0.00 0.30 99,858.2 1.0 3,093.0 

Mg2+ 19.48 ± 0.46 0.80 0.76 0.12 155.5 642.2 148.3 

Al3+ 14.94 ± 0.42 0.55 0.54 0.05 94.5 1057.5 91.8 

Fe2+ 19.60 ± 0.16 0.35 0.33 0.07 197.2 506.6 185.7 

Zn2+ 20.98 ± 0.02 0.32 0.32 0.01 47.1 2122.0 46.4 

Ba2+ 19.81 ± 1.02  0.14 0.14 0.02 149.3 669.9 142.6 

Ce3+ 20.92 ± 0.14 0.15 0.14 0.03 189.7 529.5 178.9 

 

Results (Table 2) show that EGDMA-DTDA copolymer is selective to Pt2+ where qe
 follows the following order: 

Pt2+ > Mg2+ > Fe2+ > Al3+ > Ce3+ > Ba2+ > Zn2+. No conclusive trend in terms of the hard-soft properties of the 

cations can be derived from the experimental result given that Zn2+ and Fe2+ are borderline soft-hard acid while 

Mg2+, Ba2+, Ce3+, and Al3+ are hard acids as compared to the soft Pt2+. The measured qe values of other cations 

can be attributed to non-selective adhesion to other components of the MIIP (i.e., EGDMA). Nonetheless, 

selectivity to Pt2+ was further reflected by the significantly higher Kd (99,858). The obtained α value indicate high 
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separation efficiency of Pt2+ from other cations and that it has been concentrated CF = 3,100 times while other 

cations were enriched at significantly lower degrees. This features advantage of EGDMA-DTDA copolymer as 

compared to biosorbents which have very limited to no selectivity to Pt2+ as presented by their 𝛼𝑃𝑡
𝑀

 < 1, indicating 

it is more selective to other metals such as Au and Pd or limited 𝛼𝑃𝑡
𝑀

 ≤ 50 with respect to other base metals such 

as Zn and Cu (Wang et al., 2017). 

4. Conclusions 

Effectivity of the previously designed dithiadiamide (DTDA) ligand copolymerized with ethylene glycol 

dimethacrylate (EGDMA) on the adsorptive recovery of Pt2+ from spent automobile catalytic converter was 

demonstrated. Minimal amount of EGDMA was copolymerized to maximize the potential performance of the 

DTDA. Both control poly-EGDMA and EGDMA-DTDA copolymer follow Langmuir type adsorption isotherm with 

calculated qm = 177.22 and 12.15 mg g-1. The EGDMA-DTDA copolymer exhibited superior selectivity towards 

Pt2+ as compared to other predominant cations present in actual digested 3-way type spent ACC which could 

be mainly due to the imprinting of Pt2+ to the DTDA prior EGDMA copolymerization. This study supports the 

potential of molecular recognition technique as effective approach for selective recovery of critical raw materials 

like platinum. 
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