
doi.org/10.26434/chemrxiv.12536153.v2

Adsorption of Pd (II) and Au (III) Ions by Commercial Tris(2-Aminoethyl)
Amine Polystyrene Polymer Beads
Merve Özçelik, Mustafa CAN, Mustafa İmamoğlu

Submitted date: 02/07/2020 • Posted date: 03/07/2020
Licence: CC BY-NC-ND 4.0
Citation information: Özçelik, Merve; CAN, Mustafa; İmamoğlu, Mustafa (2020): Adsorption of Pd (II) and Au
(III) Ions by Commercial Tris(2-Aminoethyl) Amine Polystyrene Polymer Beads. ChemRxiv. Preprint.
https://doi.org/10.26434/chemrxiv.12536153.v2

Adsorption of gold, and palladium species containing chlorine ions species onto commercial
N-{2-[Bis(2-aminoethyl)amino]ethyl}aminomethyl–polystyrene polymer beads (TRIS) were investigated. The
influence of the pH, initial metal ion concentration, and contact time on the adsorption performance was
examined in a batch adsorption experiment. Langmuir, Modified Langmuir, Freundlich and Freundlich,
Dubinin–Radushkevich isotherm model variables are calculated. The Langmuir monolayer adsorption
capacities of the Pd (II), and Au (III) chlorine ions species were found to be 204.5, and 168.5 mg/g,
respectively. The two metal adsorption kinetics fit the pseudo-second order kinetic models. In thermodynamic
calculations, the choice of different equilibrium constant and withal using dimension containing constant
usage are an important problem in the field. To overcome these problems, the Modified Langmuir isotherm
equilibrium constant is used at determination of thermodynamic parameters. Adsorption mechanism steps
were characterized by using FT-IR, SEM, and EDS. The adsorbent is interacted with each metal ions in HCl
solution electrostatic interaction and surface complex formation between the amine groups. The calculation of
the thermodynamic parameters using the dimensionless modified Langmuir equilibrium constant calculated
more satisfying and more reliable way. All thermodynamic parameters suggested that Pd (II) and Au (III)
adsorptions onto TRIS beads was a spontaneous, physisorption.

File list (2)

download fileview on ChemRxivManuscript 30.06.2020.pdf (1.62 MiB)

download fileview on ChemRxivManuscript - Kopya (9) old.docx (1.70 MiB)

http://doi.org/10.26434/chemrxiv.12536153.v2
https://chemrxiv.org/authors/Mustafa_CAN/5748434
https://chemrxiv.org/ndownloader/files/23600102
https://chemrxiv.org/articles/preprint/Adsorption_of_Pd_II_and_Au_III_Ions_by_Commercial_Tris_2-Aminoethyl_Amine_Polystyrene_Polymer_Beads/12536153/2?file=23600102
https://chemrxiv.org/ndownloader/files/23600105
https://chemrxiv.org/articles/preprint/Adsorption_of_Pd_II_and_Au_III_Ions_by_Commercial_Tris_2-Aminoethyl_Amine_Polystyrene_Polymer_Beads/12536153/2?file=23600105


Adsorption of Pd (II) and Au (III) Ions by Commercial Tris(2-

Aminoethyl) Amine Polystyrene Polymer Beads  

Merve Özçelika, Mustafa Can*b, and Mustafa İmamoğlua 

a Department of Chemistry, Sakarya University, Sakarya, Turkey 

b Department of Metallurgical and Materials Engineering, Sakarya University of Applied Sciences, Sakarya, 
Turkey. 

 

* Corresponding Author:  
 

Mustafa Can, Sakarya University of Applied Sciences, Technology Faculty, Department of 
Metallurgical and Materials Engineering, Esentepe Campus, 54187, Sakarya, Turkey. 
mustafacan@subu.edu.tr; Tel.: +90 (264) 616 05 89 

  



Abstract:  

Adsorption of gold, and palladium species containing chlorine ions species onto 

commercial N-{2-[Bis(2-aminoethyl)amino]ethyl}aminomethyl–polystyrene 

polymer beads (TRIS) were investigated. The influence of the pH, initial metal ion 

concentration, and contact time on the adsorption performance was examined in a 

batch adsorption experiment. Langmuir, Modified Langmuir, Freundlich and 

Freundlich, Dubinin–Radushkevich isotherm model variables are calculated. The 

Langmuir monolayer adsorption capacities of the Pd (II), and Au (III) chlorine ions 

species were found to be 204.5, and 168.5 mg/g, respectively. The two metal 

adsorption kinetics fit the pseudo-second order kinetic models. In thermodynamic 

calculations, the choice of different equilibrium constant and withal using dimension 

containing constant usage are an important problem in the field. To overcome these 

problems, the Modified Langmuir isotherm equilibrium constant is used at 

determination of thermodynamic parameters. Adsorption mechanism steps were 

characterized by using FT-IR, SEM, and EDS. The adsorbent is interacted with each 

metal ions in HCl solution electrostatic interaction and surface complex formation  

between the amine groups.  The calculation of the thermodynamic parameters using 

the dimensionless modified Langmuir equilibrium constant calculated more 

satisfying and more reliable way. All thermodynamic parameters suggested that Pd 

(II) and Au (III) adsorptions onto TRIS beads was a spontaneous, physisorption.  
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1. Introduction 

Precious metals are widely used as catalysts in various industrial, agricultural 

and medical fields due to their specific physical and chemical properties. The 

consumption rate of these precious metals worldwide has exceeded the rate of 

extraction from basic ores due to their low nature and high production costs (Kasaini, 

Goto, & Furusaki, 2000). For this reason, a significant part of the precious metals used 

in the world is offered for by recycling (Wang et al., 2020).  

The vast majority of spent electronic circuit boards and honeycomb type auto 

catalysts containing precious metals such as gold, palladium and platinum are 

obtained from waste computers and used automotive catalytic converters. In order 

for these recovery processes to be cost effective, more than 90% of precious metals 

must be recovered (S. Shen et al., 2010). Two basic processes are used in platinium 

group metals and precious metals recovery: hydrometallurgical or pyrometallurgical 

processes. Hydrometallurgical processes offer an advantage in metal recovery, due to 

their relatively low cost, less environmental impact (such as free from hazardous gas 

or dust) and suitable for small-scale applications comparing to pyrometallurgical 

processes. These features make hydrometallurgical processes potential alternatives 

for the recovery of precious metals (Tuncuk, Stazi, Akcil, Yazici, & Deveci, 2012). In an 

important step of these processes, it is the adsorption of precious metal ions with 

adsorbents containing suitable functional groups from leach solutions. In this context, 

it has been reported that polymers containing primary, secondary and tertiary amine 

groups are used with high adsorption efficiency in the adsorption of various precious 

metal ions (Fotoohi & Mercier, 2015; Kwame et al., 2020). That is may be having the 

capacity of different types of amine functional groups to perform ion exchange and 



coordination simultaneously under optimum conditions (Mustafa Can, 2019; Piotr 

Cyganowski, 2020). 

Referring to studies conducted in recent years, the study conducted with 1,2-

Diaminoethane functionalized Amberlite XAD-4 adsorbent, 14.0 and 31.0 mg/g Pd 

(II) and Au (III) capacity was reported (P. Cyganowski et al., 2017). The adsorption 

capacities of Pd (II) and Au (III) with the 1,6-Hexaethylenediamine functional group 

and the styrene / divinylbenzene polymer were found to be 40.0 and 341.0 mg/g, 

respectively (Mustafa Can, 2019; Dorota Jermakowicz-Bartkowiak & Cyganowski, 

2015). Zhang at al. (Zhang et al., 2019) obtained an adsorption capacity of 459.29 

mg/g with the 2,6-diaminopyridine functionalized PVP polymer with Au (III) chloro 

complexes. Chemin et al. (Chemin, Moreau, Cathala, & Villares, 2020) are reported of 

Au (III) adsorption with polyamine dendrimer bonded cellulose polymer and 10 

times more adsorption than normal cellulose. A capacity value of 943.5 mg/g was 

achieved in Au (III) adsorption with cross-linked polyethylene imine polymer beads 

(F. Liu, Zhou, Wang, Yu, & Deng, 2020). It has also been reported that the polymer has 

the ability to reduce it into the metallic form. As can be seen, high capacity values from 

chlorinated complexes of Pd (II) and Au (III) ions can be obtained with amine 

functionalized polymer adsorbents (M. Can, Doğan, İmamoğlu, & Arslan, 2016; Sayın, 

Can, İmamoğlu, & Arslan, 2015). According to Pearson’s soft-hard acid-base concept 

(Pearson, 1987), in the TRIS polymer structure to be used in this study, it is thought 

that having all the different functional amines like -RNH2, -RNH, and -R3N will increase 

the adsorption capacity. 

Since Langmuir isotherm equation was proposed in 1918 to describe gas 

adsorption onto solid surfaces (Langmuir, 1918), it has been widely applied from 

aqueous solutions to adsorption. There are several problems in calculating the 



equilibrium constant and thermodynamic parameters using Langmuir isotherm, 

since the effect of solution concentration is neglected in identifying adsorption and 

desorption events in more condensed phases such as aqueous solutions. According to 

the Langmuir isotherm, the complete coating of the surface, which meaning single 

layer adsorption (qe=qm) can only realize when Ce→∞. Since the Ce amount at any 

solution cannot be infinite, in the application of Langmuir isotherm equation at liquid 

phase, saturated solution concentration (Cs) should be taken into consideration. In 

this case, in order to achieve monolayer adsorption in a modified Langmuir isotherm 

(qe=qm), the concentration of the solution can be only accour at saturated  solution 

(Ce=Cs). Basing on this basic theoretical knowledge, since the Modified Langmuir 

isotherm proposed by Azizan et al. (Azizian, Eris, & Wilson, 2018), and with using this 

equation, dimensionless Langmuir's equilibrium constant(KML) has been proposed. 

This allows us to have a suitable equilibrium constant for use in thermodynamic 

calculations. In addition, since the proposed isotherm equation is considering 

desorption events at the equilibrium state, the theoretical basis for adsorption in 

solution is a more suitable than the Langmuir isotherm equation (Azizian et al., 2018). 

In this study, the Modified Lanmuir isotherm equilibrium constant(KML) is used to 

calculate thermodynamic parameters. 

Here, adsorption of Pd (II) and Au (III), chloro species ions onto commercial 

TRIS polymer beads would be evaluated. The optimizing parameters such as pH, 

initial concentration and contact time to adsorptions would be examined.  The 

Modified Langmuir, Redlich-Peterson isotherm equation constants are tried to be 

calculated by using non-linear regression method in Microsoft Excel Solver Extension. 

The equilibrium data are fitted into five different isotherms equations to determine 

the correlation between the isotherm models and experimental data. Pseudo-first- 



and second-order, intraparticle diffusion and the Elovich equations kinetic equation 

parameters were calculated for Pd (II) and Au (III) adsorption systems. Furthermore, 

using the Modified Langmuir isotherm equilibrium constants for each metal ion 

systems, the thermodynamic parameters, such as Gibbs free energy change (ΔG°), 

enthalpy change (ΔH°) and entropy change (ΔS°), which have been calculated and 

discussed. To clarify the interaction mechanism between adsorbate and adsorbent 

surface with instrumental techniques such as FTIR, EDAX were used. SEM images was 

used to investigate the particle size and morphology of the Tris (2-aminoethyl) 

amine-bound polystyrene polymer. 

2. Materials and Methods 

2.1. Materials 

Commercial Tris (2-aminoethyl) bonded polystyrene polymer beads were used 

as adsorbent in the study. TRIS beads structure consists of 3.5-5.0 mmol / g N loaded, 

1% divinylbenzene cross-linked N- {2- [Bis (2-aminoethyl) amino] ethyl} 

aminomethyl – polystyrene polymers. TRIS polymer beads was purchased from Alfa 

Aesar Gmbh (Karlsruhe, Germany). Figure 1 shows the molecular structure of TRIS 

polymer. In addition, SEM image of TRIS polymer beads can be seen at Figure S5. 

Pd(NO3)2 solution in 0.5 mol/L HNO3 and H(AuCl4) solution in 2 mol/L HCl were used 

for Pd (II) and Au (III) stock solution (Merck KGaA, Darmstadt, Germany). The pHs of 

the solutions were adjusted with Schott brand CG 840 model pH meter by using NaOH 

and HCl solutions. Weighing measuring OHAUS brand precision scales were used.   



 
Figure 1. The molecular structure of 1% divinylbenzene cross-linked N-{2-[Bis(2-
aminoethyl)amino]ethyl}aminomethyl–polystyrene polymer.  

<<Figure 1>> 

2.2. Analytical methods 

FTIR spectra were obtained with Perkin Elmer Spectrum Two 

spectrophotometer, averaging 10 scans at 4 cm-1 resolution by running in ATR mode. 

The spectras were scanned between 400-4000 cm-1. Both the morphology and 

structure of the polymer beads were investigated using a JEOL JSM-6060LV SEM. EDS 

spectra were recorded on Pd and Au surface covered polymer beads to show the 

presence of Pd (II), Au (III) and Cl- on the polymer surface. 

2.3. Adsorption experiments   

In order to determine the effect of HCl concentration on the adsorption 

capacities of commercial TIRS polymer beads for Pd (II) and Au (III) ions, 4 different 

concentration points ranging from 10-2 M to 3 M were studied. The batch adsorition 

studies were carried out with 10 mg of TRIS beads with containing 10 mg/L metal 

ions at a 50 mL volume with using orbital shaker for 24 hours. In order to examine 

the concentration effect, single metal solutions with an initial concentration of 20 to 

150 mg/L were prepared and 10 mg/L TRIS beads was added and mixed for 24 hours. 

For the kinetic studies, 100 mg/L solutions in 500 mL were prepared under optimum 

conditions for each metal ion. 25 mg of TRIS polymer was added and 5 mL of samples 

were taken from the solutions at various time intervals ranging from 60 to 2880 



minutes. Both precious metal concentrations were made using the Shimadzu 

AA6711F model atomic absorption spectrometer. 

3. Results and discussion 

3.1. The effect of HCl concentration 

The effect of HCl concentration on Pd (II) and Au (III) adsorption at the 3, 1, 10-

1, 10-2, 10-3 M HCl concentrations was studied, and the results illustrated in Figure 2. 

In our previous Pd (II) adsorption onto the polymer which is containing different 

functional group (M. Can et al., 2016; Sayın et al., 2015), it was observed that the 

adsorption efficiency decreased when the HCl concentration decreased to 10-2 M. 

Therefore, HCl concentration range is chosen. It has been reported that adsorption of 

negatively charged species in Pd (II) and Au (III) chloro species (PdCl42−, PdCl3−, 

AuCl4−) adsorption will be favorable due to electrostatic interaction (Mustafa Can, 

Bulut, & Özacar, 2012; Lee, Kurniawan, Hong, Chung, & Kim, 2020; Sayın et al., 2015). 

As can be seen in Figure 2, under 0.1 M, and 0.01 M HCl concentrations highest 

adsorption capacities achieved for Pd (II) and Au (III) ions, respectively. In these 

optimum conditions, to predict palladium and gold chloro species, fraction diagrams 

were drawn by using Hydra&Medusa software (Ignasi Puigdomenech, 2020).  Figure 

S1 shown that under these conditions almost each aqueous forms of metal ions are 

negatively charged state. This seems to be compatible with the literature. In further 

experiments, 0.1 M, and 0.01 M HCl concentrations were selected as the optimum 

conditions for Pd (II) and Au (III) adsorptions, respectively.  



 
Figure 2. The effects of HCl concentration on Pd (II) and Au (III) adsorption onto TRIS beads (C0=10 mg/L, 293 
K, m=10 mg, V=50 ml, 24 hours).  
 

3.2. Adsorption isotherms 

In order to investigate the effect of the initial concentration of Pd (II) and Au (III) 

solutions on the adsorption yield, the experiments were carried out at different initial 

metal ion concentrations ranging from 20 to 150 mg/L in optiumum HCl 

concentrations for 24 hours and the results are illustrated in Figure 3. Adsorption 

percentages for Pd (II) and Au (III) ions  have changed between 50-81 % and 44-95 

%, respectively. Also, the highest experimental adsorption capacity at Pd (II) and Au 

(III) ions from 150 mg/L initial concentrations were determined as 187.5 mg/g and 

165.0 mg/g, respectively. For adsorbent consumptions, initial concentrations of 80 

mg/L and 60 mg/L are the optimum values for Pd (II) and Au (III) under the studying 

conditions. 
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Figure 3. The effects of initial metal ion concentrations to adsorption in Pd (II) (a) and Au 
(III) (b) (C0=10-10 mg/L, 298K, 10mg/50ml TRIS polymers, pH=2, 24 hours). 

<<Figure 3>> 

In this study, besides the Langmuir isotherm derived for adsorption of gaseous 

substances on solid surfaces, the Modified Langmuir isotherm proposed by Azizan, 

Eris and Wilson was also used (Azizian et al., 2018). The most important assumption 

of this modification is considering of the solution concentration on the equilibrium 

state. As is known, the maximum dissolved amount in the solution may contain when 

saturated solution is formed. Considering that the characteristics of adsorption in 

systems close to saturation will not be the same as that of adsorption from dilute 

solutions, Langmuir isotherm equation constants, (KL), will also have varying values 

from each other. Moreover, due to the chemical potential difference, the rate of 

desoprition at equilibrium state in saturated solutions are lower than the rate of 

desorption at equilibrium state in dilute solutions. Also, the adsorption kinetics are 

different, although all parameters are the same in adsorption from dilute and 

concentrated solution. Apart from this, since the KL equilibrium constant found in the 

Langmuir equation is not unitless and/or may contain different units, some errors 

and/or differences occurred in the calculation of the thermodynamic parameters. 
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These errors and/or differences could only yield with negligible when solution is 

dilute. It is obvious that the dimensionless Langmuir equilibrium constant is required 

to calculate thermodynamic parameters more accurately and comparatively with 

other relative adsorption systems. 

The adsorption isotherms and their linear forms used in this study are given in 

Table S1 in the Supporting Information file. Also for comparison, the Langmuir 

isotherm (1) and the Modified Langmuir isotherm (2) equations are given below: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                                        (1) 

𝑞𝑒 =
𝑞𝑚𝐾𝑀𝐿𝐶𝑒

(𝐶𝑆−𝐶𝑒)+𝐾𝑀𝐿𝐶𝑒
                                                                                           (2) 

in equation (2), Cs is the saturated solution concentration of the adsorbed substance. 

Palladium (II) chloride and Gold (III) chloride solubility were found from the 

literature as 2418.6 mg/L (Gregory, 2014) and 440157 mg/L (W. M. Haynes, David R. 

Lide, 2016), respectively. 

The Langmuir (Langmuir, 1918), Freundlich (Freundlich, 1907), Temkin (M.I. 

Temkin, 1940), Dubinin–Radushkevich (Dubinin, 1960, 1989), and Redlich–Peterson 

(Redlich & Peterson, 1959) isotherm equations were used to calculate adsorption 

isotherms at optimum conditions with using the data from Figure 3. These isotherm 

equations and descriptions are described in the supporting information file. Isotherm 

constants obtained from isotherm calculations, R2 values are given in Table 1 and 

Table 2 for Pd (II) and Au (III), respectively. In addition, Langmuir, Freundlich, 

Tempkin, and Dubinin–Radushkevich isotherms linear form function graphics and 

their Pearson's correlation coefficient (r2) values can be seen in Figure S2 and Figure 

S3. It better to using r2 values for linear regression solves of adsorption equations, 

whereas, using chi-squared error function, x2, is more suitable for non-linear solves 



of equations (Mustafa Can, 2015a; Foo & Hameed, 2010). In general, it can be said that 

Pd (II) adsorption experiments are containing less experimental errors comparing to 

Au (III) adsorption experiments. In both metal ion adsorptions, Langmuir equation is 

best representing isotherm among the five equations. Since linear solutions of 

Modified Langmuir and Langmuir isotherm equations are in the same form, r2 and x2 

values are equal (Table S1). According to the non-linear solve of Modified Langmuir 

equation, the monolayer saturation capacity of Pd (II) and Au (III) ions onto TRIS 

beads were determined as 206.92 mg/g and 173.18 mg/g, respectively. 

Table 1. Parameters of studied isotherms for Pd (II) adsorption onto TRIS beads (298 K).  

Isotherm KL and KLM  Qmax (mg/g) RL r2 x2 

Langmuir linear 30.57 L/mg 205.04 0.0428 – 0.2511 0.9994 0.5443 
Modified Langmuir linear 361.62 204.47  0.9994 0.5443 

Modified Langmuir nonlinear  341.96 206.93  0.9964* 0.5465 

Freundlich 
Kf (L/g) n   r2 x2 
0.0234 2.570   0.9259 15.36 

Tempkin 
A 

(L/g) 
B (j/mol)   r2 x2 

1.8166 40.558   0.9774 2.155 

Dubinin–Radushkevich 
β (mmol/j)2 qm (mmol/g) E (kJ/mol)  r2 x2 

0.0002 1.935 56.53  0.9983 0.3546 

Redlich-Peterson 
K (L/g) a (L/mg) β  r2* x2 
31.26 0.1658 0.9782  0.9957 0.4815 

* r2 are calculated between the measured qe and calculated qe data values. 
<<Table 1>> 

 

The calculated RL values at different initial metal ion concentrations are shown 

in Table 1 and Table 2. Dimensionless constant, RL, indicates the shape of the 

isotherms to be either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or 

irreversible (RL = 0). It was observed that RL values were determined between 0.0428 

– 0.2511 and 0.0735 – 0.0105 for Pd (II) and Au (III) species, respectively. This 

indicated that adsorptions were more favorable for the higher initial ion 

concentrations than for the lower ones and it takes place spontaneously.  

 



Freundlich isotherm equation derived to describe the adsorption at 

heterogeneous systems and its formula can be seen at Table S1. In this equation, 1/n 

values represents adsorption intensity and surface heterogeneity. When this value 

closer is to zero, the heterogeneous character of adsorption increases (Jasmeen, 

2013; C. Shen et al., 2016). It can be seen at Table 1 and Table 2, Au (III) adsorption is 

having much heterogeneous nature from Pd (II) adsorption. Where, the adsorption 

mechanism of gold ions may be take place through several different chloro species. 

Table 2. Parameters of studied isotherms for Au (III) adsorption onto TRIS beads (298 K).  

Isotherm KL and KLM  Qmax (mg/g) RL r2 x2 

Langmuir linear 106.2 L/mg 168.54 0.0735 – 0.0105 0.9997 7.3206 
Modified Langmuir linear 277401 168.54  0.9997 7.3206 

Modified Langmuir nonlinear  240692 173.18  0.9711* 5.1705 

Freundlich 
Kf (L/g) n   r2 x2 

0.015 4.073   0.7392 32.19 

Tempkin 
A 

(L/g) 
B (j/mol)   r2 x2 

17.83 25.16   0.8377 13.134 

Dubinin–Radushkevich 
β (mmol/j)2 qm (mmol/g) E (kJ/mol)  r2 x2 

0.0001 1.021 81.53  0.8753 14.71 

Redlich-Peterson 
K (L/g) a (L/mg) β  r2* x2 
77.20 0.4336 1.000  0.9575 4.773 

* r2 are calculated between the measured qe and calculated qe data values. 
<<Table 2>> 

 

The Tempkin isotherm equation defined by ignoring in the extremely low and 

high concentration ranges (Yuh Shan Ho, 2004). The equation is representing better 

Pd (II) adsortion than Au (III) adsorption onto TRIS beads. Calculated Dubinin–

Radushkevich single layer capacities for Pd (II) and Au (III) are 205.91 mg/g and 

201.09 mg/g, repectively. As can be seen, these values are very close to Langmuir 

single layer capacities for each system. In both adsorption, due to the Dubinin–

Radushkevich adsorption energy, E, values are higher than 18 kj per mole, it can be 

said that particle diffusion mechanism is playing important role at adsorption (Yuh 

Shan Ho, 2004). The Redlich-Peterson isotherm theory covers both Langmuir and 

Freundlich isotherm assumptions (Redlich & Peterson, 1959). The β isotherm 



constant can be between 0≤ β≤1 values. Because in each adsorption β values close or 

equal to one value, Langmuir isotherm best representing equation for each 

adsorptions.  

The compliance with the experimental data to the calculated data points from 

isotherm constants at Table 1 and Table 2, and in both metal ion adsorptions result is 

plotted in Figure 4.  

 

Figure 4. Equilibrium curves for adsorption of Pd (II) and Au (III) onto TRIS polymer beads (C0=20 - 150 mg 
L−1, 298 °K, 24 h., 25 mL, 10 mg adsrobent, pH 1, and 2, respectively). 

<<Figure 4>> 

A list of studies with relative amine functional group containing adsorbents, 

their optimum conditions and obtained maximum capacities has been presented in 

Table 3. As can be seen, the survey from the literature indicates that most of the 

optimum conditions reported for palladium and gold ions from HCl media are 

between pH 4 and pH 1 and 1-24 hour contact time is usually enough time to reach 

equilibrium. Capacity results obtained from TRIS polymer beads are higher than the 

most of adsorbents for Pd (II) and Au (III).  The adsorption capacity values are 

obtanined as 206.93 and 171.18 mg/g for Pd (II) and Au (III) ions, respectively. Hence, 
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the TRIS polymer beads are having high adsorption capacity toward the precious 

metal ions. To increase the adsorption capacity, it may be beneficial to increase the 

surface area of TRIS beads by etching surface. 

Table 3. Maximum Au (III) adsorption capacities onto various amine type adsorbents 
Metal 
ions 

Maximum uptake 
(mg/g) 

[HCl] 
(M) 

Contact 
time 

(hour) 

Adsorbent 

Pd (II) 15.29 pH 4 20 min. 
Melamine formaldehyde thiourea resin (Birinci, 

Gülfen, & Aydin, 2009) 

Pd (II) 158.7 pH 1 - 
Polyamine Silica Gel (Sivrikaya, Karslı, & 

Imamoglu, 2017) 

Pd (II) 14.4 pH 3 72 
Theophylline-bearing polystyrene (Kaikake, 

Takada, Soma, & Jin, 2018) 

Pd (II) 191.6 0.1 HNO3 6 
Pyridine based polymer (VijayaKumar et al., 

2018) 

Pd (II) 10 0.5 1 
Tri-octyl/decyl amine (Arnberlite XAD2) 

(Rovira, Cortina, Arnaldos, & Sastre, 1998) 

Pd (II) 270.5 2 24 
Silica‐Based (Poly)Amine (Kramer, Driessen, 

Koch, & Reedijk, 2004) 

Pd (II) 43 0.1 48 
Poly (4-vinylpyridine) resins (Dorota 

Jermakowicz-Bartkowiak & Kolarz, 2011) 
Pd (II) 517.2 pH 2 4 Triazine-hexamine polymer (Sayın et al., 2015) 

Pd (II) 7.78 pH 1.5 8 
Modified polyacrylonitrile (PAN)-based 

(Morcali & Zeytuncu, 2015) 

Pd (II) 109.47 pH 2 4 
Lysine modified crosslinked chitosan (Fujiwara, 

Ramesh, Maki, Hasegawa, & Ueda, 2007) 

Pd (II) 29 3 HNO3 2 
Dithiodiglycolamide impregnated XAD-16 

(Kanagare et al., 2016) 

Pd (II) 9.99 0.1 4 
Acrylic Amberlyst A-23 resin (Wołowicz & 

Hubicki, 2010) 

Pd (II) 4.3 1 30 min. 
Polyamine functionalized polystyrene (Fayemi 

et al., 2013) 

 52.77 1 1 

N-substituted 2-
(diphenylthiophosphoryl)acetamides (Turanov, 

Karandashev, Artyushin, Sharova, & Genkina, 
2017) 

Pd (II) 206.93 0.1 24 This study 

Au (III) 48.8 pH 1.5 8 
Imidazole functional thiol-ene resin (Urucu, 

Aracier, & Çakmakçi, 2019) 

Au (III) 3025 2 8 
Persimmon-formaldehyde resin (Xie, Fan, 

Zhang, & Luo, 2013) 

Au (III) 66 1 48 
Piperazine modified divinylbenzene (Dorota 

Jermakowicz-Bartkowiak, 2010) 

Au (III) 190 1 48 
Amine modified divinylbenzene copolymers (D. 

Jermakowicz-Bartkowiak, Kolarz, & Serwin, 
2005) 

Au (III) 443.2 pH 2 3 
Thiirane methacrylate resin (Donia, Atia, & 

Elwakeel, 2005) 
Au (III) 1325.09 pH 3 5 Amin magnetic silica gel (Vojoudi et al., 2017) 

Au (III) 735.3 2 2 
Imidazolium cellulose microsphere (Dong & 

Zhao, 2018) 

Au (III) 537.53 pH 2.4 24 
Aminomethyl pyridine cellulose (Dong, Liu, 

Yuan, Yi, & Zhao, 2016) 

Au (III) 33.48 0.1 1 
Amberlite XAD-16 (Refiker, Merdivan, & Aygun, 

2018) 



Au (III) 283.9 4 300 min. 
Mercaptothiadiazole functionalized Ni0.6Fe2.4O4 

(Zhao, Wang, Wang, Zhang, & Zhang, 2019) 

Au (III) 3257.3 pH 3-5 72 
Thiourea-grafted electrospun polyacrylonitrile 

(J. Liu, Jin, & Wang, 2020) 

Au (III) 43 0.1 81 
Poly (4-vinylpyridine) resins (Dorota 

Jermakowicz-Bartkowiak & Kolarz, 2011) 

Au (III) 1086 pH 2 24 
Triazine-polyamine polymer (M. Can et al., 

2016) 

Au (III) 70.34 pH 2 4 
Lysine modified crosslinked chitosan (Fujiwara 

et al., 2007) 
Au (III) 173.18 0.01 24 This study 

<<Table 2>> 

3.3. Adsorption Kinetics 

The effect time to Pd (II) and Au (III) adsorption on TRIS polymer beads in 

optimum conditions was examined and the results are given in Figure 5. In the 

adsorption kinetics experiments, both metal ions exhibited slow adsorption rates at 

the 10 hours of contact with each metal ions and this leading moderate kinetic 

constant values (k1 and k2, etc). 

 

 
Figure 5. The effects of contact time to Pd (II) and Au (III) adsorptions onto TRIS beads 
(C0=100 mg/L, 298K, 48 h., 25mg TAPEHA /500ml, pH 1, and 2, respectively). 
<<Figure 5>> 

With the development of the adsorption equilibrium theory on heterogeneous 

solid surfaces, the development of the kinetic adsorption-desorption theory has has 

also progressed. An adsorption-desorption kinetics can include the following four 
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steps:  external diffusion from solution to interface, diffusion into pores, diffusion of 

molecules on surface, and realization of adsorption-desorption process (Dąbrowski, 

2001; Y. Liu & Liu, 2008). In order to understand time depended behavior of 

adsorption process, five commonly used models, pseudo first- (S. Lagergren, 1898) 

and second-order (Y. S. Ho & McKay, 1999) equation, intraparticle diffusion (Mustafa 

Can, 2015b) equation and the Elovich (S. Y. Elovich; G. M. Zhabrova, 1939; Ya. B. 

Zeldovich, 1934) equation, were used for both metal ion adsorptions. Detailed 

informations can be found at the supporting informations. Here, the kinetics data 

were fitted with models and the model parameters are presented in Table 3. Further, 

graphical solve lines of these kinetic functions and their R2 values can be seen in 

Figure S4. The calculated kinetic constants and R2 values are given in Table 4. When 

the closer R2 value is to one, it will show that equation could adequately represents 

the experimental adsorption process (Mustafa Can, 2015a). In both adsorption metal 

adsorption, the pseudo-second-order model was the better fitting model among to 

studied four models. For each metal adsorption kinetics, the experimental capacity 

values doesn’t matches with the qe value of pseudo second order model (q2) at the 

studied initial concentration of 100 mg/L. the pseudo first order model performing 

worst q1 value fitting wit qe, as expected. 

Table 4. Kinetic parameters for adsorption of Pd (II) and Au (III) ions onto TRIS beads. 

Metal 
ion 

qe,exp 
(mg/g) 

First-order kinetic equation Second-order kinetic equation 

q1 (mg/g) k1 (1/min) R2 q2 (mg/g) 
k2  
(g/ 

(mg.min.)) 
R2 

Pd (II) 640 363.5 0.0035 0.7825 713.3 0.000010 0.9866 

Au (III) 570 509.0 0.0042 0.9056 684.0 0.000006 0.9729 

Metal 
ion 

qe,exp 
(mg/g) 

The Elovich equation Intraparticle diffusion equation 

α 
 (mg.g-1.min-1) 

β  
(mg.g-1) 

R2 
kint 

(mg.g-1.min.-1/2) 
R2 

Pd (II) 640 15.596 0.0079 0.8077 28.6206 0.8789 

Au (III) 570 7.361 0.0078 0.8467 26.0446 0.9501 

<<Table 4>> 



Figure 6 illustrates fitting calculated qe values using kinetic constants at Table 

3 to the experimental data points for both adsorption. As can be seen, the pseudo 

second-order kinetic equation is representing adsorption kinetic well for each 

system. As many precious metal ion adsorption studies (P. Cyganowski et al., 2017; 

Fayemi et al., 2013; Sivrikaya et al., 2017; Urucu et al., 2019; Vojoudi et al., 2017; 

Zhang et al., 2019; Zhao et al., 2019), Kanagare et al. studied Pd (II) adsorption onto 

commercial dithio diglycolamide impregnated XAD-16, it is represented better by a 

pseudo second order kinetics equation (Kanagare et al., 2016). At high initial 

concentrations, the deviations in the intraparticle diffusion calculated qe values is 

very high.  

 
Figure 6. The measured and modeled time profiles for adsorption of the Pd (II), (a) and Au 
(III), (b) onto TRIS beads (C0=100 mg/L, 298K, 24 h., 25mg TAPEHA /500ml, pH 1, and 2, 
respectively). 
<<Figure 6>> 

3.4. Temperature Effects 

To understand effects of temperature to Pd (II) and Au (III) adsorption onto TRIS 

polymer beads, experiments were performed at 298, 308, 318 and 328 K 

temperatures for 24 hours and the results are shown in Figure 7. As can be seen, the 

Pd (II) adsorption capacity decreases with increasing temperature. Despite that, the 
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Au (III) adsorption capacity increases with temperature. For instance, for initial Pd 

(II) ion concentration of 100 mg/L, when increasing temperature from 298 to 328 °K, 

the adsorption capacity value decreases 173.75 mg/g to 165.50 mg/g. Contrary to, 

with increasing temperature, Au (III) adsorption capacity increases 162.50 mg/g to 

203.50 mg/g. 

 

Figure 7. Effect of temperature on Pd (II) and Au (III) adsorption onto TRIS beads (24 hours, 25 mL, 10 mg 
TIRS, pH 1, and 2, respectively).  
<<Figure 7>> 

<< Thermodynamic parameters and comments about it(Azizian et al., 2018). 

It is known that Langmuir equilibrium constant has a dimensional parameter at 

its origin. Moreover, since the units of these parameters vary, the thermodynamic 

parameters obtained often give different values even for the same system. This 

problem makes it almost impossible to compare the obtained thermodynamic 

parameters. Other than this, thermodynamic parameters to be calculated using the 

experimental equilibrium constant which is contain an acceptable error only if 

solution concentrations very dilute. Consequently, it is not appropriate to use 

traditional methods in hetorogen adsorption from solution systems. For the reasons 

mentioned above, the dimensionless equilibrium constant, KML, of the Modified 

Langmuir isotherm proposed by Azizian et al. (Azizian et al., 2018) was used at the 

thermodynamic calculations. 
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The van't Hoff plot for the adsorption of studied metal ions is given in Figure S5 

and calculated thermodynamic parameters are tabulated in Table 5. As can be seen, 

the negative ΔG0 values at any temperature indicates that adsorption occurs 

spontaneously.  

Generally when ΔH0 value if it smaller than 80 kJ/mol, this interaction assumed 

as weak interaction or physisorption. While, the ranges of chemical sorption heat falls 

into 80–200 kJ/mol range(Y. Liu & Liu, 2008). ΔH0 values for Pd (II) and Au (III) 

adsorption determined as -1.64 kJ/mol and 40.50 kJ/mol, respectively. Based on this, 

in all metal ion-bead adsorptions were physisorption process. For the Pd (II) 

adsorption, the positive ΔS0 values (43.47 J.mol-1.K-1) suggests randomness is 

increased during adsorption. Contrary to, ΔS0 value of the Au (III) adsorption onto 

TRIS beads calculated as -31.80 J.mol-1.K-1. Randomness is decreased during the 

adsorption. As can be seen from Table 5, the ΔG0 value was negative, meaning the 

feasible and spontaneous nature of metal ions adsorption on TRIS polymer beads.  

Table 5. Thermodynamic parameters for the adsorption of Pd (II) and Au (III) ions onto TRIS 
polymer beads. 

 
ΔHo 

(kJ.mol-1) 

ΔSo 

(J.mol-1.K-1) 

ΔGo (kj.mol-1) 

298 oK 313 oK 333 oK 353 oK 

Pd (II) -1.64 43.47 -14.5943 -15.0331 -15.4662 -15.8980 

Au (III) -40.50 -31.80 -31.0520 -30.6283 -30.4043 -30.0708 

 

3.5. Adsorption Mechanism 

After adsorption, SEM micrographs and EDS spectras are shown in Figure 8 (a,b,c,d). 

Surfaces of beads almost fully coved with adsorbed Pd (II) and Au (III) ions (Figure 8 

a, b). The weight percentage amount of the Au (III) ions is higher than Pd (II) ions. 

This result is compatible with the experimental adsorption capacities. In Au (III) 

adsorption, chlorine ions are found much than Pd (II) adsorption on the surface. 



Based on this the adsorption took place over high chlorine ion containing Au (III) 

complexes. 

 
Figure 8. SEM micrograph of Pd (II), (a) and Au (III), (b) adsorbed TRIS beads. Selected area 
EDS spectra of palladium adsorbed (a) and gold adsorbed surfaces. 
<<Figure 8>> 

Characteristic FTIR bands of TRIS polymer beads and, the corresponding 

vibrations before - after adsorption and after being reused were shown in Table 4. 

FTIR spectra of TRIS, Pd (II) adsorbed TRIS, Au (III) adsorbed TRIS beads are shown 

in Figure 9. As can be seen, the characteristic peaks of divinyl benzene in the 845, 900 

and 985 cm-1 bands (Stuart, 2005) are weakly visible in the spectrum (Figure 9).  Due 

to, it is used small amount like 1% by weight for cross-linking. 



 
Figure 9. FTIR spectra of TRIS, Pd (II) adsorbed TRIS, Au (III) adsorbed TRIS beads. 
<<Figure 9>> 

Table 4. Spectral assignments of fresh, Rh(III) adsorbed and recycled TAPEHA 

IR 
peak 

TRIS bands (cm−1) a Assignmentsb Ref. 
Fresh 
polymer 

Pd (II) 
Adsorbed 

Au (III)  
Adsorbed 

  

1 - 418 418 v(Metal–Cl) (Fayemi et al., 2013) 

2 543 535 535 v(C-C)/(C=C) benzene 
(Fathy, Abdel Moghny, 
Awad Allah, & Alblehy, 
2014) 

3 699 700 700 
v(C-C)/(C=C) benzene, 
dop(CH) 

(Fathy et al., 2014; Stuart, 
2005) 

4 758 758 758 v(C-C)/(C=C) benzene (Fathy et al., 2014) 

5 817 820 825 dop(CH). v(CN) 
(Fayemi et al., 2013; Odeh 
et al., 2015; Stuart, 2005) 

6 1018 1018 1022 dip(CH) (Stuart, 2005) 

7 1110 - - dip(CH), v(CN) 
(Odeh et al., 2015; Stuart, 
2005) 

8 - 1214 1216 dip(CH2-Cl) (Fayemi et al., 2013) 
9 1301 1301 - dip(CH) (Stuart, 2005) 
10 - - 1308   

11 1355 - - v(-N-H) 
(Gülbakan, Uzun, 
Çelikbiotaçak, Güven, & 
Salih, 2008) 

12 1451 1451 1451 
dip (–CH2–) benzene, 
dip(CH2) 

(Fathy et al., 2014; Peng & 
Wu, 2004) 

13 1493 1493 1493 v(-CH-) benzene (Fathy et al., 2014) 
14 1602 1602 1602 dip (-CH-) benzene (Fathy et al., 2014) 



15 1662 1654 1655 v(C=C), d(N–H) 
(Fayemi et al., 2013; 
Stuart, 2005) 

16 2845 2843 2843 dip (NH), v(CN) (Fathy et al., 2014) 
17 2918 2916 2917 vp(–CH2–) benzene (Fathy et al., 2014) 
18 3024 3024 3024 v(CH), (Fathy et al., 2014) 

18 3384 3377 3422 
v(-N-H) of –CH2–NH–, 
dop(CH), v(CN) 
antisymmetric 

(Gülbakan et al., 2008; 
Stuart, 2005) 

a Estimated uncertainty = ± 2 cm-1 
b v = stretching, d = deformation, ip = in plane, op = out of plane, t = torsion. The contribution to IR intensities and 
frequencies were written highest to lowest 

.<<Table 4>> 

 

The resulting peaks at 418 cm-1 at metal adsorbed TRIS spectrums is 

characteristic of v(Pd–Cl) and v(Au–Cl), and another peak at 1214 and 1216 cm-1 at 

TRIS-Pd and TRIS-Au spectra, respectively, which can be assigned to the non-planar 

wagging of CH2 in CH2Cl (Fayemi et al., 2013). This another peaks are not significant 

peaks. As a difference from TRIS-Pd spectra, a wide and strong peak was formed 

between 1400 - 1200 cm in gold adsorbed TRIS spectra. This is a characteristic effect 

of Au (III) adsorption (M. Can et al., 2016). The weakening and shifting peak at 3384 

cm-1 and 1662 cm-1 for v(C=C), d(N–H) shows that adsorption takes place with amine-

functional groups of TRIS polymers. The proposed Pd (II) and Au (III) mechanism are 

shown in Figure 10. Adsorbed Pd (II) and Au (III) ions are existing as PdCl2N22− and 

AuCl2N2− complex forms, respectively. 



 

Figure 10. Proposed Pd (II) and Au (III) species adsorption mechanism onto TRIS 
beads. 
<<Figure 10>> Adsorption mechanism 

4. Conclusions 

In the present work, TRIS polymer beads employed as an adsorbent in batch 

adsorption technique for Pd (II) and Au (III) ions from HCl containing solutions. 

Optimum conditions for adsorption of Pd (II) and Au (III) ions were determined as 

0.1 M and 0.01 M HCl, respectively. The Modified Langmuir isotherm, which was 

proposed recently, was used in calculations and results are compared. The maximum 

adsorption capacity of TRIS beads were determined to be 204.47 mg/g for Pd (II), and 

168.54 mg/g for Au (III), respectively. In both adsorption, kinetics are fitting the 

pseudo second-order kinetic model. In order to solve the problems arising from the 

use of K constant in different units, dimensionless KML constants calculated and 

nature of adsorption determined. FTIR, and EDS measurements indicate that, after 

the ionic interaction, surface complexation take places during each metal adsorption 

on TRIS beads. Finally, TRIS polymer beads could be a promising precious metal ions 

adsorbent in acidic chloride media for its high adsorption capacity, and durability. 
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Abstract: 

Adsorption of gold, rhodium, platinium, and palladium species containing chlorine

ions  species  onto  commercial  N-{2-[Bis(2-aminoethyl)amino]ethyl}aminomethyl–

polystyrene polymer beads (TRIS) were investigated. The influence of the pH, initial

metal  ion  concentration,  and  contact  time  on  the  adsorption  performance  was

examined  in  a  batch  adsorption  experiment.  Langmuir,  Modified  Langmuir,

Freundlich  and  Freundlich,  Dubinin–Radushkevich  isotherm  model  variables  are

calculated.  The Langmuir  monolayer  adsorption  capacities  of  the Pd (II),  and Au

(III) chlorine ions species were found to be 204.5, and 168.5 mg/g, respectively. All

adsorption systems are fallowing Pseudo second order kinetic model.  

These  findings  showed  that  TRIS  has  a  high  resistance  to  acidic  solutions  and

higher  metal  ion  uptake  capacities  than  commercial  adsorbents.  The  TRIS  beads

were characterized by Fourier  transform infrared spectroscopy (FT-IR),  scanning

electron  microscopy  (SEM),  and  energy  dispersion  spectrometry  (EDS).  The

adsorbent

is interacted with Au(III) through chelation and ion exchange between the amines

groups and Au(III).

The  calculation  of  the  thermodynamic  parameters  using  the  dimensionless

modified  Langmuir  equilibrium  constant  calculated  more  satisfying  and  more

reliable  way.  All  thermodynamic  parameters  suggested  that  Pd  (II)  and  Au  (III)

adsorptions  onto  TRIS  beads  was  a  spontaneous,  physisorption,  and  exothermic

process.

Keywords:  Adsorption;  Modified  Langmuir;  FTIR;  polymer;  gold;  palladium;  tris(2-
aminoethyl) amine



1. Introduction

Değerli  metaller,  spesifik  fiziksel  ve  kimyasal  özelliklerinden  dolayı  çeşitli

sanayi,  tarım  ve  tıp  alanlarında  katalizör  olarak  yaygın  şekilde  kullanılmaktadır.

Değerli  metaller  tarih  boyunca  para  birimi  olarak  kullanılmıştır  ve  yatırım  aracı

olarak da önemini korumaktadır. ISO 4217'ye göre altın (Au), gümüş (Ag), platin (Pt)

ve  paladyum  (Pd)  uluslar  arası  para  birimi  olarak  kabul  edilmiştir  [1].  Dünya

çapında bu değerli metallerin tüketim oranı, doğada az bulunması ve yüksek üretim

maliyetleri nedeniyle, temel cevherlerden çıkarılma oranını aşmıştır [2].

 Platin, Paladyum, Rodyum gibi platin grubu metalleri egzoz gazı arıtması için

kullanılan  otokatalizörlerin  yapısında  yer  almaktadır.  Monolitik  otomotiv

katalizörleri  tipik  olarak  platinyum,  palladyum  ve  rodyumlu  kordierit  tipi

peteklerdir.  Bu  katalizörlere  "üç  yönlü"  katalizörler  denir,  çünkü  sadece  karbon

monoksit  ve  hidrokarbonları  oksitlemekle  kalmaz  aynı  zamanda  çeşitli  nitrik

oksitleri de azaltırlar. Katalitik konvertör başına platin grubu metallerinin ortalama

yükü  0,05  troy  ons  platin,  0,02  troy  ons  palladyum  ve  0,005  troy  ons  rodyum

olmuştur [3].

Altın, paladyum ve platin gibi değerli metalleri içeren harcanmış baskılı devre

kartı  ve  petek  tipi  oto  katalizörlerin  büyük  çoğunluğu  atık  bilgisayarlardan  ve

otomotiv katalitik konvertörlerinden elde edilir. Değerli metal miktarının kullanılmış

PCB'lerde  700-1,100  ppm,  atık  oto  katalizörlerinde  ise  1,000-2,000  ppm  olduğu

bilinmektedir [4].

Platin grubu metallerinin tedarik edilmesi kısıtlı olduğundan dolayı, katalitik

konvertörlerden  geri  kazanılabilmeleri  için  başarılı  bir  proses  kullanmak,  bu

metallerin  bulunabilirliği  ve  fiyatı  açısından  önemli  rol  oynamaktadır.  Bu  geri



kazanım proseslerinin maliyet etkin olabilmeleri için de değerli metallerin % 90'dan

fazlasının geri kazanılması gerekir [5].

PGM geri kazanımında bir dizi hidrometalurjik ya da pirometalurjik prosesler

yer  almaktadır.  Uygulanan  hidrometalurjik  prosesler,  PGM'nin  dağıldığı  yıkama

katının seçici  olarak çözünmesine ve daha da karmaşık bir  rafine etme prosesini

takiben bir PGM konsantratının oluşturulmasına dayanır. Hidrometalurjik proseste,

değerli metaller oksijen, iyot, brom, klor, hidrojen peroksit vb. varlığında, kral suyu

veya hidroklorik asit, nitrik asit ve sülfürik asit gibi asitler içerisinde çözündürülerek

geri  kazanılır.  Hidrometalurjik  prosesler;  desteklenen materyali  çözerek  PGM'leri

önceden konsantre hale getirme, hidroklorik asit + oksidanlar sisteminde PGM'lerin

yıkanması, siyanür çözeltisinde PGM'lerin yıkanması ve kızartma/yanma işleminden

sonra  PGM'lerin  yıkanması  şeklinde  uygulanabilir.  Pirometalurjik  prosesler  de,

PGM'lerin  deriştirilebilmeleri  için  bir  prosedürdür  [6,7].  Pirometalurjik  işlemler

çoğunlukla  ezilmiş  otomatik  katalizörün  eritilmesi  ve  plazma  meşale  kullanarak,

yüksek sıcaklıklarda demir veya bakır gibi  erimiş bir kollektör metali ihtiva eden

akışkan  maddelerin  elde  edilmesi  şeklindedir.  Pirometalurjik  prosesde  PGM'ler

metal fazında zenginleştirilir veya ilgili pirometalurjik işleme tabi tutularak kolayca

işlenmiş bileşiklere dönüştürülür ve daha sonra metallerin geri kazanımı için rafine

etme  teknolojisi  uygulanır.  PGM'leri  metal  eritme  toplama  ve  klorlama

volatilizasyonu  ile  konsantre  hale  getirme  gibi  pirometalurjik  prosesler

uygulanabilir [7,8].

Hidrometalurjik  prosesler,  pirometalurjik  proseslerle  karşılaştırıldığında

nispeten  düşük  maliyeti,  daha  az  çevresel  etkisi  (örneğin  tehlikeli  gaz  veya  toz

içermemesi gibi)  ve küçük ölçekli  uygulamalar için uygun olması  sebebiyle metal

geri  kazanımlarında  avantaj  sunar.  Bu  özellikler,  hidrometalurjik  işlemleri,  atık



elektroniklerden ve oto katalizörlerinden değerli metal geri kazanımı için potansiyel

alternatifler haline getirmektedir.  Hidrometalurjik bir  süreç,  atıkların mekanik ön

arıtımını,  metallerin  uygun  bir  ayrıştırıcı  ile  liç  haline  getirilmesini  ve  yüklü  liç

solüsyonunun saflaştırılarak metallerin geri kazanılmasını içerir [9].

Platin grubu metalleri aynı zamanda çevre ve canlı organizmalar için zararlı

olabilmektedir.  Değerli  metallerin  kontaminasyonu  ilk  olarak  havada  partiküler

madde olarak başlar ve yol kenarı tozları,  toprak, çamur ve suda birikme yoluyla

devam eder. Nihayet bu elementlerin canlı organizmalarda çeşitli yollarla biyolojik

olarak  birikmesine  neden  olur.  Bu  elementlerin  metalik  formlarının  biyolojik

reaksiyonlar açısından inert olduğu düşünülmektedir fakat hekzakloro platin veya

tetrakloro  platin  gibi  bazı  Pt  tuzları,  oldukça  güçlü  allerjenler  arasındadır.  Platin

grubu metalleri aynı zamanda astım, bulantı, saç dökülmesinde ve düşüklerde artışa,

dermatite ve insanlardaki diğer ciddi sağlık sorunlarına sebep olabilmektedir. [10].

Paladyum ve altın iyonlarının klor içeren sulu çözeltilerdeki adsorpsiyonu için

uygun adsorban seçimi hidrometalürjik prosesler sırasında karşılaşılan en önemli

zorluklardan  birisidir.  Rodyum  başta  olmak  üzere  klorlu  komplekslerin  çoğu

zamanla büyük sulu ve hidroksitli ligantlar içeren formlara dönüşmektedir [11–13].

Her ne kadar bu durum pH ve klor iyonu konsantrasyonunun ayarlanması ile kısmen

çözülebilse de adsorpsiyon için uygun şarlat görece olarak düşük pH ve klor iyonu

konsantrasyonlarında  olmaktadır.  Bir  başka  çözüm  ise  taze  stok  çözeltiler

hazırlamak ve adsorpsiyonda kullanmaktır  [11,13–16].  Endüstriyel uygulamalarda

stok  çözeltilerin  taze  kalması  ayrıca  bir  zorluk  olarak  ortada  durmaktadır.

Bahsedilen zorlukları aşmak için uygun fonksiyonel grup içeren polimer adsorbanın

seçimi önem arz etmektedir. Bu bağlamda, primer, sekonder ve tersiyer amin grubu

içeren  polimerler  değişik  değerli  metal  iyonlarının  adsorpsiyonunda  yüksek



adsorpsiyon  verimi  ile  kullanıldığı  rapor  edilmiştir  [17,18].  Bunun  en  önemli

sebeplerinden  birisi  optimum  şartlar  altında  iyon  exchange  ve  azot  atomunun

koordinasyona katılması kapasitesinin aynı anda gerçekleşmesidir [19]. Son yıllarda

yapılan çalışmalara bakıldığında, amin fonkisonel grubu içeren iki boyutlu materyal

ile yapılan çalışmada Pd (II) ve Au (III) adsorpsiyon kapasiteleri sırası ile 67.29 ve

1340.6 mg/g olarak rapor edilmiştir [20]. 1,2-Diaminoethane fonksiyonalize edilmiş

Amberlite XAD-4 adsorbanı ile yapılan çalışmada ise 14.0 ve 31.0 mg/g Pd (II) ve Au

(III)  kapasitesi  rapor edilmiştir  [21].  1,6-Hexaethylenediamine  fonksiyonel  grubu

içeren  styrene/divinylbenzene  polimeri  ile  Pd  (II)  ve  Au  (III)  adsorpsiyon

kapasiteleri  sırası  ile  40.0  ve  341.0  mg/g  olarak  bulunmuştur  [22].  Zhang  ve

arakdaşları [23] 2,6-diaminopyridine fonksiyonilize edilmiş PVP polimeri ile Au (III)

kloro kompleksleri ile yaptığı çalışmada 459.29 mg/g’lık adsorpsiyon kapasitesi elde

etmiştir.  Chemin  ve  arkadaşları  [24] ise  polyamine  dendrimer  bağlanmış  selüloz

polimeri  ile  Au (III)  adsorpsiyonu çalışması  yapmış  ve normal  selülozdan 10 kat

daha  fazla  adsorpsiyon  kapasitesi  elde  ettiklerini  rapor  etmişlerdir.

Çaprazbağnlanmış polyethyleneimine polimeri beads ile Au (III) adsorpsiyonunda

ise 943.5 mg/g kapasite değeri elde edilmiştir  [25]. Ayrıca polimerin metalik hale

indirgeme kapasitesi olduğu rapor edilmiştir.

Önceki  çalışmalarımızda  diğer  değerli  metal  iyonlarının  adsorpsiyonunda

olduğu gibi Pd (II)  ve Au (III) metal iyonlarının klorlu komplekslerini amin grubu

içeren polimer adsorbanların daha iyi  kapasite sonuçları  verdiği  gözlemlenmiştir.

According to Pearson’s soft-hard acid-base concept  [26] bu çalışmada kullanılacak

TRIS  polimer  yasında  –RNH2,  -RNH,  ve  -R3N  fonksiyonlitelerinin  üçünü  de  sahip

olması adsorpsiyon kapasitesini arttırıcı etki göstereceği düşünülmektedir. 



Langmuir izoterm eşitliği 1918 yılında gaz fazındaki adsorpsiyonu tanımlamak

üzerine  önerildiğinden  beri  sulu  çözeltilerden  adsorpsiyona  yaygın  olarak

uygulanmaktadır.  Sulu  çözeltiler  gibi  daha  yoğun  fazlardaki  adsorsiyon  ve

desorpsiyon olaylarını tanımlamada çözelti konsantrasyonun etkisini göz ardı edici

etkisinden  dolayı  Langmuir  izotermi  kullanılarak  denge  sabiti  ve  termodinamik

parametrelerin  hesaplamasında  sorunlar  meydana  gelmektedir.  Langmuir

izotermine  göre  yüzeyin  tamamen  kaplanması,  yani  tek  tabaklı  adsorpsiyon

gerçekleşmesi  (qe=qm)  yalnızca  Ce →  ∞  olduğu  durumda  meydana  gelebilir.  Bir

çözeltinin doygunluk konsantrasyonu düşünülmeden gaz fazı için önerilen eşitliğin

sıvı  fazda uygulamasında doygun çözelti  konsantrasyonu (Cs)  göz önüne alınması

gereklidir. Bu durumda önerilecek bir modifiye edilmiş Langmuir izoterminde tek

tabaka adsorpsiyonuna ulaşabilmek (qe=qm) için çözelti konsantrasyonunun doygun

çözelti olması gerekecektir (Ce=Cs). Bu şekilde Azizan ve arkadaşları [27] tarafından

önerilen  Modifiye  Langmuir  izotermi  kullanıldığından  Langmuir  denge  sabiti

birimsiz  olacak  ve  termodinamik  hesaplamalarda  kullanmak  için  uygun  gale

gelecektir. Ayrıca önerilen bu izoterm eşitliğinde denge durumunda meydana gelen

desorpsiyon olayları da dikkate alınarak önerildiğinden çözeltide adsorpsiyon için

teorik temelleri daha uygun bir izoterm eşitliği olan modifiye Langmuir eşitliği [27]

bu çalışmada kullanılmıştır. 

Bu çalışmada ticari TRIS polimer beads ile platin grubu metallerinden olan Pd

(II),  ve  Au  (III),  chloro  species  iyonlarının  adsorpsiyonu  incelenmiştir.

Adsorpsiyonda  etkili  olan  pH,  başlangıç  konsantrasyonu  ve  temas  süresi  gibi

parametreler incelenerek optimum değerler tespit edilmeye çalışılmıştır.  Mofidiye

Langmuir,  Redlich-Peterson  izoterm  eşitlik  sabitleri  lineer  olmayan  regresyon

metodu  kullanarak  Microsoft  Excel’de  hesaplanmıştır.  Lineer  regrasyon  ile  elde



edilen  Langmuir,  modifiye  Langmuir,  Freundlich,  Tempkin,  Duninin-Raduskevich

izoterm  eşitlikleri  sonuçlarıyla  karşılaştırılmıştır.  Pd  (II)  ve  Au  (III)  adsorpsiyon

sistemleri için Pseudo-first- and second-order, intraparticle diffusion and the Elovich

equations kinetik eşitlik parametreleri hesaplanmıştır.  Modifiye Langmuir izoterm

sabiti  kullanılarak  iki  metal  iyonunun TRIS  beads  üzerine  adsorpsiyonu için  the

thermodynamic  parameters,  such  as  Gibbs  free  energy  change  ( G°),  enthalpyΔ

change ( H°) and entropy change ( S°), which have been calculated and discussed.Δ Δ

FTIR, EDAX gibi enstrümantel teknikler ile adsorbat ile adsorban yüzeyi arasındaki

etkileşim mekanizmasının aydınlatılması hedeflenmiştir. Bütün bağlı formasyonlar

ve  kırılmalar  FTIR  spektroskopi  ile  incelenmiştir.  Tris(2-aminoetil)  amin  bağlı

polistiren  polimerinin  parçacık  boyutu  ve  morfolojisini  araştırmak  için  SEM

kullanılmıştır.  Örneklerin  yüzeylerinin  elementel  dağılımını  saptamak  için  EDAX

analizi yapılmıştır.

1. Materials and Methods

1.1. Materials

Çalışmada  adsorban  olarak  ticari  Tris(2-aminoetil)  bağlı  polistiren  polimer

beads kullanıldı. TRIS beads yapısında 3.5-5.0 mmol/g N loaded, 1% divinylbenzene

cross-linked  N-{2-[Bis(2-aminoethyl)amino]ethyl}aminomethyl–polystyrene

polymer bulunmaktadır.  TRIS polimer beadsi  Alfa  Aesar Gmbh firmasından satın

alındı  (Karlsruhe,  Almanya).  Figure  1 shows  the  molecular  structure  of  TRIS

polymer. In addition, SEM image of TRIS polymer beads can be seen at Figure S5.

Pt(IV) stok çözeltisi olarak 2 mol/L HCl içindeki 1000 mg/L H2PtCl6 çözletisi, Rh(III)

stok çözeltisi olarak %2-3 HNO3 içindeki 1000 mg/L Rh(NO3)3 çözeltisi, Au(III) stok

çözeltisi olarak 2 mol/L HCl içindeki H(AuCl4) çözeltisi, Pd(II) stok çözeltisi olarak

da 0.5 mol/L HNO3 içindeki Pd(NO3)2 çözeltisi kullanıldı. Bütün stok çözeltiler Merck



KGaA  (Darmstadt,  Almanya)  firmasından  temin  edildi.  Deneysel  çalışmanın  tüm

aşamalarında yine Merck firmasının üretmiş olduğu analitik saflıktaki HNO3, HCl ve

NaOH  kullanıldı.  Çözeltilerin  hazırlanması  için  ise  destile  deiyonize  su  (Milli-Q

Millipore 18,2 M  cm direnci) kullanıldı. Çözeltilerin pH değerleri tüm aşamalardaΩ

Schott marka CG 840 model  pH metre ile ölçüldü.  Adsorpsiyon deneylerinde IKA

marka  4000i  model  sıcaklık  kontrollü  inkübatör  çalkalayıcı  kullanıldı.  Tartımlar

alınırken OHAUS marka hassas terazi kullanıldı.  Tüm değerli metal derişimlerinin

ölçümü için Shimadzu marka AA6711F model atomik absorpsiyon spektrometresi

kullanıldı.

Figure  1. The  molecular  structure  of  1%  divinylbenzene  cross-linked  N-{2-[Bis(2-
aminoethyl)amino]ethyl}aminomethyl–polystyrene polymer. 
<<Figure 1>>

1.2. Analytical methods

FTIR  spectra  were  obtained  with  Perkin  Elmer  Spectrum  Two

spectrophotometer, averaging 10 scans at 4 cm-1 resolution by running in ATR mode.

The  spectras  were  scanned  between  400-4000  cm-1.  Both  the  morphology  and

structure of the polymer beads were investigated using a JEOL JSM-6060LV SEM.

EDS spectra were recorded on Pd and Au surface covered polymer beads to show the

presence of Pd (II), Au (III) and Cl- on the polymer surface.

1.3. Adsorption experiments  



Ticari  TIRS polimer beadslerinin  Pd(II),  ve  Au(III)  iyonları  için  adsorpsiyon

kapasitelerine HCl konsantrasyonunun etkisini belirlemek amacıyla 10-2 M’den 3 M

arasında değişen 4 farklı konsantrasyonda adsorpsiyon çalışılmıştır.  Çalışmalar 10

mg/L derişime sahip dört değerli metali de ihtiva eden 50 mL hacminde çözeltiler

hazırlandı.  Üzerlerine  10  mg  TRIS  polimer  beadsleri  ilave  edilerek  orbital

çalkalayıcıda 24 saat süreyle karıştırıldı. Konsantrasyon etkisini incelemek amacıyla

başlangıç derişimi 20 ile 150 mg/L arasında değişen tekli metal çözeltileri hazırlandı

ve  üzerlerine  10  mg/L  tris  polimeri  ilave  edilerek  24  saat  karıştırıldı.  Kinetik

çalışmaları  için ise,  yine her metal  iyonu için kendi optimum pH noktasında,  100

mg/L derişime sahip 500 mL hacminde tekli metal çözeltileri hazırlandı. Üzerlerine

25 mg tris polimeri ilave edildi ve 60 ile 2880 dakika arasında değişen çeşitli zaman

aralıklarında  çözeltilerden  5’er  mL  numune  alındı.  Bütün  deneyler  sonunda

çözeltide kalan metal derişimleri using a Shimadzu 6711F flame atomic adsorption

spectrometer spektrometresinde ölçülerek analiz edildi. 

2. Results and discussion

2.1. The effect of HCl concentration

The effect of HCl concentration on Pd (II) and Au (III) adsorption at the 3, 1, 10-

1, 10-2, 10-3 M HCl concentrations was studied, and the results illustrated in Figure 2.

In our previous Pd (II) adsorption onto the polymer which is containing different

functional group  [12,28], it was observed that the adsorption efficiency decreased

when the HCl concentration decreased to 10-2 M. Therefore, HCl concentration range

is chosen.  It has been reported that adsorption of negatively charged species in Pd

(II) and Au (III) chloro species (PdCl4
2−, PdCl3

−, AuCl4
−) adsorption will be favorable

due to electrostatic interaction [28–30]. As can be seen in Figure 2, under 0.1 M, and



0.01 M HCl concentrations highest adsorption capacities achieved for Pd (II) and Au

(III) ions, respectively. In these optimum conditions, to predict palladium and gold

chloro  species,  fraction  diagrams  were  drawn by  using  Hydra&Medusa  software

[31].  Figure S1 shown that under these conditions almost each aqueous forms of

metal  ions  are  negatively  charged  state.  This  seems  to  be  compatible  with  the

literature.  In  further  experiments,  0.1 M,  and  0.01  M  HCl  concentrations  were

selected as the optimum conditions for Pd (II) and Au (III) adsorptions, respectively. 
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Figure 2. The effects of HCl concentration on Pd (II) and Au (III) adsorption onto TRIS beads (C0=10 mg/L,
293 K, m=10 mg, V=50 ml, 24 hours). 

2.2. Adsorption isotherms

In order to investigate the effect of the initial  concentration of Pd (II) and Au

(III) solutions on the adsorption yield, the experiments were carried out at different

initial  metal  ion  concentrations  ranging from 20  to  150  mg/L  in  optiumum  HCl

concentrations for 24 hours and the results are illustrated in Figure 3.  Adsorption

percentages for Pd (II) and Au (III) ions  have changed between 50-81 % and 44-95

%, respectively. Also, the highest experimental adsorption capacity at Pd (II) and Au

(III) ions from 150 mg/L initial concentrations were determined as 187.5 mg/g and

165.0 mg/g, respectively. For adsorbent consumptions, initial concentrations of 80



mg/L  and  60  mg/L  are  the  optimum  values  for  Pd  (II)  and  Au  (III)  under  the

studying conditions.
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Figure 3. The effects of initial metal ion concentrations to adsorption in Pd (II) (a) and Au
(III) (b) (C0=10-10 mg/L, 298K, 10mg/50ml TRIS polymers, pH=2, 24 hours).

<<Figure 3>>

Bu  çalışmada  gaz  fazındaki  maddelerin  adsorpsiyonu  katı  yüzeylerdeki

adsorpsiyonu için önerilen Langmuir izoterminin yanında,  Azizan, Eris  ve Wilson

tarafında önerilen Modifiye Langmuir  izotermi  de kullanılmıştır.  Bu izotermin en

önemli varsayımı çözeltinin konsantrasyonunun denge izotermine etkisinin dikkate

alınmasındır. Bilindiği gibi çözeltilerin maksimum içerebileceği çözünen miktarında

doygun  çözelti  oluşmaktadır.  Doygunluğa  yakın  sistemlerdeki  adsorpsiyonun

karakteristiği  ile  seyreltik  çözeltilerdeki  adsorpsiyonun  karakteristiğinin  aynı

olmayacağı  düşünülürse,  Langmuir  sabitleri  de  değişiklik  arz  edecektir.  Doygun

çözeltiden  adsorpsiyonda,  denge  durumundaki  desoprsiyon  hızı  ile  seyreltik

çözeltideki desorpsiyon hızından kimyasal potansiyel farkından dolayı daha düşük

olacaktır.  Ayrıca  adsorpsiyon  kinetiğinde  de  seyreltik  ve  derişik  çözeltiden

adsorpsiyonda  bütün  parametreler  aynı  olsa  da  farklılıklar  oluşacaktır.  Bunun



dışında,  Langmuir eşitliğinden bulunan KL denge sabiti  birimsiz  olmadığından ve

değişik  birimler  içerebilmesinden  dolayı  termodinamik  parametrelerin

hesaplanmasında  ancak  çok  seyreltik  çözeltilerden adsorpsiyonda  az  hata  içeren

termodinamik  parametre  sonuçları  verebilmekte  idi.  Bu  eşitlik  kullanılarak

termodinamik parametrelerin daha doğru bir şekilde hesaplanabilmesi için birimsiz

Langmuir denge sabiti hesaplanabilmektedir. 

Bu  çalışmadan  kullanılan  adsorpsiyon  izotermleri  ve  their  linear  forms

Supporting  Information  dosyasında  Table  S1’de  verilmiştir.  Ayrıca  karşılaştırma

olması  bakımından  Langmuir  izotermi  (1)  ve  modifiye  Langmuir izotermi  (2)

aşağıda verilmiştir:

qe=
qmK LC e

1+K LCe
 (1)

qe=
qmK MLC e

(CS−C e)+K MLCe

 (2)

eşitlik (2) de Cs, adsorpsiyon yapılan maddenin doygun çözelti konsantrasyonudur.

Palladium(II) chloride ve Gold(III) chloride çözünürlüğü sırası ile 2418,6 mg/L [32]

ve 440157 mg/L [33]  olarak literatürden alınmıştır.  

The  Langmuir  [34],  Freundlich [35],  Temkin  [36],  Dubinin–Radushkevich

[37,38],  and  Redlich–Peterson  [39] isotherm  equations  were  used  to  calculate

adsorption isotherms at optimum conditions with using the data  from  Figure 3.

These  isotherm  equations  and  descriptions  are  described  in  the  supporting

information file. Isotherm constants obtained from isotherm calculations,  R2 values

are given in  Table 1  and Table 2  for Pd (II) and Au (III), respectively. In addition,

Langmuir, Freundlich,  Tempkin, and Dubinin–Radushkevich isotherms linear form

function graphics and their Pearson's correlation coefficient (r2) values can be seen



in Figure S2 and Figure S3. It better to using r2 values for linear regression solves of

adsorption equations, whereas, using chi-squared error function, x2, is more suitable

for  non-linear  solves  of  equations  [40,41].  In  general,  it  can be  said that  Pd (II)

adsorption experiments are containing less experimental errors comparing to Au

(III) adsorption experiments. In both metal ion adsorptions, Langmuir equation is

best  representing  isotherm  among  the  five  equations.  Since  linear  solutions  of

Modified Langmuir and Langmuir isotherm equations are in the same form, r2 and

x2  values  are  equal  (Table  S1).  According  to  the  non-linear  solve  of  Modified

Langmuir equation, the monolayer saturation capacity of Pd (II) and Au (III) ions

onto TRIS beads were determined as 206.92 mg/g and 173.18 mg/g, respectively.

Table 1. Parameters of studied isotherms for Pd (II) adsorption onto TRIS beads (298 K). 

Isotherm KL and KLM Qmax (mg/g) RL r2 x2

Langmuir linear 30.57 L/mg 205.04
0.0428 –
0.2511

0.9994 0.5443

Modified Langmuir linear 361.62 204.47 0.9994 0.5443
Modified Langmuir

nonlinear 
341.96 206.93 0.9964* 0.5465

Freundlich
Kf (L/g) n r2 x2

0.0234 2.570 0.9259 15.36

Tempkin
A

(L/g)
B (j/mol) r2 x2

1.8166 40.558 0.9774 2.155

Dubinin–Radushkevich
β

(mmol/j)2 qm (mmol/g) E (kJ/mol) r2 x2

0.0002 1.935 56.53 0.9983 0.3546

Redlich-Peterson
K (L/g) a (L/mg) β r2* x2

31.26 0.1658 0.9782 0.9957 0.4815

* r2 are calculated between the measured qe and calculated qe data values.
<<Table 1>>

The calculated RL values at different initial metal ion concentrations are shown

in  Table  1  and  Table  2.  Dimensionless  constant,  RL,  indicates  the  shape  of  the

isotherms to be either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1) or

irreversible  (RL =  0).  It  was  observed  that  RL values  were  determined  between

0.0428 – 0.2511 and 0.0735 – 0.0105 for Pd (II) and Au (III) species, respectively.



This indicated  that  adsorptions  were  more  favorable  for  the  higher  initial  ion

concentrations than for the lower ones and it takes place spontaneously. 

Freundlich  isotherm  equation  derived  to  describe  the  adsorption  at

heterogeneous systems and its formula can be seen at Table S1. In this equation, 1/n

values represents adsorption intensity and surface heterogeneity. When this value

closer is to zero, the heterogeneous character of adsorption increases [42,43]. It can

be seen at Table 1 and Table 2, Au (III) adsorption is having much heterogeneous

nature from Pd (II) adsorption. Where, the adsorption mechanism of gold ions may

be take place through several different chloro species.

Table 2. Parameters of studied isotherms for Au (III) adsorption onto TRIS beads (298 K). 

Isotherm KL and KLM Qmax (mg/g) RL r2 x2

Langmuir linear 106.2 L/mg 168.54
0.0735 –
0.0105

0.9997 7.3206

Modified Langmuir linear 277401 168.54 0.9997 7.3206
Modified Langmuir

nonlinear 
240692 173.18 0.9711* 5.1705

Freundlich
Kf (L/g) n r2 x2

0.015 4.073 0.7392 32.19

Tempkin
A

(L/g)
B (j/mol) r2 x2

17.83 25.16 0.8377 13.134

Dubinin–Radushkevich
β

(mmol/j)2 qm (mmol/g) E (kJ/mol) r2 x2

0.0001 1.021 81.53 0.8753 14.71

Redlich-Peterson
K (L/g) a (L/mg) β r2* x2

77.20 0.4336 1.000 0.9575 4.773

* r2 are calculated between the measured qe and calculated qe data values.
<<Table 2>>

The Tempkin isotherm equation defined by ignoring in the extremely low and

high concentration ranges [44]. The equation is representing better Pd (II) adsortion

than Au (III) adsorption onto TRIS beads. Calculated  Dubinin–Radushkevich single

layer  capacities  for  Pd  (II)  and  Au  (III)  are  205.91  mg/g  and  201.09  mg/g,

repectively.  As  can be seen,  these values are  very close to  Langmuir single layer

capacities for each system. In both adsorption,  due to the Dubinin–Radushkevich



adsorption  energy,  E,  values  are  higher  than 18  kj  per  mole,  it  can  be  said that

particle  diffusion  mechanism  is  playing  important  role  at  adsorption  [44].  The

Redlich-Peterson isotherm theory covers both Langmuir and Freundlich isotherm

assumptions [39]. The  isotherm constant can be between 0≤ ≤1 values. Becauseβ β

in each adsorption  values close or equal to one value,  Langmuir isotherm bestβ

representing equation for each adsorptions. 

The compliance with the experimental data to the calculated data points from

isotherm constants at Table 1 and Table 2, and in both metal ion adsorptions result

is plotted in Figure 4. 
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Figure 4. Equilibrium curves for adsorption of Pd (II) and Au (III) onto TRIS polymer beads (C0=20 - 150 mg
L−1, 298 °K, 24 h., 25 mL, 10 mg adsrobent, pH 1, and 2, respectively).
<<Figure 4>>

A list of  studies with relative amine functional group containing adsorbents,

their optimum conditions and obtained maximum capacities has been presented in

Table 3.  As can be seen, the survey from the literature indicates that most of the

optimum  conditions  reported  for  palladium  and  gold  ions  from  HCl  media  are

between pH 4 and pH 1 and 1-24 hour contact time is usually enough time to reach



equilibrium. Capacity results obtained from TRIS polymer beads are higher than the

most of  adsorbents  for  Pd (II)  and Au (III).   The adsorption capacity  values  are

obtanined as  206.93 and 171.18 mg/g for  Pd (II)  and Au (III)  ions,  respectively.

Hence,  the  TRIS  polymer  beads  are  having  high  adsorption  capacity  toward the

precious  metal  ions.  To increase the  adsorption  capacity,  it  may  be  beneficial  to

increase the surface area of TRIS beads by etching surface.

Table 3. Maximum Au (III) adsorption capacities onto various amine type adsorbents
Metal
ions

Maximum uptake
(mg/g)

[HCl]
(M)

Contact
time

(hour)

Adsorbent

Pd (II) 15.29 pH 4 20 min. Melamine formaldehyde thiourea resin [45]
Pd (II) 158.7 pH 1 - Polyamine Silica Gel [46]
Pd (II) 14.4 pH 3 72 Theophylline-bearing polystyrene [47]
Pd (II) 191.6 0.1 HNO3 6 Pyridine based polymer [48]
Pd (II) 10 0.5 1 Tri-octyl/decyl amine (Arnberlite XAD2) [49]
Pd (II) 270.5 2 24 Silica Based (Poly)Amine ‐ [50]
Pd (II) 43 0.1 48 Poly (4-vinylpyridine) resins [51]
Pd (II) 517.2 pH 2 4 Triazine-hexamine polymer [28]
Pd (II) 7.78 pH 1.5 8 Modified polyacrylonitrile (PAN)-based [52]
Pd (II) 109.47 pH 2 4 Lysine modified crosslinked chitosan [53]
Pd (II) 29 3 HNO3 2 Dithiodiglycolamide impregnated XAD-16 [54]
Pd (II) 9.99 0.1 4 Acrylic Amberlyst A-23 resin [55]
Pd (II) 4.3 1 30 min. Polyamine functionalized polystyrene [56]

52.77 1 1
N-substituted 2-

(diphenylthiophosphoryl)acetamides [57]
Pd (II) 206.93 0.1 24 This study
Au (III) 48.8 pH 1.5 8 Imidazole functional thiol-ene resin [58]
Au (III) 3025 2 8 Persimmon-formaldehyde resin [59]
Au (III) 66 1 48 Piperazine modified divinylbenzene [60]

Au (III) 190 1 48
Amine modified divinylbenzene copolymers

[61]
Au (III) 443.2 pH 2 3 Thiirane methacrylate resin [62]
Au (III) 1325.09 pH 3 5 Amin magnetic silica gel [63]
Au (III) 735.3 2 2 Imidazolium cellulose microsphere [64]
Au (III) 537.53 pH 2.4 24 Aminomethyl pyridine cellulose [65]
Au (III) 33.48 0.1 1 Amberlite XAD-16 [66]

Au (III) 283.9 4 300 min.
Mercaptothiadiazole functionalized Ni0.6Fe2.4O4

[67]

Au (III) 3257.3 pH 3-5 72
Thiourea-grafted electrospun polyacrylonitrile

[68]
Au (III) 43 0.1 81 Poly (4-vinylpyridine) resins [51]
Au (III) 1086 pH 2 24 Triazine-polyamine polymer [12]
Au (III) 70.34 pH 2 4 Lysine modified crosslinked chitosan [53]
Au (III) 173.18 0.01 24 This study

<<Table 2>>

2.3. Adsorption Kinetics



The effect time to Pd (II) and Au (III) adsorption on TRIS polymer beads in

optimum conditions was examined and the results  are  given in  Figure 5.  In  the

adsorption kinetics experiments, both metal ions exhibited slow adsorption rates at

the 10 hours  of  contact  with  each metal  ions  and  this  leading moderate  kinetic

constant values (k1 and k2, etc).
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Figure 5. The effects of contact time to Pd (II) and Au (III) adsorptions onto TRIS beads 
(C0=100 mg/L, 298K, 48 h., 25mg TAPEHA /500ml, pH 1, and 2, respectively).
<<Figure 5>>

With the development of the adsorption equilibrium theory on heterogeneous

solid surfaces, the development of the kinetic adsorption-desorption theory has has

also progressed. An adsorption-desorption kinetics can include the following four

steps:  external diffusion from solution to interface, diffusion into pores, diffusion of

molecules on surface, and realization of adsorption-desorption process  [69,70].  In

order to understand time depended behavior of adsorption process, five commonly

used  models,  pseudo  first-  [71] and  second-order  [72] equation,  intraparticle

diffusion [73] equation and the Elovich [74,75] equation, were used for both metal

ion adsorptions. Detailed informations can be found at the supporting informations.



Here,  the  kinetics  data  were  fitted  with  models  and  the  model  parameters  are

presented in Table 3. Further, graphical solve lines of these kinetic functions and

their R2 values can be seen in  Figure S4.  The  calculated kinetic constants and R2

values are given in  Table 4.  When the closer R2 value is to one, it will show that

equation could adequately represents the experimental adsorption process [40]. In

both adsorption metal adsorption, the pseudo-second-order model was the better

fitting model among to studied four models. For each metal adsorption kinetics, the

experimental capacity values doesn’t matches with the qe value of pseudo second

order model (q2) at the studied initial concentration of 100 mg/L. the pseudo first

order model performing worst q1 value fitting wit qe, as expected.

Table 4. Kinetic parameters for adsorption of Pd (II) and Au (III) ions onto TRIS beads.

Metal
ion

qe,exp

(mg/g)

First-order kinetic equation Second-order kinetic equation

q1 (mg/g) k1 (1/min) R2 q2 (mg/g)
k2 
(g/

(mg.min.))
R2

Pd (II) 640 363.5 0.0035 0.7825 713.3 0.000010 0.9866
Au (III) 570 509.0 0.0042 0.9056 684.0 0.000006 0.9729

Metal
ion

qe,exp

(mg/g)

The Elovich equation Intraparticle diffusion equation
α

 (mg.g-1.min-1)
 β

(mg.g-1)
R2 kint

(mg.g-1.min.-1/2)
R2

Pd (II) 640 15.596 0.0079 0.8077 28.6206 0.8789
Au (III) 570 7.361 0.0078 0.8467 26.0446 0.9501

<<Table 4>>

Figure 6 illustrates fitting calculated qe values using kinetic constants at Table

3  to the experimental data points for both adsorption. As can be seen, the pseudo

second-order  kinetic  equation  is  representing  adsorption  kinetic  well  for  each

system.  As  many  precious  metal  ion  adsorption  studies  [21,23,46,56,58,63,67],

Kanagare  et  al.  studied  Pd  (II)  adsorption  onto commercial  dithio  diglycolamide

impregnated XAD-16,  it  is  represented better by a pseudo second order kinetics

equation  [54].  At  high  initial  concentrations,  the  deviations  in  the  intraparticle

diffusion calculated qe values is very high. 
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Figure 6. The measured and modeled time profiles for adsorption of the Pd (II), (a) and Au
(III), (b) onto TRIS beads (C0=100 mg/L, 298K, 24 h., 25mg TAPEHA /500ml, pH 1, and 2,
respectively).
<<Figure 6>>

2.4. Temperature Effects

To understand effects of temperature to Pd (II) and Au (III) adsorption onto

TRIS  polymer  beads,  experiments  were  performed  at  298,  308,  318  and  328  K

temperatures for 24 hours and the results are shown in Figure 7. As can be seen, the

Pd (II) adsorption capacity decreases with increasing temperature. Despite that, the

Au (III) adsorption capacity increases with temperature. For instance, for initial Pd

(II)  ion  concentration  of  100  mg/L,  when  increasing  temperature  from  298  to

328 °K,  the  adsorption  capacity  value  decreases  173.75  mg/g  to  165.50 mg/g.

Contrary  to,  with  increasing  temperature,  Au  (III)  adsorption  capacity  increases

162.50 mg/g to 203.50 mg/g.
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Figure 7. Effect of temperature on Pd (II) and Au (III) adsorption onto TRIS beads (24 hours, 25 mL, 10 mg 
TIRS, pH 1, and 2, respectively). 
<<Figure 7>>
<< Thermodynamic parameters and comments about it[27].

It is known that Langmuir equilibrium constant has a dimensional parameter

at its origin. Moreover, since the units of these parameters vary, the thermodynamic

parameters  obtained  often  give  different  values  even  for  the  same  system.  This

problem  makes  it  almost  impossible  to  compare  the  obtained  thermodynamic

parameters. Other than this, thermodynamic parameters to be calculated using the

experimental  equilibrium  constant  which  is  contain  an  acceptable  error  only  if

solution  concentrations  very  dilute.  Consequently,  it  is  not  appropriate  to  use

traditional methods in hetorogen adsorption from solution systems. For the reasons

mentioned  above,  the  dimensionless  equilibrium  constant,  KML,  of  the  Modified

Langmuir isotherm proposed by Azizian et al. [27] was used at the thermodynamic

calculations.

The van't Hoff plot for the adsorption of studied metal ions is given in Figure

S5 and calculated thermodynamic parameters are tabulated in Table 5. As can be

seen, the negative  ΔG0 values at any temperature indicates that adsorption occurs

spontaneously. 



Generally when ΔH0 value if it smaller than 80 kJ/mol, this interaction assumed

as weak interaction or physisorption. While, the ranges of chemical sorption heat

falls into  80–200 kJ/mol range[70]. ΔH0 values for Pd (II) and Au (III) adsorption

determined as  -1.64 kJ/mol  and 40.50 kJ/mol,  respectively.  Based on this,  in  all

metal ion-bead adsorptions were physisorption process. For the Pd (II) adsorption,

the positive ΔS0 values (43.47 J.mol-1.K-1) suggests  randomness is increased during

adsorption.  Contrary  to,  ΔS0 value  of  the  Au  (III)  adsorption  onto  TRIS  beads

calculated as -31.80 J.mol-1.K-1. Randomness is decreased during the adsorption.  As

can be seen from Table  5,  the ΔG0 value was negative,  meaning the feasible  and

spontaneous nature of metal ions adsorption on TRIS polymer beads. 

Table 5. Thermodynamic parameters for the adsorption of Pd (II) and Au (III) ions onto TRIS
polymer beads.

HΔ o

(kJ.mol-1)

SΔ o

(J.mol-1.K-1)

GΔ o (kj.mol-1)

298 oK 313 oK 333 oK 353 oK

Pd (II) -1.64 43.47 -14.5943 -15.0331 -15.4662 -15.8980

Au (III) -40.50 -31.80 -31.0520 -30.6283 -30.4043 -30.0708

2.5. Adsorption Mechanism

After  adsorption,  SEM  micrographs  and  EDS  spectras  are  shown  in  Figure  8

(a,b,c,d). Surfaces of beads almost fully coved with adsorbed Pd (II) and Au (III) ions

(Figure 8 a, b). The weight percentage amount of the Au (III) ions is higher than Pd

(II) ions. This result is compatible with the experimental adsorption capacities. In Au

(III) adsorption, chlorine ions are found much than Pd (II) adsorption on the surface.

Based on this the adsorption took place over high chlorine ion containing Au (III)

complexes.



Figure 8. SEM micrograph of Pd (II), (a) and Au (III), (b) adsorbed TRIS beads. Selected
area  EDS  spectra  of  palladium  adsorbed  (a)  and  gold  adsorbed  surfaces.
<<Figure 8>>

Characteristic FTIR  bands  of  TRIS  polymer  beads  and,  the  corresponding

vibrations before - after adsorption and after being reused were shown in Table 4.

FTIR spectra of TRIS, Pd (II) adsorbed TRIS, Au (III) adsorbed TRIS beads are shown

in Figure 9.  As can be seen, the characteristic peaks of divinyl benzene in the 845,

900 and 985 cm-1 bands [76] are weakly visible in the spectrum (Figure 9).  Due to, it

is used small amount like 1% by weight for cross-linking.



Figure  9. FTIR  spectra  of  TRIS,  Pd  (II)  adsorbed  TRIS, Au  (III)  adsorbed  TRIS  beads.
<<Figure 9>>

Table 4. Spectral assignments of fresh, Rh(III) adsorbed and recycled TAPEHA

IR 
peak

TRIS bands (cm−1) a Assignmentsb Ref.
Fresh 
polymer

Pd (II) 
Adsorbed

Au (III)  
Adsorbed

1 - 418 418 v(Metal–Cl) [56]
2 543 535 535 v(C-C)/(C=C) benzene [77]

3 699 700 700
v(C-C)/(C=C) benzene, 
dop(CH) [76,77]

4 758 758 758 v(C-C)/(C=C) benzene [77]
5 817 820 825 dop(CH). v(CN) [56,76,78]
6 1018 1018 1022 dip(CH) [76]
7 1110 - - dip(CH), v(CN) [76,78]
8 - 1214 1216 dip(CH2-Cl) [56]
9 1301 1301 - dip(CH) [76]
10 - - 1308
11 1355 - - v(-N-H) [79]

12 1451 1451 1451
dip (–CH2–) benzene, 
dip(CH2) [77,80]

13 1493 1493 1493 v(-CH-) benzene [77]
14 1602 1602 1602 dip (-CH-) benzene [77]
15 1662 1654 1655 v(C=C), d(N–H) [56,76]
16 2845 2843 2843 dip (NH), v(CN) [77]
17 2918 2916 2917 vp(–CH2–) benzene [77]



18 3024 3024 3024 v(CH), [77]

18 3384 3377 3422
v(-N-H) of –CH2–NH–, 
dop(CH), v(CN) 
antisymmetric

[76,79]

a Estimated uncertainty = ± 2 cm-1

b v = stretching, d = deformation, ip = in plane, op = out of plane, t = torsion. The contribution to IR intensities and 
frequencies were written highest to lowest

.<<Table 4>>

The  resulting  peaks  at  418  cm-1 at  metal  adsorbed  TRIS  spectrums  is

characteristic of v(Pd–Cl) and v(Au–Cl), and another peak at 1214 and 1216 cm-1 at

TRIS-Pd and TRIS-Au spectra, respectively, which can be assigned to the non-planar

wagging of CH2 in CH2Cl  [56].  This another peaks are not significant peaks.  As a

difference from TRIS-Pd spectra, a wide and strong peak was formed between 1400 -

1200 cm in gold adsorbed TRIS spectra.  This is  a characteristic effect of  Au (III)

adsorption  [12].  The weakening and shifting peak at 3384  cm-1 and 1662  cm-1 for

v(C=C),  d(N–H) shows that adsorption takes place with amine-functional groups of

TRIS polymers. The proposed Pd (II) and Au (III) mechanism are shown in Figure

10. Adsorbed Pd (II) and Au (III) ions are existing as PdCl2N2
2− and AuCl2N2

− complex

forms, respectively.



Figure 10. Proposed Pd (II) and Au (III) species adsorption mechanism onto TRIS
beads.
<<Figure 10>> Adsorption mechanism

3. Conclusions

In the present work, TRIS polymer beads employed as an adsorbent in batch

adsorption technique for Pd (II)  and Au (III)  ions from HCl containing solutions.

Optimum conditions for adsorption of Pd (II) and Au (III) ions were determined as

0.1 M and 0.01 M HCl,  respectively.  The Modified Langmuir isotherm, which was

proposed recently, was used in calculations and results are compared. The maximum

adsorption capacity of TRIS beads were determined to be 204.47 mg/g for Pd (II),

and 168.54 mg/g for Au (III), respectively. In both adsorption, kinetics are fitting the

pseudo second-order kinetic model. In order to solve the problems arising from the

use  of  K  constant in  different  units,  dimensionless  KML constants  calculated  and

nature of adsorption determined. FTIR, and EDS measurements indicate that, after

the ionic interaction, surface complexation take places during each metal adsorption

on TRIS beads. Finally, TRIS polymer beads could be a promising precious metal ions

adsorbent in acidic chloride media for its high adsorption capacity, and durability.
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