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OZET

TiICARI RECINE LEWATIT TP 214 KULLANILARAK ATIK KAPLAMA
COZUMLERINDEN PALADYUM GERI KAZANIMI

Bu calisma, Lewatit TP 214 reginesi iizerindeki Pd(IT) metal iyonlarinin adsorpsiyon
davranigin1 incelemeyi amaglamaktadir. Pd(II) metal iyonlari, degerli metal kaplama
soliisyonu atiklarindan elde edilen amonyum iceren asidik soliisyon i¢inde ¢oziindiiriildii
ve bu paladyum(Il) kloriir atik soliisyonu kaynak soliisyon olarak secildi. Paladyum
konsantrasyonu, bir atomik absorpsiyon spektrometresi kullanilarak 600 ppm olarak
belirlendi ve deneysel ¢alismalar icin, baslangi¢ ¢ozeltileri olarak pH 4 ve 7.5 olan 60
ppm Pd(II)'lik iki stok ¢ozelti hazirlandi. Lewatit TP 214 (yogunluk yaklasik 1.1 g/mL),

bu ¢alisma i¢in Pd(II) iyonlari i¢in segici recine olarak secildi.

Bu calisma, dort parametreyi degistirerek bir kesikli sistemde yapilmistir; temas siiresi,
sicaklik, Lewatit TP 214 miktar1 ve ¢6zelti pH'1. Deneylerin baglangicinda sicaklik deney
serisine gore sirastyla 25, 40, 50 ve 60°C'de sabit tutulmus ve her seferinde pH 4 veya
7.5'te iki ana stok ¢ozeltiden biri kullanilmistir. Stok ¢o6zeltilerdeki Lewatit TP 214
miktar1 sirastyla 100, 200, 300 ve 400 mg olarak belirlendi. Kor deneylerdeki
performansindan sonra ve deney ¢alismalarinin basinda ilk ¢oziimlere eklenmistir. Her
deney sirasinda, kinetik ¢alisma i¢in her 15 dakikada bir alikotlar alindi. Caligmalar, pH"
diistirerek, sicakligl artirarak ve adsorban miktarini artirarak geri kazanim yiizdesinin

arttigini géstermistir.

Anahtar Kelimeler: Paladyum geri kazanimi, atik kaplama soliisyonu, iyon degisim

recinesi, Lewatit TP 214.
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SUMMARY

PALLADIUM RECOVERY FROM WASTE PLATING SOLUTIONS USING
COMMERCIAL RESIN LEWATIT TP 214

The aim of this study is to adsorb dissolved palladium (II) metal ions in the waste plating
solution with Lewatit TP 214 commercial resin and to investigate the adsorption behavior
of the resin. Pd(Il) metal ions were dissolved in an acidic solution -containing
ammonium- obtained from precious metal plating solution waste and, this palladium(II)
chloride waste solution was selected as the source solution. The palladium concentration
was determined as 600 ppm using an atomic absorption spectrometer, and for the
experimental studies, two stock solutions of 60 ppm Pd(II) with a pH of 4 and 7.5 were
prepared as initial solutions. Lewatit TP 214 (which has a density approximately 1.1

g/mL) was chosen as the selective resin for Pd(II) ions for this study.

The experiments were performed in a controlled batch system to examine four
parameters; contact time, temperature, amount of Lewatit TP 214, and solution pH. At
the start of the experiments, the temperature was kept constant at 25, 40, 50, and 60°C
based on the experiment series, respectively, and each time one of two main stock
solutions at pH 4 or 7.5 was used. The amount of Lewatit TP 214 into the stock solutions
was 100, 200, 300, and 400 mg, respectively. After its performance in the blank tests,
these amounts were added into the initial solutions at the beginning of the experimental
studies. During each experiment, aliquots were taken every 15 min for the kinetic study.
The studies showed that the recovery performance was higher at lower pH, higher

temperature, and higher amounts of the adsorbent.

Keywords: Palladium recovery, waste plating solution, ion exchange resin, Lewatit TP

214

v



SYMBOLS

Co : The initial Pd concentration in the solution (mg/L)

Ct : The final Pd concentration in the solution at the end of the experiment (mg/L)
t : The adsorption time (min)

qt : The adsorption amount at time t (mg/g)

qe : The adsorbed amount of Pd per unit mass of the sorbent (mg/g)
ki : Pseudo-first-order rate constant (min!)

k2 : Pseudo-second-order rate constant (g/mg min)

kp : Intra-particle diffusion rate constant (mg/g min'’?)

R? : The correlation coefficients for intra-particle diffusion

\% : Volume (L)

m : Mass (g)

Ce : The equilibrium Pd concentration (mg/L)

Ea : Activation energy (KJ/mol)
Kr : Freundlich constant (mg/g)
KL : Langmuir constant (L/g)

n : Dimensionless exponent of Freundlich equation

k : Rate constant

R : Gas constant

T : Temperature (K)

A : Frequency or pre-exponential factor

qm : Maximum amount of the adsorbed Pd per unit mass of sorbent (mg/g)

Qmax : Maximum adsorption capacity of a material



ABBREVIATIONS

ppm
EU

PGM
PGE
ELP
EDTA :
PEI
AAS
PFO
PSO
P

SSE
DFT
BET

: Particles per million

: Europe

: Platinum group metals

: Platinum group elements

: Electroless plating

Ethylene Diamine Tetraacetic Acid

: Polyethylenimine

: Atomic absorption spectrometer
: Pseudo-first-order

: Pseudo-second-order

: Intra-particle

: Sum of squared errors

: Density theory

: Brunauer, Emmett, and Teller model
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1. INTRODUCTION

The demand growth for the recycling of platinum group metals for the last decade induced
research studies, primarily, in the EU, in order to balance the offer for these metals, thus
to convert a single use material as secondary sources into a valuable renewable resource
including plating solutions, spent automotive and chemical industry catalysts, military

equipment, electronic scrap, ore dressing plant tailings, and exhausted nuclear fuel [1].

Ion Exchange resins play an essential role in the separation process of precious metals,
i.e., platinum group elements (PGEs), silver and gold. Therefore, the selective ion
exchange resins comprised of anion, chelating and cationic with chelating groups were
used in the industry. Especially basic ion exchange resins were applied widely in the
recovery, separation, concentration, adsorption of noble metal ions due to their high
affinity [2]. In one of the previous studies, the utilization of Lewatit MP 500 and Lewatit
MP 500A (type-I) as strongly basic anion exchange resins for Pd (II) adsorption in the
chloride solutions (NaCl-HCI). The contact time, HCI concentration, and macro
component inclusion (NaCl) were investigated. This study showed that the chloro-
complex of Pd (II) had a high chemical affinity for the type-I exchangers, and the
adsorption efficiency increased with higher contact time, but the augmentation of HCI

and NaCl decreased the Pd (IT) uptake [2].

In one patented work, Pt, Pd, and Rh were extracted through reduction of gases, extraction
of solvents, electrowinning, or PGM adsorption from waste infiltration solutions for
recovery [1]. As an alternative technique to conventional methods, they presented higher
selectivity, thus better refining. Lewatit MP 600 WS and Purolite S985 were also studied
in detail. The resins with the thiouronium-functional group were successfully tested for
several adsorption studies in the literature survey. Similarly, Lewatit TP-214 [3,5],
Lewatit SPC 118 [4], UCP 118 [4], Duolite GT-73 [3,5], Purolite S920 [5], Srafion
NMRR, and Monivex are one of the few thiouronium-functionalized resins, and their
behaviors were investigated comprehensively in several articles [1-5]. In addition to all
the above-mentioned studies, Duolite A6 [6], Duolite A7 [6], Duolite A 30 B [6], Varion
AP [6], Lewatit M 600 (in gel form) [7], Amberlyst A26 (microporous) [7] and acrylic
Amberlite IRA 458 (in gel form) [7], Amberlite IRA 958 (macroporous) [7], also Lewatit



MonoPlus TP-220 [8], Lewatit AF 5 [9] and Lewatit MP 62 [10] were other chelating

resins used in several significant works in the literature survey.

In one of the latest studies, the Pd (II) adsorption performance of the macroporous resin
Lewatit TP 214 was explored by fluidized mode and batch mode. It was found that one
hour of fluidization was enough for the complete removal of palladium even in an excess
quantity of solution, the capacity of maximum adsorption was 20 mg/g. Following trials
using several stock solutions at different concentrations to eliminate Pd (II), the

hydrochloric and perchloric acids mixture provided 98% recovery [11].

In another study, Lewatit MonoPlus TP 214 was used for Pd (II) adsorption from
hydrochloric acid solutions. The Pd (II) adsorption was finished in 21 h, and according to

the Langmuir model, maximum recovery was 241.1 + 11.6 mg/g [12].

A similar study also conducted to investigate the gold adsorption performances of
activated rice husk and Lewatit TP 214. A gold chloride solution which contains 100 ppm
Au** was prepared synthetically for the experiments. According to the results of the study,
the adsorption performance of Lewatit TP 214 was higher than the activated rice husk,
and the activation energy of activated rice husk was higher than the Lewatit TP 214 [13].

In a more former study, chelating ion exchangers (Lewatit TP 214 and Purolite S 920)
were compared with cationic ion exchangers (Chelite S and Duolite GT 73). They were
used to recover Pd (II) chloro-complexes from chloride solutions. The effect of the
hydrochloric acid and sodium chloride concentrations on the performance of Pd (II)
recovery was investigated. One of the other parameters was the contact time. After the
experiments, adsorbed Pd (II) amounts, capacities of the resins, the distribution
coefficients of weight and bed were estimated to determine the best resin. According to
the results, Lewatit TP 214 was the best resin for the Pd (II) recovery, followed by Purolite
S 920, Chelite S, and Duolite GT 73, respectively [5].

10



In one study, Lewatit TP 214 compared with Amberlyst A21 to find out which resin is
better on Pd (II) recovery from electroless plating (ELP) solutions which were prepared
synthetically. The researchers aimed to determine the effect of protonation, solution
complexity, pertinent functional groups, and the speciation on the adsorption and
desorption characteristics. The parameters of the experiments were pH, contact time, and
quantity of resins. After the experiments, the results were compared with the kinetic
calculations and eventually, it was seen that Lewatit TP 214 had a better performance
than Amberlyst A21 as an adsorbent. Also, it is found that these resins have higher Pd (II)
adsorption capacity from aqueous media than ELP systems, because EDTA and ammonia

have a preventative role on adsorption sites of the exchangers [14].

Several studies conducted using Lewatit TP 214 for adsorption of platinum [15,16] and
gold [17, 18, 19] resin showed successful performance even compared to natural sorbents

produced using rice husk, pistachio nutshell, and activated pistachio nutshell.

Another study focused on Pd adsorption with commercial exchangers from the rhenium
containing sulfuric acid solutions. There were several resins used to investigate the Pd
adsorption performance. The best exchanger was TP 214 and followed by D 4384, TP
207, AN 105, CS-PTFE, A170, MN 202, MP 62, and VP-14KR, respectively. After the
experiments, recovered Pd eluted from the exchangers with 8% ammonia and/or 4 mol/L

hydrochloric acid [20].

There are some examples in which bacteria are also used in researches for the recovery
of precious metals. Escherichia coli bacteria, also known as E. coli, was used in one of
them. E. coli was found to absorb Pd (II) and Pt (IV) metals in single, and bimetal systems
at different metal concentrations, and even more selectively absorbed Pd(II) metal in
bimetal systems. This performance of E. coli has also been compared with Lewatit TP
214 and Amberjet 4200 ion exchange resins. TP 214 absorbed Pd(II) metal more
selectively in the bimetal system, just like E. coli, and such a particular situation was not

observed in Amberjet 4200 [21].

Polyethyleneim (PEI) was cross-linked with another bacterium, Corynebacterium
glutamicum, and a new biosorbent was obtained. With the experiments, its performance
on adsorption and recovery of palladium was investigated. Experiments were also carried

out with different commercial resins such as Amberjet 4200 Cl, TP 214, SPC-100, and

11



SPS-200 for comparison. It has been determined with the Langmuir model that the

biosorbent produced has a better performance than SPC-100 and SPS-200 [22].

The adsorption of Pd(Il) in chloride solution with Lewatit MonoPlus MP-500 was
investigated. During the experiments, different amounts of NaCl and HCI were added to
the solutions. The effects of both the ionic strengths of the solutions and the NaCl
concentration on the adsorption were investigated. As a result, it has been determined that
MP-500 can perform adsorption under these conditions, but increasing the amount of HCI
in the solution reduces the performance of Pd(II) adsorption due to competition between

Pd(IT) and CI [23].

In another study with Lewatit MonoPlus TP 214, a 92% and 96% efficiency were obtained
in Pt and Pd recovery, respectively, and the method investigated was successfully applied

to the particles emitted from automobile catalysts [24].

Upon recovery of Pd(Il), a study was conducted with Amberlite IRA958 and Dowex
Marathon MSA commercial exchangers and compared to Lewatit TP214, and Amberlyst
A21 studied in previous studies. It has been found that Dowex MSA is more efficient than
IRA958, despite the use of less amount and shorter contact time. Dowex MSA was the
best absorbent compared to the results of other studies. Amberlyst A21 was determined

as the best option considering cost-efficiency [25].

12



2. BACKGROUND
2.1. Uses and applications

The discoverer of palladium metal is William Hyde Wollaston. Wollaston, who dissolved
platinum in aqua regia to purify it in 1803, while continuing his experiment, discovered
a new white metal, palladium [26].

Palladium is a PGM because it is rare in the world. Despite the continental tenor potential
in South Africa, where the platinum group elements are mostly found, palladium
production in Russia is higher [26-27]. Other metals in the platinum group are rhodium,
iridium, ruthenium, osmium, and platinum. These metals have great importance for
industries because their usage areas are developing technology [28].

Palladium is used as an alloying element in the jewelry industry. Also, since it is a white
metal, it has also been used in light-colored plating or decolorating processes. PGMs are
used as catalysts in the Automobile Industry. The aim is to reduce nitrogen oxides,
unburned hydrocarbons and carbon monoxide. Catalytic convertors of automobiles
contain 0.08% Pt, 0.04% Pd and 0.005-0.007% Rh [28]. Besides, it is also used in the
electronics, medical and chemical industries [26]. Palladium has also been used in the
dental industry since the late seventies. It is possible to use it as a dental crown and bridge
alloy since it can be easily alloyed with many metals and has a high corrosion resistance
[29]. Pd is also used in the electronics industry, due to its corrosion resistance, electrical
conductivity, chemical resistance, hardness, and high melting point. Palladium, rhodium,
platinum, and ruthenium are the most commonly used elements in the plating industry. It
is used as a catalyst for the production of hydrogen peroxide and nitric acid. Palladium
catalysts are also used to synthesize organic compounds such as acetaldehyde,

caprolactam, vinyl acetate, toluene diisocyanates, nitrobenzene, cyclohexane [30].

2.2. The Chemical and Physical Properties of Palladium

Palladium is an element with an atomic number of 46 and an atomic weight of 106.42 g
[31]. It takes place in the 10th group, the 5th period on the periodic table. It exists in the
solid phase at room temperature. Palladium's melting point is 1828.05 K (1554.9°C,
2830.82°F), boiling point is 3236 K (2963°C, 5365°F). Its density is 12.023 g/cm?.

13



2.3. Adsorption Theory and Kinetic Models

In order to understand and investigate the adsorption phenomenon, it is necessary to
examine the adsorption kinetics. Because the speed of adsorption is determined by
kinetics. The surface properties of the adsorbent, the concentration and flow of the
solution are the factors that affect the kinetics. The most important kinetic models in
examining the relationship between the adsorbent and the adsorbed substance are the
Pseudo-First-Order (PFO), Pseudo-Second-Order (PSO), Elovich and Intra-particle (IP)
models. The most commonly used models are PFO and PSO models. The error level -
correlation coefficient (R?) or Sum of Errors (SSE) have a role in the selection of the best
model for the process. Recently, linear forms have been preferred in studies on adsorption
kinetics. For this reason, a linear PSO model is often used instead of the PFO model [33].
The supplementary information related to several adsorption kinetics models is given in

following Chapter 4.

Adsorption occurs when the adsorbed material binds to the surface of the adsorbent.
Adsorption technology has been preferred for many years because of its simplicity. Also,
since it is an environmentally friendly application, it is also used in water/waste water
treatment plants. There are three basic mechanisms of adsorption; chemical adsorption
which occurs by chemical bonding, physical adsorption which occurs by van der Waals
forces and ion exchange. Having knowledge about these mechanisms is very important
for adsorbent selection and planning the adsorption process. In order to understand the
adsorption mechanisms, it is necessary to analyze the characterization of the adsorbent
before and after the adsorption process. Moreover, calculations of adsorption equilibrium
data, and density functional theory (DFT) should be performed for this purpose [34]. The
isotherm models are the most used method in adsorption data modeling. Since knowing
the maximum capacity of adsorbents is very important to evaluate the adsorption process,
a great advantage is obtained with using this method. Some isotherm models which used
in research on adsorption are: Linear, Langmuir, Freundlich, Sips, Temkin, and BET
(Brunauer, Emmett and Teller). Lots of these models are experimental that are not
sufficiently supported theoretically, that’s why they are not useful to understand the
mechanisms. Therefore, it is recommended to examine the derivatives of these models

[34].

14



The Langmuir isotherm was first used to investigate gas and solid phase adsorption on
activated carbon. According to this model, adsorption takes place in only one layer on the
surface. Therefore, the adsorption process is limited by the surface area of the adsorbent.
On the other hand, Freundlich isotherm is used to explain multilayer and reversible
adsorption. The Sips isotherm is the combined form of these two isotherms. It approaches
Freundlich isotherm when the adsorbent concentration is low, while it approaches the

single layer assumption of the Langmuir isotherm when the adsorbent concentration is

high [35].

In the classification of isotherms, the number of model parameters and also their shapes
were also effective. But some of the researchers suggest that these isotherms theoretically
should not be classified according to their number of parameters. There are four shapes

of the isotherms; S, L, H, and C, respectively [34].

It may not always be possible to classify the adsorption models according to their shapes.
Because most of the solid-liquid systems are L-shaped. For this reason, it is recommended
to classify the isotherms according to their physical meanings. Most of the researchers

preferred the linear regression method because it is both simple and useful [34].

The point to be considered here is that dependent or independent variables may be
affected during linearization and cause calculation errors. To avoid these errors, nonlinear
regression can be used instead of linear regression. Of course, this method is more
complex and difficult than the linear regression method. New studies are necessary to

understand and examine nonlinear isotherms [34].

A study has been performed to classify correctly the adsorption isotherms mentioned
above. First, the physical meaning of these isotherms has been investigated. Then,
statistical analysis was performed and a software was developed to solve nonlinear
isotherms [34]. The supplementary information related to several adsorption isotherms

is given in following Chapter 4.
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3. MATERIALS & METHODS
3.1. Preparation of the Solution

Palladium (II) chloride solution obtained from waste palladium plating solutions which
contain ammonium ions was the source solution of the study. The palladium
concentration was determined as 600 ppm using an atomic absorption spectrometer, and
for the experimental studies, two stock solutions of 60 ppm Pd (II) of pH's of 4 and 7.5
were prepared as initial solutions. 1000 cc volumetric flask is used to prepare the
solutions. A little amount of diluted HCl was poured to the solution to achieve pH 4.
Lewatit TP 214 was chosen as the selective resin for Pd (II) ions for this study. Other

analytical grade chemicals also used in this study.

3.2. Process Layout of Experiments

Waste palladium
plating solution

(600 ppm)
dilution
Initial solution Initial solution
(ph: 4 - 60 ppm) (ph: 7.5 - 60 ppm)
¥
Lewatit TP 214 Temp. controlled Temp. controlled Lewatit TP 214
— -— 1
water bath water bath
r
Aligquots taken every Aliguots taken every
15 minutes 15 minutes
dilution dilution
r
Samples Samples

l

Analyzing with AAS

Figure 3.1: The flowsheet of the study

16



All stages of the study are shown in Figure 3.1 as a flowsheet. In order to ensure the
accuracy and reliability of the results, all weighing operations were performed using

precision scales.

3.3. Experimental Procedure

This study was performed in a shaking water bath to examine each of the four parameters
at once; time, temperature, amount of resin, and solution pH using a 0.25-L glass boiling
flask as a reactor. The glass boiling flask was immersed in a water bath to ensure the
homogenous bath temperature at a constant temperature condition and the lid of the glass
boiling flask was tightly closed and the stirring speed of 100 rpm was kept constant
throughout the experiments. Figure 3.1 shows the layout of the experimental procedure.
The reaction temperature was adjusted using a digitally controlled hot plate. The volume
of the solution was 150 ml and for each experiment series, aliquots of 5 ml were sampled

every 15 min for the kinetic study to measure the Pd concentration of the solution.

Some blank experiments were conducted and 100, 200, 300, and 400 mg Lewatit amounts
were chosen according to the results, and added into the initial solutions at the beginning
of the experiment. The temperature was kept constant at 25, 40, 50, and 60°C for each
experiment series, and the variable of this experiment was the amount of sorbent from
100 to 400 mg for each pH range 4, and 7.5. The experimental setup is given in Table 3.1.
Analytical grade chemicals used during the experiments. Optimum adsorption parameters
were determined by examining factors such as contact time, temperature, amount of
Lewatit TP 214 used, pH. Heidolph MR3001 K was used as the thermostatic heater. Each
experiment was repeated three times to ensure the accuracy of the results. HI2002-
0ledge® Dedicated pH/ORP Meter and wireless pH electrode were used to measure the
pH. The yield of palladium ions’ adsorption in the stock solution was determined by

utilizing the atomic absorption spectrometer, Analytic Jena.
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Figure 3.2: The pH meter and the volumetric flask

Figure 3.3: The temperature-controlled water bath

1: Electronic thermometer, 2: Glass boiling flask, 3: Water bath, 4: Solution,

5: magnetic stirring bar
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Figure 3.4: The atomic absorption spectrometer (Analytic Jena)

After the experiments, the solutions in all tubes were filtered with filter paper (Blue band,
Sartorius), to separate the resin from the solutions. Therefore, 2 ml of solution was
obtained from each tube at the end of the experiments.

The equation mentioned below was used to calculate the recovery efficiency (%) of the

process:
Adsorption (%) = ['x‘::i] x 100 (1)
0

In this formula, Co indicates the amount of Pd in the solution initially and C; indicates the
amount of Pd remaining in the solution at the end of the t period. The measurement results

of each sample were compared with the graphical method.

Table 3.1: The experimental parameters

Parameters Value
Lewatit TP 214 100-400 mg
Temperature (°C) 25-40-50-60
pH 40& 7.5
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4. RESULTS AND DISCUSSION

The results of palladium adsorption via Lewatit TP 214, which emphasize primary factors
and the optimal conditions of the maximum adsorption yields for each parameter studied,
i.e., contact time, temperature, amount of Lewatit TP 214 used, and pH of the solution,

are given below.

4.1. Effect of used amount of Lewatit TP 214

As the aliquots were taken every 15 min, the results are also a function of the time at 120
min. There are two experimental series conducted at 50°C at each solution pH 4, and 7.5.
The results for the palladium adsorption with increasing Lewatit TP 214 amounts are

presented in Fig. 4.1. for solution pH 4, and in Fig. 4.2 for solution pH 7.5.

Pd Recovery (%)

T T T T
0 20 40 60 80 100 120

Time (minutes)
Figure 4.1: The effect of used Lewatit amount on Pd recovery (0-120 minutes, 100 mg,
200 mg, 300 mg, 400 mg, pH 4.0, 100 rpm)
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N 2[}[}mg
——¥—— 300mg
80 4 — —A—- 400 mg

60

40 -

Pd Recovery (%)

T T T T T
0 20 40 60 80 100 120

Time (minutes)
Figure 4.2: The effect of used Lewatit amount on Pd recovery (0-120 minutes, 100 mg,
200 mg, 300 mg, 400 mg, pH 7.5, 100 rpm)

400 mg of the resin provided 100% Pd recovery from the pH 4 solution at 50°C. The same
amount of resin only provided 70% of Pd recovery from the pH 7.5 solution at the same
temperature. On the other hand, 100 mg of the resin provided 40% recovery from the pH
4 solution at 50°C, and the same amount of resin provided 50% recovery from the pH 7.5
solution at 50 °C. It was found that the increasing amount of Lewatit TP 214 increased
the palladium recovery as the resin/metal ratio was high, the total of effective sites on the
surface was enhanced, and this state was thermodynamically more convenient, as stated

in similar studies [15].

4.2 The effect of contact time

In order to examine the effect of contact time on Pd adsorption, 180 minutes long
experiments were conducted at both pH 4.0 and 7.5. Four different amounts of Lewatit
TP 214 (100 mg, 200 mg, 300 mg, and 400 mg) were used at four different temperatures
(25°C, 40°C, 50°C, and 60°C). The shaking speed was 100 rpm. Fig. 4.3 and 4.4
demonstrate that Pd adsorption percentage was positively affected at different solution
pH's, sorbent dosage, and even temperatures. Depending on these other three parameters,
i.e., solution pH's, sorbent dosage, and temperatures, the required time to reach the

maximum efficiency percentage changed.

21



Pd Recovery (%)

Pd Recovery (%)

0 % T T T T T

T
0 20 40 60 80 100 120 140 160

Time (minutes)

(a)

180

0 % T T T T T T T T

0 20 40 60 80 100 120 140 160

Time (minutes)

(b)

22

180



Pd Recovery (%)

0 t"‘ T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Time (minutes)

(c)

Pd Recovery (%)

0 20 40 60 80 100 120 140 160 180

Time (minutes)

(d)

Figure 4.3: The effect of contact time on Pd recovery

(0-180 min, a) 25°C, b) 40°C, c) 50°C, d) 60°C, pH 4.0, 100 rpm)
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Figure 4.4: The effect of contact time on Pd recovery

(0-180 min, a) 25°C, b) 40°C, ¢) 50°C, d) 60°C, pH 7.5, 100 rpm)
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4.2. The effect of time and temperature

Many experiments have been conducted to examine the effect of time and temperature on
Pd adsorption kinetics. The experiments were carried out using aliquots of 2 mL taken
every 15 min for 180 min at 25°C, 40°C, 50°C, and 60°C, of solutions at pH 4.0 and 7.5
using Lewatit TP 214 of 400 mg. The shaking bath speed was 100 rpm.

Pd Recovery (%)

T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Time (minutes)

(a)

100
——— 25°C ] ,A
o N 40°C

Pd Recovery (%)

T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Time (mimites)

(b)
Figure 4.5: The effect of time and temperature on Pd recovery % (0-180 min)
a) pH 4.0, b) pH 7.5, Lewatit TP 214 of 400 mg, 100 rpm, 2 mL of 60 ppm solution for

each aliquot)
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As seen in Fig. 4.5, Lewatit TP 214 showed its optimal performance at pH 4.0 compared
to pH 7.5. At about 40 min at 60°C, it reached Pd adsorption of 100% at pH 4.0;
meanwhile, at 7.5, the maximum performance was attained at 180 min at 60°C. A similar
performance was shown at 40°C, at pH 4.0 at 180 min. The examples may be numbered

by examining Fig. 4.5. Thus, the temperature has a significant effect on Pd adsorption.

4.3. The Adsorption Kinetics

Adsorption kinetics and mechanisms were investigated using three different models.

These three models used are shown in Table 4.1.

Table 4.1: The studied kinetic models [36-39]

Adsorption model Kinetic equation

Pseudo-first-order model (PFO) - Lagergren model- dq;
ar = k1(ge — q¢)

Pseudo-second-order (PSO) model dqs 2
dr k2(qe — qr)
Intra-particle diffusion (IP) model g = kp\f? +C

This research, conducted with three different kinetic models, provided interesting results

of the adsorption process mechanism.

According to the kinetic calculations, the most suitable model for Pd adsorption with
Lewatit TP 214 is the pseudo-second-order model. Figures 4.6 and 4.7 show equation
plots of Pd adsorption with Lewatit TP 214 for both pH 4.0 and pH 7.5. Besides, all the
constants’ values calculated for Pd ion adsorption onto Lewatit TP 214 at pH 4.0 and 7.5
are given in tables 4.2 and 4.3. When the correlation coefficients were calculated, it was
understood that the correlation coefficients of pseudo-second-order were closer to one
than the correlation coefficients of pseudo-first-order, so the pseudo-second-order model
explains this adsorption process better. Intra-particle diffusion correlation coefficients are
lower than pseudo-second-order. Therefore, intra-particle diffusion may be an alternative

model for the current system [36-39].
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Figure 4.6: All the equation plots for pH 4.0
a) PFO b) PSO ¢) IP (60°C, Lewatit TP 214, 100 rpm, and 2 mL of 60 ppm solution)
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Table 4.2: Constants for all the equations calculated for Pd ion adsorption onto Lewatit

TP 214 at pH 4.0

The pseudo-first-order constants

Lewatit, mg k, / min~1 qc/ mg g R?
(experimental)

100 mg 0.0071 1.91 0.9884

200 mg 0.0099 1.20 0.9501

300 mg 0.0376 1.00 0.9976

400 mg 0.0241 0.75 0.8818

The pseudo-second-order constants

Lewatit, mg k, /min~! qe/ mg g! R?
(experimental)

100 mg 0.3517 1.91 0.9881

200 mg 0.5402 1.20 0.9955

300 mg 0.9793 1.00 0.9992

400 mg 1.3161 0.75 0.9997

The intra-particle diffusion constants

Lewatit, mg k, / min! R?

100 mg 1.133 0.9934

200 mg 0.795 0.9865

300 mg 1.1973 0.9772

400 mg 0.9078 0.9510
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Table 4.3: Constants for all the equations calculated for Pd ion adsorption onto Lewatit

TP 214 atpH 7.5

The pseudo-first-order constants

Lewatit, mg k, / min~! qe/ mg g’! R?
100 mg 0.0085 1.93 0.9781
200 mg 0.0059 1.34 0.9734
300 mg 0.0075 0.96 0.9749
400 mg 0.0083 0.75 0.9587
The pseudo-second-order constants
Lewatit, mg k, /min~! qe/ mg g! R?
100 mg 0.2246 1.93 0.9873
200 mg 0.3715 1.34 0.9934
300 mg 0.6977 0.96 0.992
400 mg 1.0713 0.75 0.9929
The intra-particle diffusion constants
Lewatit, mg k, / min~! R?
100 mg 3.3131 0.9904
200 mg 0.8778 0.9927
300 mg 0.5715 0.9892
400 mg 0.4801 0.9812

4.4. The effect of pH

It has been observed through the experiments that pH has a very important effect on the
adsorption of Pd by Lewatit resin. This effect is shown in Fig. 4.5. The Pd adsorption
percentage increased dynamically and aggressively, then reached 100% at 40 min at pH
4.0; meanwhile, this behavior was extended over time and more stable at pH 7.5. It may

conclude that the Lewatit TP 214 performed better at lower pH levels.
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4.5. The study of the adsorption isotherms

The Adsorption isotherms were examined at four different temperatures (25, 40, 50, and
60°C) by using four different resin amounts (100, 200, 300, and 400 mg). The other
parameters were constant. By using Equation (2), the amount of adsorbed Pd at

equilibrium (ge, mg Pd/g) was calculated:

_ (Ga—Ca)xv

e =—— )

m

Co (mg Pd/L) is the initial concentration, Ce (mg Pd/L) is the equilibrium concentration,

V (L) is the volume of the solution, and m (g) is the mass of the Lewatit resin.

Experimental adsorption equilibrium parameters can be examined with more than one
isotherm equation. The most used models for this purpose are Langmuir and Freundlich.
The Langmuir isotherm is used for monolayer adsorption. In this case, the surface of the
adsorbent is the limit for the adsorption process. However, the Freundlich isoterm is

suitable for multilayer adsorption. Table 4.4 shows these two isotherm models.

Table 4.4: Linear forms of the isotherm models [36-40]

Isotherm Models Linear form equation
Freundlich qo = KeCH™
L . _ KLCE
angmUIr QE‘ - Qmax 1 + K-L Ce

The isotherms of Langmuir and Freundlich at 60°C are given in Fig. 4.8. K, Ki, Qmax,

and n are computed by using the slope and the lines’ intercepts in Fig. 4.8.
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Table 4.5: The isotherm constants of Langmuir and Freundlich at 60°C
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Figure 4.8: The isotherms of Langmuir and Freundlich at 60°C

a) Langmuir - pH: 4.0 b)) Langmuir - pH: 7.5
c¢) Freundlich - pH: 4.0  d) Freundlich - pH: 7.5

Langmuir
pH Qmax (Mg/g) Kvu (L/g) R?
4.0 2431 0.165 0.9926
7.5 2.113 0.401 0.9810
Freundlich
pH n Kr (mg/g) R?
4.0 0.413 5.384 0.9413
7.5 0.263 2.041 0.9545

KF is the Freundlich constant and an indicator for the adsorption capability of the resin.
Thus, n is the divergence magnitude from the adsorption linearity. The Freundlich

isotherm is generally used for the heterogeneous systems [37-39].

The Langmuir constant Ky is an indicator for the free energy of adsorption. According to
the Langmuir model, adsorbed molecules cannot bind other molecules by lateral
interaction. Therefore, the adsorption process is limited to the surface of the adsorbent.
However, since Qmax (the maximum capacity of the adsorbent) is computed by the

Langmuir isotherm, the total capacity must also be computed by the Langmuir [37, 38,

40].
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When the correlation coefficients were investigated, it was determined that the Langmuir
isotherm (R?>0.98) is more suitable for both pH 4.0 and pH 7.5 than the Freundlich
isotherm (R2<0.96). Therefore, it can be said that the Pd adsorption with Lewatit TP 214
is a monolayer adsorption at both pH values [37-39].

4.6. The investigation of adsorption thermodynamics

Another approach was also studied in the range of 25, 40, and 50°C to calculate the
activation energy of the Pd adsorption; several kinetic models —i.e., one-dimensional,
two-dimensional, and three-dimensional diffusion models, first-order kinetics, Jander
equation, two-dimensional phase boundary reaction, three-dimensional phase boundary
reaction, Erofeev and Avrami equation were investigated. Amongst them, the best fitting
kinetic model was the first-order kinetics at pH 4.0 and one-dimensional diffusion at pH

7.5 by checking the results, using the following Equation 3 [38]:
Co—C
ke = (& 3)

Table 4.6: The Pd adsorption rate constants at pH 4.0 and 7.5
(300 mg resin, 180 min, 100 rpm, pH 4.0 and 7.5, 2 mL of 60 ppm solution)

pH T (°K) k (min™) Ink Ea R?
298 0.0091 ~4.700

4.0 313 0.0228 3781 17.73 0.9933
323 0.0257 3.61

pH T (°K) k (min™) Ink Ea R?
298 0.0022 6.119

7.5 313 0.0029 -5.843 15.62 0.9956
323 0.0036 -5.627
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Figure 4.9: The Arrhenius plot of the Pd adsorption on the resin (In(k) versus 1000/T)

(300 mg Lewatit, 180 min, pH 4.0 and 7.5, 2 mL of 60 ppm solution, 100 rpm)
a) Arhenius — pH: 4.0  b) Arhenius — pH: 7.5
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The activation energy (E.) was computed by using the Equation 4 which is the Arrhenius

equation [38]:

k =A ¢ B¥RT=RT or Ink =InA—E./RT 4)

E. is the activation energy, k is the rate constant, T is the temperature (K), and R is the
gas constant. The Arrhenius plot for the Pd adsorption at both pHs are shown in Fig. 4.9.
For the temperatures 25°C (298K), 40° (313K), and 50°C (323K), k and In(k) values are
shown in Table 4.6. At pH 4.0, the activation energy is 17.73 kJ/mol and at pH 7.5, the
activation energy is 15,62 kJ/mol. Therefore, according to these results, a mixed

mechanism controls the Pd adsorption process [38].

4.77. Characterization of Lewatit TP 214

4.7.1. XRF Analysis

As seen in Figures 4.10 and 4.11, unused Lewatit TP 214 has no significant peaks. As a
result of the analysis made after the experiment, it was determined that Lewatit TP 214
retained Pd. Since the XRF method does not give as sharp results as XRD, some false
peaks are seen. It is known that both Lewatit TP 214 and the waste solution do not contain

elements such as Nb, Mo, Ag.
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Figure 4.10: XRF result of unused Lewatit TP 214
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Figure 4.11: XRF pattern of Lewatit TP 214 after Pd recovery

4.7.2. SEM Images

The SEM images of the unused Lewatit TP 214 is shown in figure 4.12. In Figure 4.13,
the SEM result of Lewatit TP 214 obtained after the experiment is given. The reason for

the color change is that Lewatit has retained Pd.

7M14/2021 | HV WD |mag = vacMode det spot 300 pm
12:44:24 AM 30.00 kV|10.5 mm 300x | ESEM GSED 6.0 MEM-TEK

Figure 4.12: SEM result of unused Lewatit TP 214
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7/14/2021 HV WD |mag o |vacMode| det spot
12:49:14 AM 30.00 kV|10.7 mm 300x | ESEM |GSED 6.0

Figure 4.13: SEM result of Lewatit TP 214 after Pd recovery

4.7.3. FTIR Analysis

The FTIR spectral analyses of TP 214 resins before and after the adsorption have been

carried out between 400 and 4000 cm™ on an IFS Brukker 66v spectrometer.

As a result of the FTIR analysis, the asymmetric and symmetrical stretching bonds of -
NH2 groups of thiouronium in the wavelength band 3200-3400 cm™ (3358.44 cm™ and
3266.33 cm’!, respectively) were observed before and after adsorption on Lewatit TP 214
resin with thiouronium functional groups containing sulfur and nitrogen atoms. Beside
the asymmetric stretching bonds of -CH2 (C-H) groups at 2922.22 cm™! were present. N—
H stretching of the unused Lewatit TP 214 were also observed in the wave range of 1620
cm’!. The bands related to the functional group of Lewatit TP 214 were additionally
present at 1530-1560 cm™! indicating the stretch vibrations of C=C, the combination of C-
N and C-S bonds in the range of 1427 cm’!, finally the wavelength of the deformation
bands of -NH2 groups between 1200-1080 cm™'. The FTIR patterns prove that palladium
was adsorbed by Lewatit TP 214.
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Fig 4.14: The molecular structure combined with PS and Thiourea of the Lewatit TP
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Fig 4.15: FTIR pattern of unused and used Lewatit TP 214
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5. CONCLUSIONS

As a result of this detailed research on Pd adsorption behavior on Lewatit TP 214;

1. It was found that the increasing amount of Lewatit TP 214 increased the palladium

adsorption as the sorbent/metal ratio was high, the amount of the active sites on

the surface was enhanced, this state was thermodynamically more convenient, as

stated in similar studies. The effect of the contact time on the Pd recovery was

investigated between 0-180 min at pH 4.0 and 7.5 at the temperatures of 25°C,
40°C, 50°C, 60°C at 100 rpm by adding different amount of Lewatit TP 214 (100,

200, 300 and 400 mg). Depending on these other three parameters, i.e., solution

pH's, sorbent dosage, and temperatures, the required time to reach the maximum

efficiency percentage changed.

ii.  The Pd adsorption percentage increased dynamically and aggressively, then

reached 100 % at 40 min at pH 4.0; meanwhile, this behavior was extended over

time and more stable at pH 7.5. It may conclude that the Lewatit TP 214 performed

better at lower pH levels.

iii.  When the correlation coefficients were investigated, it was determined that the

Langmuir isotherm (R2>0.98) is more suitable for both pH 4.0 and pH 7.5 than

the Freundlich isotherm (R2<0.96). Therefore, it can be said that the Pd adsorption

with Lewatit TP 214 is a monolayer adsorption at both pH values.

iv.  When the correlation coefficients were calculated, it was understood that the

correlation coefficients of pseudo-second-order were closer to one than the

correlation coefficients of pseudo-first-order, so the pseudo-second-order model

explains this adsorption process better. Intra-particle diffusion correlation

coefficients are lower than pseudo-second-order. Therefore, intra-particle

diffusion may be an alternative model for the current system.

v.  Several kinetic models were investigated. Amongst them; the best fitting kinetic

model was the first-order kinetics at pH 4.0 and one-dimensional diffusion at pH

7.5. At pH 4.0, the activation energy is 17.73 kJ/mol and at pH 7.5, the activation

energy is 15.62 kJ/mol. Therefore, according to these results, a mixed mechanism

controls the Pd adsorption process.

41



6. REFERENCES

[1] Nikoloski, A. N., Ang, K. L., Li, D. (2015). Recovery of platinum, palladium and
rhodium from acidic chloride leach solution using ion exchange resins. Hydrometallurgy,

152, 20-32.

http://dx.doi.org/10.1016/i.hydromet.2014.12.006

[2] Wotowicz, A., Hubicki, Z. (2009). Palladium(II) complexes adsorption from the
chloride solutions with macrocomponent addition using strongly basic anion exchange

resins, type 1. Hydrometallurgy, 98, 206-212.

http://dx.doi.org/10.1016/i.hydromet.2009.04.021

[3] Hubicki, Z., Leszczynska, M., Lodyga, B., Lodyga, A. (2007). Recovery of
palladium(II) from chloride and chloride-nitrate solutions using ion-exchange resins with

S-donor atoms. Desalination, 207, 80-86.

http://dx.doi.org/10.1016/1.desal.2006.04.068

[4] Biffis, A., Landes, H., Jetabek, K., Corain, B. (2000). Metal palladium dispersed
inside macroporous ion-exchange resins: the issue of the accessibility to gaseous

reactants. Journal of Molecular Catalysis A: Chemical, 151, 283-288.

https://doi.org/10.1016/S1381-1169(99)00268-X

[5] Hubicki, Z., Wotowicz, A. (2009). A comparative study of chelating and cationic ion
exchange resins for the removal of palladium(II) complexes from acidic chloride media.

Journal of Hazardous Materials, 164, 1414-1419.

https://doi.org/10.1016/j.jhazmat.2008.09.053

[6] Hubicki, Z., Leszczynska M. (2005). Sorption of palladium(II) chloride complexes on

weakly, intermediate and strongly basic anion exchangers. Desalination, 175, 227-236.

https://doi.org/10.1016/j.desal.2004.10.010

[7] Wolowicz, A., Hubicki, Z. (2011). Comparison of strongly basic anion exchange
resins applicability for the removal of palladium(II) ions from acidic solutions. Chemical

Engineering Journal, 171, 206-215.

https://doi.org/10.1016/1.cej.2011.03.092

42


http://dx.doi.org/10.1016/j.hydromet.2014.12.006
http://dx.doi.org/10.1016/j.hydromet.2009.04.021
http://dx.doi.org/10.1016/j.desal.2006.04.068
https://doi.org/10.1016/S1381-1169(99)00268-X
https://doi.org/10.1016/j.jhazmat.2008.09.053
https://doi.org/10.1016/j.desal.2004.10.010
https://doi.org/10.1016/j.cej.2011.03.092

[8] Wotowicz, A., Hubicki Z. (2012). The use of the chelating resin of a new generation
Lewatit MonoPlus TP-220 with the bis-picolylamine functional groups in the removal of

selected metal ions from acidic solutions. Chemical Engineering Journal, 197, 493-508.

http://dx.doi.org/10.1016/j.cej.2012.05.047

[9] Wotowicz, A., Hubicki, Z. (2016). Carbon-based adsorber resin Lewatit AF 5
applicability in metal ion recovery. Microporous and Mesoporous Materials, 224, 400-

414.

http://dx.doi.org/10.1016/j.micromeso.2015.12.051

[10] Wolowicz, A., Hubicki, Z. (2008). Sorption of Palladium(II) on Lewatit MP 62 -
Equilibrium and Kinetics Characterisation. Proceedings of the XXIII International
Symposium On Physico-Chemical Methods Of Separation, Torun (Poland), 192-195.
ISBN 978-83-231-2208-1

[11] Chaudhari, S. V., Deshmukh, G. M. (2015). Fluidization Effect on Removal and
Recovery of Palladium(Il) from Wastewater by Chelated lon Exchange Resin. Chemical

Engineering Communications.

https://doi.org/10.1080/00986445.2014.880423

[12] Won, S. W., Yun, Y. S. (2013). Recovery of metallic palladium from hydrochloric
acid solutions by a combined method of adsorption and incineration. Chemical

Engineering Journal, 218, 303-308.

http://dx.doi.org/10.1016/j.cej.2012.12.052

[13] Aktas, S., Morcali, M. H. (2011). Gold uptake from dilute chloride solutions by a
Lewatit TP 214 and activated rice husk. International Journal of Mineral Processing,

101, 63-70.

http://dx.doi.org/10.1016/];.minpro.2011.07.007

[14] Nagireddi, S., Golder, A. K., Uppaluri, R. (2018). Role of protonation and functional
groups in Pd(IT) recovery and reuse characteristics of commercial anion exchange resin-

synthetic electroless plating solution systems. Journal of Water Process Engineering, 22,

227-238.

https://doi.org/10.1016/1.jwpe.2018.02.008

43


http://dx.doi.org/10.1016/j.cej.2012.05.047
http://dx.doi.org/10.1016/j.micromeso.2015.12.051
https://doi.org/10.1080/00986445.2014.880423
http://dx.doi.org/10.1016/j.cej.2012.12.052
http://dx.doi.org/10.1016/j.minpro.2011.07.007
https://doi.org/10.1016/j.jwpe.2018.02.008

[15] Morcali, M. H., Zeytuncu, B., Yiicel, O. (2013). Comparison of the adsorption by
rice hulls and Lewatit TP 214 of platinum from chloroplatinic solution. Journal of the

Serbian Chemical Society, 78(6), 811-826.

https://doi.org/10.2298/JSC120912150M

[16] Morcali, M. H., Zeytuncu B., Yucel O. (2013). Platinum Uptake from Chloride
Solutions Using Biosorbents. Materials Research, 16(2), 528-538.

https://doi.org/10.1590/S1516-14392013005000006

[17] Morcali, M. H., Zeytuncu, B., Aktas, S., Yucel, O., Gulluoglu, A. N. (2013).
Platinum adsorption from chloride media using carbonized biomass and commercial

sorbent. Mining, Metallurgy & Exploration, 30, 129-136.

https://doi.org/10.1007/BF03402416

[18] Morcali, M. H., Zeytuncu, B., Ozlem, E., Aktas, S. (2015). Studies of Gold
Adsorption from Chloride Media. Materials Research, 18(3), 660-667.

http://dx.doi.org/10.1590/1516-1439.005715

[19] Morcali, M. H., Zeytuncu, B., Aktas, S., Yucel, O. (2013). Sorption of Gold from
Electronic Waste Solutions by a Commercial Sorbent. Chemical Engineering

Communications, 201(8), 1041-1053.

https://doi.org/10.1080/00986445.2013.798731

[20] Abdusalomov, A. A., Troshkina, I. D., Chekmarev, A. M,. Ismailov, N. P. (2011).
Sorption of palladium from the rhenium-containing sulfuric acid solution. Proceedings of
the 7th International Symposium on Technetium and Rhenium — Science and Utilization,

Moscow (Russia), 281-284. ISBN 978-5-94691-473-4

[21] Kim, S., Song, M-H., Wei, W., Yun, Y-S. (2015). Selective biosorption behavior of
Escherichia coli biomass toward Pd(Il) in Pt(IV)-Pd(Il) binary solution. Journal of
Hazardous Materials, 283, 657-662.

http://dx.doi.org/10.1016/j.jhazmat.2014.10.008

44


https://doi.org/10.2298/JSC120912150M
https://doi.org/10.1590/S1516-14392013005000006
https://doi.org/10.1007/BF03402416
http://dx.doi.org/10.1590/1516-1439.005715
https://doi.org/10.1080/00986445.2013.798731
http://dx.doi.org/10.1016/j.jhazmat.2014.10.008

[22] Won, S. W., Park, J., Mao, J., Yun, Y-S. (2010). Utilization of PEI-modified
Corynebacterium glutamicum biomass for the recovery of Pd(II) in hydrochloric solution.

Bioresource Technology, 102(4), 3888-3893.

http://dx.doi.org/10.1016/j.biortech.2010.11.106

[23] Wotowicz, A., Hubicki, Z. (2009). Application of Lewatit Monoplus MP-500 in
preconcentration of palladium(Il) ions from hydrochloric acid - sodium chloride

solutions. Proceedings of the 24 International Symposium on Physico-Chemical Methods
of Separation - Ars Separatoria 2009, Poland, 262-267.

[24] Paraskevas, M., Tsopelas, F., Ochsenkiihn-Petropoulou, M. (2011). Determination
of Pt and Pd in particles emitted from automobile exhaust catalysts using ion-exchange

matrix separation and voltammetric detection. Microchim Acta, 176, 235-242.

http://dx.doi.org/10.1007/s00604-011-0724-y

[25] Nagireddi, S., Golder, A. K., Uppaluri, R. (2019). Combinatorial optimality of
functional groups, process parameters, and Pd(II) adsorption—desorption characteristics
for commercial anion exchange resins-synthetic electroless plating systems.

Environmental Science and Pollution Research, 27, 24614-24626.

https://doi.org/10.1007/s11356-019-05941-1

[26] Kurt, U. “Tiyoiire tiirevi paladyum komplekslerinin sentezlenmesi ve
karakterizasyonu”, Mersin University Institute of Science, Masters Thesis, 2014.

(Publication No. 427739)

[27] Kim, J. G. (2013). Material flow and industrial demand for palladium in Korea.

Resources, Conservation and Recycling, 77, 22-28.

http://dx.doi.org/10.1016/j.resconrec.2013.04.009

[28] Rao, C. R. M., Reddi, G. S. (2000). Platinum group metals (PGM); occurrence, use
and recent trends in their determination. 7rAC Trends in Analytical Chemistry, 19(9),
565-586.

https://doi.org/10.1016/S0165-9936(00)00031-5

[29] Rushforth, R. (2004). Palladium in Restorative Dentistry. Platinum Metals Rev.,
48(1), 30-31.

45


http://dx.doi.org/10.1016/j.biortech.2010.11.106
http://dx.doi.org/10.1007/s00604-011-0724-y
https://doi.org/10.1007/s11356-019-05941-1
http://dx.doi.org/10.1016/j.resconrec.2013.04.009
https://doi.org/10.1016/S0165-9936(00)00031-5

[30] Zereini, F., & Alt, F. (Eds.). (2006). Palladium Emissions in the Environment:
Analytical Methods, Environmental Assessment and Health Effects. Springer. Pages 39,
46, 47. ISBN: 978-3-540-29219-7

[31] Meija, J., Coplen, T. B., Berglund, M., Brand, W. A., De Biévre, P., Groning, M.,
Holden, N. E., Irrgeher, J., Loss, R. D., Walczyk, T., Prohaska, T. (2016). Atomic weights
of the elements 2013 (IUPAC Technical Report). Pure Appl. Chem., 88(3), 265-291.

https://doi.org/10.1515/pac-2015-0305

[32] https://en.wikipedia.org/wiki/Palladium, April, (2021).

[33] Kajjumba, G. W., Emik, S., Ongen, A., Ozcan, H. K., Aydin, S. (2019). Modelling
of Adsorption Kinetic Processes - Errors, Theory and Application. (Chapter). Book Title:
Advanced Sorption Process Applications. Editor: Serpil Edebali. IntechOpen.
http://dx.doi.org/10.5772/intechopen.80495

[34] Wang J., Guo X. (2020). Adsorption isotherm models: Classification, physical
meaning, application and solving method, Chemosphere 258 (2020) 127279

[35] Foo K.Y., Hameed B.H. (2010). Insights into the modeling of adsorption isotherm
systems, Chemical Engineering Journal, 156(1), 2010, 2-10.

[36] Vijayakumar, G., Tamilarasan, R., Dharmendirakumar, M. (2012). Adsorption,
Kinetic, Equilibrium and Thermodynamic studies on the removal of basic dye
Rhodamine-B from aqueous solution by the use of natural adsorbent perlite. J. Mater.
Environ. Sci., 3(1), 157-170. ISSN: 2028-2508

[37] Hameed, B. H., Mahmoud, D. K., Ahmad, A. L. (2008). Equilibrium modeling and
kinetic studies on the adsorption of basic dye by a low-cost adsorbent: Coconut (Cocos
nucifera) bunch waste. Journal of Hazardous Materials, 158, 65-72.
https://doi.org/10.1016/j.jhazmat.2008.01.034

[38] Morcali, M. H., Zeytuncu, B. (2015). Investigation of adsorption parameters for

platinum and palladium onto a modified polyacrylonitrile-based sorbent. International
Journal of Mineral Processing, 137, 52-58.
http://dx.doi.org/10.1016/j.minpro.2015.02.011

[39] Morcali, M. H., Zeytuncu, B., Baysal, A., Akman, S., Yucel, O. (2014). Adsorption

of copper and zinc from sulfate media on a commercial sorbent. Journal of Environmental

46


https://doi.org/10.1515/pac-2015-0305
https://en.wikipedia.org/wiki/Palladium
http://dx.doi.org/10.5772/intechopen.80495
https://doi.org/10.1016/j.jhazmat.2008.01.034
http://dx.doi.org/10.1016/j.minpro.2015.02.011

Chemical Engineering, 2, 1655-1662.

http://dx.doi.org/10.1016/j.jece.2014.07.013

[40] Chen, X. (2015). Modeling of Experimental Adsorption Isotherm Data. Information,
6, 14-22.

https://doi.org/10.3390/info6010014

47


http://dx.doi.org/10.1016/j.jece.2014.07.013
https://doi.org/10.3390/info6010014

	ACKNOWLEDGEMENT
	1.
	ÖZET
	SUMMARY
	SYMBOLS
	ABBREVIATIONS
	LIST OF FIGURES
	LIST OF TABLES
	1.  INTRODUCTION
	2.   BACKGROUND
	2.1. Uses and applications
	2.2. The Chemical and Physical Properties of Palladium
	2.3. Adsorption Theory and Kinetic Models

	3.  MATERIALS & METHODS
	3.1. Preparation of the Solution
	3.2. Process Layout of Experiments
	3.3. Experimental Procedure

	4.  RESULTS AND DISCUSSION
	4.1. Effect of used amount of Lewatit TP 214
	4.2 The effect of contact time
	4.2. The effect of time and temperature
	4.3. The Adsorption Kinetics
	4.4. The effect of pH
	4.5. The study of the adsorption isotherms
	4.6. The investigation of adsorption thermodynamics
	4.7. Characterization of Lewatit TP 214
	4.7.1. XRF Analysis
	4.7.2. SEM Images
	4.7.3. FTIR Analysis


	5.  CONCLUSIONS
	6.  REFERENCES

