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Abstract
In this work, poly(m-aminobenzoic acid) (PABA) chelating polymer was synthesized and its sorption behaviors for Pt(IV) 
ions have been investigated. The PABA polymer was prepared by the reaction of m-aminobenzoic acid with ammonium 
peroxydisulfate. Fourier transform-infrared spectroscopy (FT-IR), thermal analysis (TG and DTA), field emission-scanning 
electron microscopy (FE-SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and surface porosity ana-
lytical methods were used in the characterization of the polymer. The FE-SEM images showed that the particles of the 
synthesized PABA polymer were about 2–10 μm. The PABA polymer is thermally stable up to 320 °C. The zero charge 
point of the polymer was found at pH 3.50. Batch adsorption experiments were used to examine the effects of pH, initial 
Pt(IV) concentration, contact time and temperature. The best adsorption values were obtained at pH 4, in which is above 
the zero charge point of the polymer. The equilibrium, kinetics and thermodynamics of Pt(IV) adsorption on the PABA 
polymer were examined. The Pt(IV) maximum adsorption capacity of the polymer is 2362 μg/g. The adsorption kinetic 
data fitted best to pseudo-second order kinetic model. The calculations with intra-particle diffusion and the Elovich 
models showed that the adsorption was controlled by intra-particle diffusion and chemisorption. The adsorption data 
fitted well to the Langmuir isotherm. It was found that the adsorption followed the pseudo-second-order kinetic model. 
In the thermodynamic calculations, the Gibbs free energies (ΔG°: (−10.98)–(−17.38) kJ/mol), the enthalpy (ΔH°:70.07 kJ/
mol) and the entropy (ΔS°: 215.3 kJ/mol) change values of the adsorption were calculated. The column adsorption–des-
orption and reusability studies of the PABA polymer were also performed. The results showed that Pt(IV) sorption on 
the PABA polymer is endothermic and chemical adsorption process which is governed by both ionic interaction and 
chelating mechanisms.
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1  Introduction

Platinum metal is one of expensive metals among the plati-
num group metals [1]. It is used in many industrial areas 
such as automotive catalysts, pharmaceuticals, electron-
ics, medical devices, fuel cells, jewelry, telecommunication, 
petroleum and chemical industries. Platinum is used exten-
sively as automotive catalysts which contain palladium, 
rhodium and platinum [2–4]. The production of platinum 

from primary ore resources or waste materials i.e. spent 
catalysts is important because of its high price [5, 6]. One of 
hydrometallurgical platinum production steps is selective 
recovery Pt(II) or Pt(IV) ions after the dissolution process of 
the wastes including other low price metal ions. During the 
dissolution processes, since oxidative reagents were used, 
Pt(IV) ion is favorable in the leaching solutions. Therefore, 
the recovery or separation of Pt(IV) ions from leach solutions 
is important. There are many adsorbents for the recovery of 
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Pt(IV) or Pt(II) ions from leach or waste solutions. Activated 
carbon [1, 7–9], silica [10, 11], ion exchangers [6], impregnate 
resins [12] chelating polymers [13, 14], biomass or natural 
polymers [15–17] have been used by different research-
ers. Adsorption methods are favorable in case of reusable 
adsorbents [18–26]. Activated carbon, ion exchangers, bio-
mass, natural polymers shows sorption affinity to Pt(IV)/
Pt(II) or other platinum group metal ions as well as other 
base metal ions (Cu(II), Pb(II) etc). Chelating polymers/resins 
or the adsorbents impregnated with a chelating group are 
preferred because of their more selectivity to precious metal 
ions than base metal ions [27]. The selectivity of chelating 
polymers corresponds to the Pearson’s hard-soft acid-base 
(HSAB) theory which soft metal ions, for instance Pt(II), prefer 
to coordinate with soft bases (S > N > O) and hard metal ions, 
for Cu(II), to hard bases (O > N > S) [28].

In this study, poly(m-aminobenzoic acid) (PABA) chelat-
ing polymer was synthesized. PABA polymer is a con-
ducting polymer with electron-rich nitrogen atoms and 
carbonyl groups [29, 30]. This polymer includes primary 
amine (–NH2 as end group), secondary amine (>NH) and 
carboxylic acid (–COOH) chelating functional groups. 
Additionally, PABA polymer has the capabilities of ionic 
interaction/association of the protonated amine groups 
(–NH3

+, >NH2
+) with anionic metal ion complexes such 

as PtCl6
2− in the solution. The carboxyl acid groups can 

behave as ion exchanger group with cationic metal ions 
during the adsorption [28–30]. Poly(m-aminobenzoic acid) 
has been studied for different aims in earlier studies. How-
ever, there is no work about Pt(IV) adsorption onto poly(m-
aminobenzoic acid) polymer, which constitutes the nov-
elty of this study. Pt(IV) adsorbed poly(m-aminobenzoic 
acid) polymer together with amine and carboxylic acid 
functional groups and redox properties can be used as 
catalyst, solar cell material or any other application.

In the present work, the adsorption of Pt(IV) ions onto 
the synthesized PABA polymer has been investigated. 
The equilibrium, kinetics and thermodynamics of Pt(IV) 
ion adsorption were examined by varying the acidity of 
the solution, initial Pt(IV) concentration, contact time and 
temperature. The polymer was characterized by Fourier 
transform-infrared spectroscopy (FT-IR), thermogravimet-
ric analysis (TG), differential thermal analysis (DTA) and 
field emission-scanning electron microscopy (FE-SEM) and 
energy dispersive spectroscopy (EDS).

2 � Materials and methods

2.1 � Materials

m-Aminobenzoic acid (mp: 178–180  °C, bp: 308  °C, 
98%) was obtained from Sigma-Aldrich Chemie (GmbH, 

Steinheim, Germany). It was used in the polymerization 
without any further purification. The ammonium peroxy-
disulfate ((NH4)2S2O8) was obtained from Sigma-Aldrich 
Chemie (GmbH, Steinhem Germany). It was used as the 
oxidant of the polymerization. Pt(IV) standard solution 
for inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) was purchased from Fluka (Steinhem, 
Germany). The concentration of the standard solution was 
1000 mg/L Pt(IV) in 1 mol/L HCl. It was used in the prepar-
ing the desired concentrations for the adsorption studies 
and ICP-OES calibration measurements. In the preparation 
of the experimental solutions, ultrapure water (18.2 MΩ) 
was used and it was produced by Milli-Q (UK) ultrapure 
water (Type 1) system. All the other chemicals were in ana-
lytical grade.

2.2 � Synthesis of poly(m‑aminobenzoic acid)

Poly(m-aminobenzoic acid) (PABA) chelating polymer 
was obtained by using m-aminobenzoic acid monomer. 
m-Aminobenzoic acid was oxidized in the presence of 
ammonium peroxydisulfate (APS, (NH4)2S2O8) as similar 
to the polymerization of aniline.

The PABA synthesis reactions are demonstrated in 
Fig.  1 [29–32]. In the synthesis of the PABA polymer, 
3.428 g (25 mmol) of m-aminobenzoic acid and 11.41 g 
(50 mmol) of APS were used to provide the molar ratio of 
the monomer to the oxidant as 1:2. Their solutions were 
prepared separately in 100 mL water. The obtained solu-
tions were acidified by adding 2 mL HCl solution (36.5%). 
Both solutions were heated up to 50  °C temperature. 
The prepared APS solution was added dropwise into the 
m-aminobenzoic acid solution and meanwhile the mixture 
was stirred vigorously. Brownish black PABA polymer pre-
cipitate began to be seen after 5 min. The PABA synthesis 
reaction was continued by stirring the suspension at the 
temperature of 50 °C for 24 h. The obtained PABA poly-
mer was filtered and washed with 0.1 M HCl solution and 
then ultrapure water. HCl washing provides the removal 
of HSO4

− ions adsorbed on the polymer. HSO4
− ions come 

from the ammonium peroxydisulfate as the oxidative 
reactant. HCl can be evaporated during the drying of the 
polymer, but HSO4

− cannot be evaporated easily. The PABA 
polymer was dried in vacuum oven at 40 °C for 3 h [29–40]. 
The photo of the obtained PABA polymer powder is also 
given in Fig. 2. At these synthesis conditions of the PABA, 
about 64% yield was obtained. To produce more amount 
of the PABA, this synthesis procedure was repeated by 
using same amounts of the reagents and solvents. At the 
end of the synthesis, the PABA polymeric yield was calcu-
lated as about 64%. The obtained PABA polymer was used 
in the later experimental studies. By using same protocol, 
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polyaniline was also synthesized to compare with the 
PABA polymer.

2.3 � FT‑IR analysis

Fourier transform-infrared spectroscopy (FT-IR) was used 
to identify the functional groups in the prepared poly-
mer and also to prove the adsorption of Pt(IV) ions. The 
FT-IR spectra of the m-aminobenzoic acid, the PABA and 
the Pt(IV) adsorbed PABA polymer samples were taken. 
Spectrum Two model FT-IR spectrometer (Perkin Elmer) 
equipped with ATR was used in the measurements which 
were recorded in the range of 400 and 4000 cm−1. The 
m-aminobenzoic acid was measured without any purifi-
cation. In the FT-IR measurements of the PABA, previously 
prepared polymer sample was used. For the FT-IR of the 

Pt(IV) adsorbed PABA, the sample was prepared by an 
adsorption equilibrating 1 g polymer in 100 mL 75 mg/L 
Pt(IV) solution at 25 °C for 24 h. The PtIV) adsorbed PABA 
polymer was filtered and washed with ultrapure water. 
Then it was dried in vacuum oven at 40 °C for 3 h.

2.4 � Thermal analysis

The synthesized PABA chelating polymer was examined 
by using thermal analysis methods. At the same condi-
tions, polyaniline (PANI) polymer was also synthesized and 
the thermal stability of the synthesized PABA polymer was 
examined together with the PANI. A Netzsch STA 449F1 
model (GmbH, Geratebau, Germany) thermal analyzer 
device was used. Thermogravimetric (TG) and differential 
thermal analysis (DTA) curves of both the polymer samples 
were obtained. About 20 mg of the PABA and PANI poly-
mer samples were used in the measurements. The TG and 
DTA curves were obtained by performing with the samples 
in the alumina crucible of the device at the temperatures 
from 25 °C to 800 °C, with a heating rate of 10 °C/min and 
under air atmosphere.

2.5 � FE‑SEM/EDS analyses

The surface morphology and particle structure of the PABA 
polymer were examined by using field emission-scanning 
electron microscopy (FE-SEM) equipped with energy dis-
persive X-ray spectroscopy (EDS). A Quanta™ 450 FEG 
model FE-SEM/EDS instrument (FEI Company, USA) was 
used in the measurements. The FE-SEM images of the 
PABA and the Pt(IV) adsorbed PABA polymer were taken 
at the conditions of 15.00 kV and 4.10 × 10−4 Pa pressure. 
The FE-SEM images were recorded at the different mag-
nifications of 5000× and 20,000×. The surface elemental 

Fig. 1   Synthesis reaction of 
poly(m-aminobenzoic acid) 
chelating polymer

Fig. 2   Poly(m-aminobenzoic acid) chelating polymer (Brownish 
black powder)
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distributions of the PABA polymer and the Pt(IV) adsorbed 
PABA polymer were determined by using the energy dis-
persive X-ray spectroscopy (EDS). The Pt(IV) adsorbed 
PABA polymer sample was prepared by equilibrating the 
0.5 g polymer in 100 mL 75 mg/L Pt(IV) solution. The PABA 
and the Pt(IV) adsorbed PABA polymer samples were fil-
tered, washed with ultrapure water and dried at the tem-
perature of 100 °C.

2.6 � X‑ray diffraction analysis

The crystallinity of the PABA and Pt(IV) adsorbed PABA 
polymer samples were examined using a Rigaku Powder 
X-ray diffraction (XRD) system (Model D/MAX-2200 Ultima/
PC (Japan), having CuKα source (λ = 0.154 nm). The XRD 
patterns were measured from 5° to 90° of 2θ angle. In 
the measurements, previously prepared PABA and Pt(IV) 
adsorbed polymer samples were used.

2.7 � Surface area and porosity analysis

A Micromeritics TriStar II 3020 surface area and porosity 
analyzer (Micromeritics Co., US) was used to the surface 
area and porous properties of the PABA polymer perform-
ing N2 adsorption–desorption method at 77.350 K temper-
ature. Brunauer–Emmett–Teller (BET) and Langmuir sur-
face areas were obtained from the adsorption–desorption 
data. Barrett–Joyner–Halenda (BJH) and Dollimore–Heal 
(D-H) adsorption-desorption pore sizes and the cumula-
tive pore volumes were calculated using the software of 
the device. The samples were degassed at 473 K for 2 h 
before the measurements.

2.8 � Adsorption studies of Pt(IV) ions

2.8.1 � Effect of pH

The adsorption of Pt(IV) ions by the PABA polymer was 
studied at different acidic conditions to examine the effect 
of acidity on the adsorption. The experimental adsorption 
studies were performed with 100 mL of 30 mg/L Pt(IV) 
solutions at the different acidities of pH 0–6, by equilibrat-
ing with 0.7 g PABA polymer for 25 h. The pHs of the Pt(IV) 
solutions were adjusted using HCl or NaOH solutions. The 
experiments were carried out on magnetic stirrers at 25 °C 
during the adsorption period. 2 mL-sample solutions were 
taken in determined time intervals for the determination 
of the Pt(IV) ions in the solution phase. The Pt(IV) ion con-
centrations in the solution phases were determined before 
the adsorption and at the determined time intervals by 
using inductive couple plasma-optic emission spec-
trometer (ICP-OES). Percent adsorption values of Pt(IV) 
ions at the different acidic conditions were calculated. In 

addition, 1 g of the PABA polymer was titrated with 0.05 M 
NaOH solution. The polymer sample was equilibrated in 
100 mL 1 M HCl solution. Then the polymer was filtered 
and washed with ultrapure water. 1 g polymer was added 
into 100 mL ultrapure water and potentiometric acid–base 
titration was performed. pH values were noted during the 
titration.

2.8.2 � Effect of initial Pt(IV) concentration

The effect of initial Pt(IV) concentration on the adsorption 
was studied. For this aim, serial solutions at the different 
Pt(IV) concentrations of 10, 15, 20, 30 and 40 mg/L were 
prepared by keeping the solution pH constant at 4 as the 
optimum acidity, which had been determined before. The 
adsorption experiments were carried out by using 0.8 g 
PABA polymer in 100 mL Pt(IV) solutions at temperature of 
25 °C for 26 h. The samples were taken in determined con-
tact time intervals and their Pt(IV) ion concentrations were 
analyzed by using ICP-OES. From residual Pt(IV) concentra-
tions, the adsorbed Pt(IV) amounts were calculated per g 
PABA polymer. The adsorption data were applied to the 
Langmuir and Freundlich isotherm models, and pseudo-
first and pseudo-second kinetic models.

2.8.3 � Effect of temperature

The effect of temperature on the Pt(IV) adsorption was 
studied at the temperatures of 20, 30, 40 and 50  °C. 
1 g-polymer samples were equilibrated in 100 mL 20 mg/L 
Pt(IV) solutions at pH 4 for 26 h. The sample solutions were 
taken at the determined time intervals and the residual 
Pt(IV) ion concentrations were determined by using ICP-
OES. The amounts of adsorbed Pt(IV) ions on the PABA pol-
ymer were calculated for each temperature. The appeared 
dispersion equilibrium constants (Kd), for the Pt(IV) adsorp-
tion at different temperatures were calculated from the 
ratio of the adsorbed Pt(IV) concentration, Ca to the solu-
tion equilibrium Pt(IV) concentration, Ce. The obtained Kd 
values were used in the calculations of the thermodynamic 
parameters of Gibbs free energy (ΔG°) enthalpy (ΔH°) and 
entropy (ΔS°) changes for the Pt(IV) adsorption.

2.8.4 � Column studies and reusability

The reusability of the PABA polymer for the Pt(IV) adsorp-
tion was performed with continuous-flow adsorption-
elution cycle experiments in a glass column which has 
the length of 15 cm and inner diameter of 0.8 cm. The 
column was filled with the PABA polymer to be the bed 
high of 2 cm. The constant flows of the adsorption and 
elution were provided with a peristaltic pump. Glass wool 
was placed as about 0.5 cm high at the bottom and the 
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top of the PABA polymer in the column. For the column 
adsorption experiments, 30  mg/L Pt(IV) ion solution 
adjusted pH 4 was passed through the column at flow rate 
of 0.5 mL/min. Each 10 mL of the effluent solution was 
collected separately and the Pt(IV) ion concentrations of 
them were determined using ICP-OES. Then, the column 
was washed by flowing distilled water. The elution of Pt(IV) 
ions was performed using the mixture solution includ-
ing 1 M thiourea and 1 M HCl. The Pt(IV) concentrations 
in each collected effluent solutions of 10 mL were deter-
mined using ICP-OES. Three adsorption–elution cycles of 
the column studies were done to examine the reusability 
of the PABA polymer.

2.8.5 � ICP‑OES analysis

In this study, a Spectro Arcos model inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) instru-
ment (Spectro Analytical Instruments, Kleve, Germany) 
was used in the determination of Pt(IV) ion concentra-
tions. It was equipped with a torch having radial viewing 
(Quartz, fixed, 3.0-mm injector tube) and an auto sampler. 
The operating conditions of the ICP-OES instrument were 
selected as radio frequency power of 1450 W, coolant 
plasma gas flow of 13.5 L/min, auxiliary gas flow of 1.0 L/
min, nebulizer flow of 0.8 L/min, sample aspiration rate of 
2.0 mL/min and polychromator temperature of 15 °C. The 
measurements were done as three replications, and the 
read time was 60 s for each replicate. The Pt(IV) ion con-
centrations were determined by the optical emission at 
the wavelength of 214.423 nm. The standard solutions of 
100, 250, 500, 1000, 2000, 3000 and 4000 μg/L Pt(IV) were 
used for the calibration curve of the measurements. The 
calibration standard solutions were prepared by diluting 
a stock solution of 1000 mg/L Pt(IV) in 1 mol/L HCl. The 
limit of detection (LOD: xbl ± 3 s) of the calibration curve 
was determined as 15 μg/L Pt(IV).

3 � Results and discussion

3.1 � FTIR spectroscopy

The FT-IR spectra of m-aminobenzoic acid (ABA) mono-
mer, poly(m-aminobenzoic acid) (PABA) polymer and the 
Pt(IV) adsorbed PABA polymer are given in Fig. 3. In FT-IR 
spectra, the peaks at 1560 cm−1 for amino benzoic acid 
monomer and at 1575 cm−1 for poly(amino benzoic acid) 
polymer are assigned to the C–C ring stretching vibra-
tions of the benzenoid ring. The C=O stretching peak at 
1693 cm−1 and the O-H stretching peak at 2964 cm−1 con-
firm the presence of carboxylic acid functional group. Spe-
cific primary amine peaks between 3000 and 3500 cm−1 

for m-aminobenzoic acid monomer were not observed. 
This is due to the hydrogen bonding between amino and 
carboxylic acid groups. The peaks at 3060 and 3218 cm−1 
of the PABA polymer were assigned for secondary amine 
peaks. Also, the peaks between 1580 and 1490 cm−1 are 
typical secondary amine peaks of PABA polymer. The band 
observed in the spectra of the polymer at 754 cm−1 cor-
responds to the C–H out-of-plane bending vibration of 
the substituted benzene ring [31, 35, 40–42]. The peak at 
about 1189 cm−1 wavenumber belongs to the benzenoid 
C–N bonds of the polymer. After Pt(IV) adsorption, this 
peak shifted to1192 cm−1. This shows that Pt(IV) ions were 
bound via chelating mechanism (Pt(IV)˖˖˖NH<). The FT-IR 
results confirmed the polymerization reaction proceeded 
by bonding C–NH–C between m-aminobenzoic acid mon-
omer molecules. Pt(IV) ions were bound to the polymer via 
chelating mechanism (>NH˖˖˖PtCl5

−). The shoulder of the 
broad peak of the protonated amines changed from 3067 
to 3062 cm−1. This may be due to the binding of PtIV) ions 
to protonated amines via ionic interaction (>NH2

+PtCl6
2−). 

Both chelating and ionic interaction mechanisms are pos-
sible in the adsorption.

3.2 � Thermal analysis

The thermal stability and degradation of the PABA polymer 
was examined by using thermal analysis methods. During 
the synthesis of the polymer, polyaniline (PANI) polymer 
was also synthesis to compare with each other. Poly(m-
aminobenzoic acid) polymer is a substituted polyaniline 
and their polymerizations have similar oxidation mecha-
nism with APS. The obtained thermogravimetric (TG) and 
differential thermal analysis (DTA) curves of the PABA and 
PANI polymers are given in Fig. 4a and b. According to the 
TG curve of the PABA polymer, it was found that the PABA 
showed high thermal stability from room temperature 
to about 320 °C temperature (Fig. 4a). The PANI polymer 
is stable up to 315 °C (Fig. 4b). The PABA and PANI poly-
mers showed relatively small weight loss 100–300 °C due 
to probably water and HCl releasing. The PABA polymer 
started to decompose above 320 °C temperature and the 
PANI was above 315 °C. The DTA curve of the PABA poly-
mer also confirms that the polymer starts to decompose 
above 320 °C. The melting point of m-aminobenzoic acid 
monomer is 180 °C and the boiling point is 308 °C. The fact 
that there is no considerable endothermic peak at 180 °C 
is that the polymerization was confirmed and there is no 
monomer molecule which had not polymerized. In addi-
tion, the DTA curves of the both polymer show that there 
is no any glass transition and melting points. The thermal 
analysis also revealed that the PABA polymer will be used 
as an adsorbent for high temperatures as well.
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3.3 � FE‑SEM/EDS analysis

The synthesized PABA and the Pt(IV) adsorbed PABA poly-
mer samples were examined by doing FE-SEM and EDS 
analyses. The obtained FE-SEM images of the PABA and 
Pt(IV) adsorbed PABA are given in Figs. 5 and 6, respec-
tively. The FE-SEM images are recorded at different mag-
nifications of 5000× and 20,000×. According to the FE-SEM 
images, it was observed that the PABA polymer particles 
have about 2–10 μm particle size. The polymer particles 
seem as melted and sintered globular microparticles 
(Fig. 5). The PABA polymer has a rugged surface and some 
cavities in its surface structure that are favorable for the 
uptake of Pt(IV) ions. After the adsorption of Pt(IV) ions, 
new accumulations on the polymer microparticles were 
observed (Fig. 6). Moreover, the elemental analyses of the 
PABA and the Pt(IV) adsorbed PABA polymer samples were 

done by EDS method. The obtained EDS results are given 
in Fig. 7. The atomic numbers of C, N and O elements on 
the surface of the PABA were found as about 66, 11 and 
24, respectively (Fig. 7a). m-aminobenzoic acid monomer 
molecule includes 7 C, 1 N and 2 O atoms. The EDS analy-
sis confirms nearly the chemical composition of the PABA 
polymer. In addition, 1.24% Cl content as low quantity of 
the Cl− ions shows that the PABA polymer was washed 
well. After the adsorption of Pt(IV) ions, it was found that 
the PABA polymer includes about 0.04% Pt (Fig. 7b). This 
result confirms the adsorption of Pt(IV) ions on the PABA 
polymer.

3.4 � X‑ray diffraction analysis

The crystallinity of PABA polymer and Pt(IV) adsorbed 
PABA polymer samples were examined using X-ray 

Fig. 3   FT-IR spectra of (a) 
m-aminobenzoic acid, (b) 
PABA polymer and (c) Pt(IV) 
adsorbed PABA
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diffraction (XRD) method. The obtained XRD patterns are 
given in Fig. 8. In the XRD patterns, significant crystal peaks 
were assigned as 12.5°, 17.2°, 25.2° and 27.9° for the PABA 
and 12.9°, 17.1°, 25.1° and 27.9° for the Pt(IV) adsorbed 
PABA polymer. It was found that the PABA polymer has 
high crystallinity properties with these high intensity 
peaks. Same XRD patterns were observed for the PABA 
polymer before and after Pt(IV) ion adsorption. After the 
Pt(IV) ion adsorption, metallic Pt peaks were not detected. 
This means that Pt(IV) ions does not reduce to metallic Pt 
during the adsorption.

3.5 � Surface area and porosity

The surface area and porous properties of the 
PABA polymer were performed with N2 adsorp-
tion–desorption method at 77.350  K temperature. 
Brunauer–Emmett–Teller (BET) and Langmuir surface 
areas, and Barrett–Joyner–Halenda (BJH) and Dolli-
more–Heal (D–H) adsorption–desorption pore sizes 
and cumulative pore volumes were obtained from the 

adsorption–desorption data. It was found that the PABA 
polymer has the Langmuir surface area of 22.78 m2/g and 
the BET surface areas of 14.35 m2/g. The pore sizes of the 
polymer were obtained as 55.109 Å and 72.446 Å from the 
Barrett, Joyner and Halenda (BJH) adsorption and desorp-
tion (4 V/A) methods, and as 58.953 Å and 77.464 Å from 
the Dollimore–Heal (D–H) adsorption and desorption 
(4 V/A) methods, respectively. BJH adsorption cumulative 
volume of the pores between 17 Å and 3.000 Å width was 
found as 0.019999 cm3/g. BJH desorption cumulative vol-
ume of the pores between 17 Å and 3.000 Å width was 
0.028266 cm3/g. It was found that the synthesized PABA 
polymer is a mesoporous material between 20 Å and 500 Å 
pore sizes identified by IUPAC [43].

3.6 � Adsorption studies of Pt(IV) ions

3.6.1 � Effect of pH

The pH of aqueous solutions in adsorption processes is an 
important parameter that influences both the metal ion 

Fig. 4   TG and DTA analyses of 
(a) poly(m-aminobenzoic acid) 
(PABA) and (b) polyaniline 
(PANI)
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speciation in the solution phase and the surface chemistry 
of the adsorbents [44]. The species of Pt(IV) ions and the 
surface chemistry of the PABA polymer may change with 
related to the acidity of the solution. Therefore, the effect 
of acidity on Pt(IV) adsorption onto the PABA polymer was 
firstly studied in the range of pH 0–6. The adsorption per-
centage of Pt(IV) ions (S%) was calculated by using Eq. 1 
and the adsorption results obtained at different acidic con-
ditions are given in Fig. 9.

where, Ci and Ce are the initial and equilibrium concen-
trations of Pt(IV) in the solution (mg/L) before and after 
sorption, respectively.

It was observed from the acidity studies that the 
adsorption capacity varied noticeably by the solution acid-
ity. At high acidic conditions below pH 4, lower adsorption 
ratios of Pt(IV) ions were obtained. There is a competitive 
adsorption between Pt(IV) and the available H+ ions for the 

(1)Adsorption (%) =

(

Ci − Ce
)

⋅ 100

Ci

adsorbent at these acidic conditions. Therefore, low Pt(IV) 
adsorption values were observed at high H+ ion concentra-
tions. Higher adsorption ratios were observed at the pHs 
of 4–6. Pt(IV) ions form anionic chloro [PtCl6]2− or hydroxy 
chloro [Pt(OH)nClm]2− complexes with related to the pH 
and chloride concentration in the solution [28, 30]. Before 
the adsorption tests, NaCl was added to provide enough 
chloride concentrations for [PtCl6]2−.

On the other hand, the PABA polymer has protonation 
capability. Therefore, potentiometric acid–base titration 
was applied to the polymer. The obtained potentiometric 
acid–base titration curve is given in Fig. 10. It was observed 
that the PABA polymer has two equivalent points as about 
pH 3.50 and 8.50. Below pH 3.50 the polymer includes 
protonated amines (>NH2

+ and –NH3
+) and carboxylic 

acid (–COOH). At pH 3.50, the polymer has zero charge 
structure as deprotonated amines (>NH and –NH2) and 
carboxylic acid (–COOH). The point of zero charge (pHzpc) 
is the pH in which the surface of the adsorbent becomes 
neutral [19]. Above pH  8.50, the polymer converts to 

Fig. 5   FE-SEM images of PABA polymer at various magnifications 
(a) 5000× magnification and (b) 20,000× magnification

Fig. 6   FE-SEM images of Pt(IV) adsorbed PABA polymer at various 
magnifications (a) 5000× magnification and (b) 20,000× magnifica-
tion
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anionic form as carboxylate functional groups (–COO−). 
H+ ion exchange capacity of the polymer was found about 
0.16 meq H+/ g polymer. This H+ exchange capacity is for 
solid surface of the polymer.

In case of considering the mechanism of the adsorption, 
ionic interaction and chelating mechanisms are possible 
during the adsorption of [PtCl6]2− complex ions. For the 
adsorption of Pt(IV) ions on the PABA polymer, possible 
protonation of the polymer, ionic interaction and chelat-
ing reactions are given by Eqs. (2)–(7) [28, 30]. In addition, 
the ionic interaction and chelating mechanisms by con-
sidering the cationic, zero-charge and anionic forms of the 
PABA polymer are also shown in Fig. 11.

(2)R-NH-R + H+ + Cl
−
→ R-NH2

+-R + Cl
−
(Protonation)

(3)R-COOH + H+ + Cl
−
→ R-COOH2

+ + Cl
−
(Protonation)

(4)
2
(

R2
)

NH2
+ +

[

PtCl6
]2−

→

[(

R2
)

NH2

]

2

+[

PtCl6
]2−

(Ionic interaction)

(5)
R-COOH2

+ +
[

PtCl6
]2−

→ R-COOH2
+
[

PtCl6
]2−

(Ionic interaction)

(6)

(

R2
)

NH2
+ +

[

PtCl6
]2−

→

(

R2
)

NH++++

[

PtCl5
]−

+ H+ + Cl
−
(Chelating)

By considering the adsorption mechanism reactions, 
the ionic interaction (Eqs. 4 and 5) requires high acidity 
and it occurs at below pH 3.50. The chelating mechanism 
(Eqs. 6 and 7) reveals H+ ions, and this mechanism occurs 
at higher pH values than pH 3.50. The obtained results 
from the acidity studies showed that high adsorption ratio 
observed at pH 4–6. This pH range is above the zero charge 
point (pH: 3.50) of the PABA polymer. This means that the 
chelating mechanism is more effective in the adsorption. 
The ionic interaction also contributed the adsorption 
because of the adsorption capacities at high acidic condi-
tions (pH 0 and 1). The pI of the PABA polymer was found 
at pH 3.5. The maximum adsorption capacity was obtained 
at pH 4. The adsorption capacities at pH 5 and 6 are lower 
than that at pH 4. At pH 5 and 6, more H-bond interaction 
between deprotonated amine (>NH) and carboxylic acid 
(COOH) may occur. Therefore, the interactions between 
polymer-polymer particles may be possible and this can 
be resulted in bigger polymer particles and less surface 
of the polymer particles. Consequently, the adsorption 
capacity decreased at pH 5 and 6. It can be concluded 
that both the ionic interaction and the chelating mecha-
nism are possible and the chelating is more effective in the 

(7)
(R)(OH)C = O +

[

PtCl6
]2−

→ (R)(OH)C

= O+++

[

PtCl5
]−

+ H+ + Cl
−
(Chelating)

Fig. 7   EDS analyses of (a) 
PABA polymer and (b) Pt(IV) 
adsorbed PABA polymer
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adsorption of Pt(IV) ions. According to the results in Fig. 9, 
the optimum acidity of the solution was selected as pH 4 
for the later Pt(IV) adsorption studies.

3.6.2 � Adsorption isotherms

The adsorption tests were carried out with different ini-
tial concentrations of Pt(IV) ions, by keeping constant 
the acidity of the solutions at pH 4. The obtained adsorp-
tion results are given in Fig. 12. Adsorption isotherms are 
critical for the evaluation of any sorbent. The Langmuir 

Fig. 8   XRD patterns of (a) 
PABA polymer and (b) Pt(IV) 
adsorbed polymer
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and the Freundlich isotherm models were used to deter-
mine the relationship between the numbers of active 
site on the surface adsorption. The adsorption equilib-
rium data at different initial Pt(IV) concentrations were 
applied to the Langmuir and the Freundlich isotherm 
models.

The Langmuir isotherm model is based on monolayer 
adsorption on the active sites of the adsorbent on com-
pletely homogeneous surfaces. It assumes that the 
adsorbed layer is one molecule in thickness with chemi-
cal adsorption. The linearized equation of the Langmuir 
model is given by Eq. 8 [44–46].

The Freundlich isotherm model is based on adsorp-
tion on a heterogeneous surface and derived from the 
assumption that the adsorption sites are distributed 
exponentially with respect to the heat of adsorption. It 
indicates that the unequal size and shape of adsorbent 
surface is energetically responsible for the adsorption 
process and for multilayer adsorption. The logarithmic 
linear form of the Freundlich equation is given by Eq. 9 
[44–47].

where, Ce (mg/L) is the equilibrium concentration of 
adsorbate; qe (mg/g) is the amount of Pt(IV) ions adsorbed 
per gram of the adsorbent at the equilibrium; qm (mg/g) 
is the maximum monolayer coverage capacity; KL is the 

(8)
Ce

qe
=

Ce

qm
+

1

KLqm

(9)ln qe = ln KF +
1

n
lnCe

Fig. 9   Effect of initial pH on Pt(IV) adsorption (0.7 g polymer; 25 °C; 
100 mL solution, 30 mg/L Pt(IV))

Fig. 10   Potentiometric acid–base titration of PABA polymer

Fig. 11   Ionic interaction and chelating mechanisms and cationic, 
zero-charge and anionic forms of PABA polymer
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Langmuir isotherm constant (L/mg); KF is the Freundlich 
isotherm constant (mg/g) and n is the intensity (dimen-
sionless) of the adsorbent.

The values of 1/n less than 1 represent a favorable 
adsorption [44–47].

The adsorption data were applied to the Langmuir and 
Freundlich isotherms by plotting the graphs of their lin-
earized equations and the results are given in Fig. 13. The 
constants of both the isotherms were calculated and the 
obtained results are given in Table 1.

The regression coefficients were calculated as R2: 0.9783 
from the Langmuir isotherm and R2: 0.9666 from the Fre-
undlich isotherm. The regression coefficient from the 
Langmuir isotherm equation is higher than ones from the 

Freundlich equation. According to the regression coeffi-
cient values, it was found that the equilibrium adsorption 
data fitted better to the Langmuir isotherm than the Fre-
undlich isotherm. The maximum Pt(IV) adsorption capacity 
of the PABA polymer was calculated as qm: 2362 μg/g from 
the Langmuir isotherm. The Langmuir isotherm shows the 
monolayer adsorption with the energy homogeneity of 
the adsorption centers on the surface. Another assump-
tion is that all the sites on the solid surface of an adsor-
bent are equal in size and shape which brings equal affin-
ity for metal particles [47]. This also means that the Pt(IV) 
adsorption on the PABA polymer is a chemical adsorption 
process.

3.6.3 � Adsorption kinetics

The pseudo-first-order and pseudo-second order kinetic 
models were tested to interpret the experimental Pt(IV) 
adsorption data. The linearized equations of the pseudo-
first order and pseudo-second order kinetic models are 
given by Eqs. 10 and 11, respectively [48–50].

where, qe and qt (mg/g) are the amounts of Pt(IV) ions 
adsorbed per unit mass of the PABA polymer at equilib-
rium and time t (h), respectively, and k1 (1/h) and k2 (g/
mg.h) the rate are constants of the pseudo-first-order and 
second-order adsorption, respectively. The experimental 
data were applied to the pseudo-first order and pseudo-
second order kinetic models and the obtained linearized 
graphs are demonstrated in Fig. 14a and b. The qe, k1, k2 
and R2 (Regression coefficients) values obtained from the 
kinetic model plots in Fig. 14 are also given in Table 2. It 
was found that the adsorption kinetics data were better 
represented by the pseudo-second-order kinetic model 
according to the obtained R2 values. The pseudo-second 
order model depends on the supposition that the rate-
limiting step could be chemisorption, with valence forces 
involved by electron exchange or sharing between the 
adsorbate and the adsorbent. The Pt(IV) adsorption is a 

(10)ln
(

qe − qt
)

= ln qe − k1t

(11)
t

qt
=

1

k2 qe
2
+

t

qe

Fig. 12   Adsorption isotherms at different initial concentrations of 
Pt(IV) ions (0.8 g polymer; 25 °C; 100 mL solution, pH: 4)

Fig. 13   (a) The Langmuir and (b) The Freundlich adsorption iso-
therms

Table 1   The constants of the Langmuir and the Freundlich iso-
therms

The Langmuir isotherm R2 qm (μg/g) KL

0.9783 2362 0.1372

The Freundlich isotherm R2 KF (μg/g) n
0.9666 510.7 2.47
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chemisorption process which is the controlling step of the 
adsorption [51].

3.6.4 � Adsorption mechanism

The adsorption mechanism of Pt(IV) ions on the PABA poly-
mer was examined by applying the kinetic data to the intra-
particle diffusion and the Elovich models. The intra-particle 
diffusion model developed by Weber and Morris is repre-
sented as following Eq. (12) The Elovich model equation is 
given as following Eq. (13) [51, 52]:

(12)qt = kdt
0.5 + C

(13)qt =
1

�
ln (��) +

1

�
ln t

where kd is the intra-particle rate constant (g.mg−1.h–0.5), 
and C is the intercept. The intra-particle diffusion model 
was applied by plotting qt against t0.5. α (mg g−1 h−1) is 
the initial adsorption rate of the Elovich equation, and 
β (g·mg−1) is the desorption constant correlated to the 
extent of surface coverage and energy activation for 
chemisorption. The results obtained from the intra-par-
ticle diffusion and the Elovich model equations are given 
in Fig. 15a and b. In a solid–liquid adsorption, the adsorb-
ate transfer occurs by either film diffusion, intra-particle 
diffusion or both [53]. The adsorption mechanism Pt(IV) 
ions onto the PABA polymer may occur by following steps 
during the adsorption; (1) The movement of Pt(IV) ions 
from the bulk solution to the external surface of the PABA 
polymer (Film diffusion). (2) The movement of Pt(IV) ions 
into the internals of the PABA polymer (Intra-particle dif-
fusion). (3) The adsorption of Pt(IV) ions onto the interior 
pores of the PABA polymer (Adsorption) [51].

It can be seen from Fig. 15a that the plots of qt versus 
t0.5 are linear (R2: 0.9199–0.9934). The intra-particle dif-
fusion model predicts that the adsorption of Pt(IV) ions 
onto the PABA polymer is controlled by intra-particle 
diffusion [54]. C values (0.4692–0.6139) is the intercept 
points of the linear plots in Fig. 15a. They show the thick-
ness of the film diffusion boundary layer in the adsorp-
tion process. The larger the value of C is, the thicker is 
the boundary layer. If the straight line passes through 
the origin, the intra-particle diffusion is the sole rate-
determining step. Otherwise, other mechanisms may be 
involved. The Elovich equation has been widely used in 
adsorption kinetics, which describes chemical adsorp-
tion (chemical reaction) mechanism in nature [55–57]. 
The Elovich model for the adsorption of Pt(IV) ions onto 
the PABA polymer was carried out and the results are 
given in Fig.  15b. It can be noted from Fig.  15b that 
the linear fit curves exhibited the adaptability with the 
Elovich model. The adsorption can be described using 
the Elovich model. This outcome reveals that chemical 
adsorption between the active sites on the PABA poly-
mer and Pt(IV) ions occurred.

Fig. 14   (a) Pseudo-first order kinetic model and (b) Pseudo-second 
order kinetic model

Table 2   Parameters for 
pseudo-first order and pseudo-
second order kinetic models

Initial concentration 
(Pt(IV) mg/L)

Pseudo-first order Pseudo-second order

k1 qe R2 k2 qe R2

10 0.160 0.501 0.9552 1.085 0.893 0.9998
15 0.084 0.613 0.8100 0.713 1.157 0.9949
20 0.167 1.024 0.9902 0.363 1.417 0.9981
30 0.210 1.597 0.9946 0.243 1.928 0.9983
40 0.245 1.901 0.9937 0.221 2.082 0.9984
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3.6.5 � Effect of temperature

The effect of temperature on the adsorption of Pt(IV) ions 
was studied at the temperatures of 20, 30, 40 and 50 °C. 
The adsorption results at different temperatures are 
given in Fig. 16. It was found that the adsorption capac-
ity increased by increasing temperature. The increase at 
50 °C temperature is higher than the other studied tem-
peratures. These results show that the adsorption of Pt(IV) 
ions onto the PABA polymer is an endothermic process 
and favorable at high temperatures.

3.6.6 � Adsorption thermodynamics

The thermodynamic parameters of the Pt(IV) adsorp-
tion in the studied experimental conditions were calcu-
lated to evaluate the spontaneity and the operability of 
the adsorption. Firstly, the appeared dispersion equilib-
rium constants, Kd were calculated from the ratios of the 
adsorbed Pt(IV) concentrations, Ca on the PABA polymer 
to the equilibrium Pt(IV) concentrations, Ce in the solution 
(Eq. 14). Then, the Gibbs free energy change (ΔG°) values 
were obtained from the appeared Kd constants by using 
Eq. 15. The enthalpy (ΔH°) and entropy (ΔS°) changes were 
found from the slope and intercept by using the Van’t Hoff 
equation (Eq.17) [58–61].

where R is the gas constant, Kd is the dispersion equilib-
rium constant, T is the temperature (K), Ca is the equilib-
rium concentration of Pt(IV) on solid adsorbent (mg/kg), 
and Ce is the equilibrium concentration of Pt(IV) in the 
solution phase (mg/L).

The thermodynamic parameters within the studied 
experimental conditions were calculated for the PtIV) 
adsorption by applying to the Van’t Hoff equation. The 
Van’t Hoff linear plot of ln Kd versus 1/T obtained from the 
data is demonstrated in Fig. 17. The calculated thermo-
dynamic parameters of ΔG°, ΔH° and ΔS° are presented 
in Table  3. The negative values of ΔG° values (−10.98, 
−12.23, −13.68, −17.38 kJ/mol) were obtained and this 
indicates that the spontaneous nature of adsorption. The 

(14)Kd =
Ca

Ce

(15)ΔG◦ = −RT ln Kd

(16)ΔG◦ = ΔH◦ − TΔS◦

(17)ln Kd =
ΔS◦

R
−

ΔH◦

RTFig. 15   (a) Intra-particle diffusion model, (b) Elovich model

Fig. 16   Effect of temperature on the Pt(IV) adsorption Fig. 17   The plot of ln Kd versus 1/T 
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adsorption at higher temperatures is more favorable. The 
positive value of ΔH° (70.07 kJ/mol) confirms the endo-
thermic nature of the adsorption. The ΔH° value which is 
higher than 40 kJ/mol, shows a chemisorption process. The 
positive ΔS° result shows the increase in the randomness 
at the solid/solute interface during the adsorption of Pt(IV) 
[59–61].

3.6.7 � Column studies and reusability

Three adsorption and elution profiles of the column 
studies are given in Fig. 18a and b. After 30 mg/L Pt(IV) 
feed solution was adsorbed, 93 mg/L Pt(IV) elution solu-
tion was obtained at the end of first adsorption–elution 
cycle. This means that the Pt(IV) ions can be concentrated 
using the PABA polymer. Second and third cycles of the 

adsorption–elution were resulted in the adsorption and 
elution profiles with a small difference as lower than the 
first cycle. These results shows that the PABA polymer is a 
reusable adsorbent in the Pt(IV) adsorption.

3.7 � Comparison with the results of Pt(II, IV) 
adsorption in literature

The comparison of the findings of Pt(IV) ion adsorption 
with some adsorption studies in the literature are given in 
Table 4. Wide range values of Pt(II,IV) adsorption capaci-
ties (qm) were obtained in the literature. Because of plati-
num is high price metal, very low adsorption capacity may 
also be economic in the adsorption. There are adsorbents 
with lower adsorption capacity in the literature than the 
present study. In general, the Langmuir adsorption iso-
therm and pseudo-second order kinetics were found in 
the studies in the literature and same results were found in 
this study. Some researchers were found to be pH 0–2 for 
the acidity of the solution in the adsorption experiments 
with electrostatic interaction between the adsorbent and 
PtCl6

2− ions. However, it was found to be pH 4 for the opti-
mum adsorption onto the PABA polymer with both ionic 
interaction and chelating mechanisms.

4 � Conclusions

Poly(m-aminobenzoic acid) (PABA) chelating polymer 
has been synthesized and characterized. The adsorption 
of Pt(IV) ions onto the PABA polymer have been investi-
gated. The thermal analysis results showed that the PABA 
polymer has high thermal stability up to about 300 °C tem-
peratures. The particle sizes of the polymer were estimated 
at between 2 and 10 μm from FE-SEM images. The XRD 
results showed high crystalliniy of the polymer. The surface 
areas were determined as 22.78 m2/g with the Langmuir 
model and of 14.35 m2/g with the BET model. Mesoporous 
pore structure was detected on the polymer surface with 
55.109–77.4644 Å obtained from BHJ and D-H methods. 
The adsorption of Pt(IV) ions onto the PABA polymer was 
found to be greatly dependent on the solution pH, con-
tact time and temperature. From the pH studies, the opti-
mum Pt(IV) adsorption was obtained at pH 4. The point of 
zero charge state of the PABA polymer was found about 
pH 3.50. The equilibrium studies showed that the adsorp-
tion data fitted better to the Langmuir isotherm than the 
Freundlich. The maximum Pt(IV) adsorption capacity of the 
PABA polymer was calculated as qm: 2362 μg/g. The kinet-
ics of the adsorption fitted better to the pseudo-second-
order kinetic model which indicates the chemisorption 
process. Temperature is effective in the adsorption. Nega-
tive ΔG° values were obtained as −10.98, −12.23, −13.68 

Table 3   Thermodynamic parameters of Pt(IV) adsorption onto 
PABA polymer in the studied conditions

Temperature 
(°C)

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol)

20 −10.98 70.07 215.3
30 −12.23
40 −13.68
50 −17.38

Fig. 18   Column (a) adsorption and (b) elution profiles



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1886 | https://doi.org/10.1007/s42452-020-03692-0

and − 17.38 kJ/mol for 20, 30, 40 and 50 °C temperatures. 
The ΔH° value is calculated as 70.07 kJ/mol and ΔS° is 
215.3 J/mol. The adsorption is spontaneous endothermic 
chemical sorption process. Intra-particle diffusion model is 
effective the Pt(IV) adsorption. The ΔH° value (> 40 kJ/mol) 
and the Evolich model confirmed the chemical sorption of 
Pt(IV) ions. Both ionic interaction and chelating mecha-
nisms are included in the adsorption of Pt(IV) ions. Chelat-
ing mechanism is more effective. It was found from the 
adsorption–desorption cycles in the column studies that 
the PABA polymer is reusable adsorbent for Pt(IV) ions. In 
conclusion, poly(m-aminobenzoic acid) chelating polymer 
has Pt(IV) ion sorption capability and the Pt(IV) adsorbed 
PABA chelating polymer can be used in the applications 
of Pt(IV) recovery or solid catalysts.
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