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ABSTRACT

In this study, polyamine-polyurea polymer was synthesized using toluendiisocyanate and
polyethyleneimine. It was then modified using pyromellitic dianhydride. The polymer so
obtained (PMPPP) was used for the adsorption of Cd(II) metal ions from aqueous solutions
using a batch adsorption system to simulate the adsorption characteristics of wastewater
applications. The effects of pH, dosage, contact time, initial concentration, and temperature
were investigated. The optimum pH value was found to be 6.0, and the contact time
required to reach equilibrium was 120 min. The Cd(II) adsorption equilibrium data were
found to be more in line with the Langmuir equation than the Freundlich model. The maxi-
mum adsorption capacity of PMPPP for Cd(Il) was calculated to be 94.3 mg g™'. Kinetics
studies showed that Cd(II) adsorption followed the pseudo-second-order equation. Thermo-
dynamic investigations revealed endothermicity, spontaneity, and an increased randomness
of Cd(II) adsorption onto PMPPP. Polymer was characterized by Fourier transform infrared
spectroscopy, thermogravimetric-differential thermal analysis, scanning electron micros-
copy, and nitrogen adsorption/desorption isotherms.

Keywords: Cd(I); Polyamine-polyurea polymer; Adsorption; Removal; Heavy metal;
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1. Introduction

Heavy metal pollution in the environment has been
increasing as a result of industrial production, espe-
cially in developing countries. Heavy metal pollution is
of great importance because of its toxicity for human
and other living organisms [1,2]. Cd(II) metal is one of
the most toxic heavy metals, and is mainly absorbed by
the human body nutrition. The human metabolism
cannot destroy the Cd(II) ions, so it accumulates them
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in various parts of the body, especially in the kidneys
and liver, and also creates long- or short-term metabolic
diseases [3-7]. Therefore, the removal of heavy metals
from industrial wastewater is of great importance in
order to protect the environment.

Many methods such as ion-exchange [8], mem-
brane process [9], electrochemical techniques [10], pre-
cipitation [11], magnetic separation process [12], and
reverse osmosis [13] have been developed for the
removal of heavy metals [14-16]. Adsorption is an
effective method for the treatment of wastewater
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containing heavy metal ions at low concentrations
(<100 ppm) [1,17]. The selection of the adsorbent is
important as part of the adsorption procedure in that
the effectiveness of this technique directly depends on
the chemical and physical properties of the adsorbent.
Its re-use ability after regeneration, its selectivity to
the target metal ion, and its cost are also important for
comimercial adsorbents [18,19].

Although activated carbon has a high surface area—
accepted as the main parameter of a good adsorbent—
its main drawback is its high cost [20,21]. Some natural
adsorbents could be obtained cheaply, but their adsorp-
tion capacities are very low [22,23]. Those polymers
with chelating functional groups provide a higher yield
in terms of metal adsorption [24-26]. A number of
polymer adsorbents, including melamine formaldehyde
and salicylic acid-modified polymer [27], the magnetic
chelating resin having iminodiacetate functional group
[28], poly(ethylene amine acrylo-amidino) resin [29],
amidoxime chelating resin [30], poly(2-acrylamido gly-
colic acid-co-acrylamide) [31], melamine—-formalde-
hyde-diethylenetriamine pentaacetic acid resin [32],
and 1,3,5-triazine-triethylenetetramine polymer [33]
have been reported in the literature.

The purpose of this study was to synthesize new
chelating polymers having functional groups, and to
examine the efficiency of the prepared adsorbent for
the removal of Cd(Il) ions from aqueous solutions. For
this purpose, polyamine-polyurea polymer was syn-
thesized and then was modified with pyromellitic
dianhydride. The adsorption characteristics of the
modified polymer with regard to Cd(II) metal ions
were studied batchwise by investigating the Cd(II)
concentration, temperature, contact time, and pH
effects on the Cd(Il) adsorption. Cd(II) adsorption
kinetics, equilibrium data, and the thermodynamics
were evaluated using several models.

2. Experimental
2.1. Chemical reagents

The chemicals used in the synthesis of the polymer
and adsorption studies were of analytical-reagent
grade. Polyethyleneimine (Lupasol FG) was purchased
from BASF (Ludwigshafen, Germany). Toluendiisocya-
nate (TDI), dimethylformamide (DMF), and pyromel-
litic dianhydride (PMDA) were obtained from Merck
KGaA (Darmstadt, Germany). Synthetic solutions of
Cd(I) were diluted daily from a 1,000 mgL™" stock
solution prepared by solving a required quantity of
CdCl;'H,O purchased from Merck KGaA (Darmstadt,
Germany). The pH values of the solutions were
adjusted by adding 0.1 M HCl and NaOH.
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2.2. Instruments

Infrared spectra were recorded on a Shimadzu
FTIR IRPrestige-21 spectrophotometer equipped with
PIKE MiIRacle™ diamond ATR and corrected by
applying IR-solution software’s atr-correction function.
An atomic absorption spectrometer (Shimadzu
AA-6200, Shimadzu Corporation, Kyoto, Japan) was
used for the measurement of Cd(II) concentrations at
a wavelength of 228.8 nm. A temperature-controlled
orbital shaker (KS4000i, IKA-Werke GmbH, Germany)
and a magnetic stirrer were used for stirring the sus-
pension. The pH values of Cd(I) solutions were mea-
sured using a digital pH meter (WTW pH 720).

2.3. Synthesis and modification of polyamine-polyurea
polymer

For this synthesis, 4 mL of TDI was dissolved in
55.0 mL of DMF and then slowly added dropwise to
Lupasol FG™ (5.50 g) which was dissolved in 40.0 mL
of DMF. The solution was then continuously stirred at
room temperature for four and a half hours. The solid
polymer (PPP) thus obtained was filtered and washed
with distilled water, alcohol, and ether, respectively.
Then, it was dried at 40°C in a vacuum oven. The
reaction scheme is shown in Fig. 1.

For the modification of PPP, 1.0 g of PPP was put
into 30mL of DMF, while the suspension was
mechanically stirred, and 2.5 g of PMDA was added.
The reaction was carried out for 4 h at 50°C. The
resulting PMDA-modified polyamine-polyurea poly-
mer (PMPPP) was washed with the DMF, then with
the NaOH solution (0.1 molL™), and finally with dis-
tilled water until the pH of the washings reached the
pH of 6.5-7 range. Finally, the PMPPP were dried at
40°C for 24 h.

2.4. Adsorption experimental procedure

Adsorption experiments were conducted with
PMPPP (0.05 g) in 50 mL of Cd(II) solutions at various
initial concentrations and pH values, by shaking at
200 rpm and 25°C for 120 min. After filtration of the
polymer, the residual concentrations of Cd(II) were
analyzed with AAS.

The adsorption % was calculated by applying the
following equation:

Adsorption (%) = % % 100 )
0

where C; is the initial Cd(II) concentration (mg LY,
and C; is the residual Cd(Il) concentration (mgL™)
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Fig. 1. Preparation procedure of polyamine-polyurea polymer and its modification with pyromellitic dianhydride.

after the batch adsorption at time ¢. The amount of Cd
(I) up taken by PMPPP at time ¢ (min) was calculated
using the following equation:

1%
gt = (Co — Ct)% ()

where g, is the amount of Cd(I) up taken by the
PMPPP (mg g™'), m is the mass of PMPPP (g), and V
is the volume of Cd(Il) solution in contact with the
PMPPP.

3. Results and discussion
3.1. Characterization of PPP and PMPPP

The characterization of the prepared PPP was per-
formed by FTIR spectroscopy. In the spectrum, N-H
stretching vibrations appeared at around 3,305 cm™ as
a strong broth band to characterize the aliphatic NH
and amide NH of urethane groups. The aromatic C-H
stretching vibration of the phenyl moieties of TDI
were observed at 3,063 cm!. The stretching of the
aliphatic hydrocarbons of the prepared PPP was
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recorded at the 2,932-2,845 cm™ range as two peaks.
The C=0 vibration of the urethane groups appeared
at 1,645cm™ and the aromatic C=C stretching at
1,601 cm™. The strong band at 1,531 cm™! was attrib-
uted to the in plane N-H bend of the amine and
amide groups. The aliphatic C-H deformation bands
appeared at around 1,415 cm™ and the CON stretch-
ing of the urethane groups at 1,227 cm™. In the FTIR
spectra of PMPPP, the strong and broth peak at
3298 cm™' was attributed to the N-H stretching
vibrations of the amine and amide groups. The aro-
matic C-H stretching vibrations belong to the phenyl
groups of TDI and PMDA segments appeared at
3,055 cm™. The aliphatic C-H stretching bands of the
polymer backbone were shown at 2,949-2,864 cm™.
The deformation between 3,500-2,500 cm ! can be
attributed to the slightly acidic nature of the polymer
and to the intramolecular hydrogen bonds. Due to this,
the C=0 stretching of the amide groups shifted to the
lower wave number and appeared at 1,634 cm™.
The C-H deformation bands of the aliphatic hydrocar-
bons showed at 1,591 and the N-H bending deforma-
tion at 1,531 cm™’. The bands at 1,371 and 1,232 cm™
can be attributed to C-N and CON vibrations,
respectively.

The thermal characterization of the prepared func-
tional polymer PMPPP was examined by TG/DTA
measurements which were performed under a nitro-
gen atmosphere in the range of 25-900°C. A very low
mass loss (approximately 10% of the weight) at
around 100°C was observed, which can be attributed
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to the moisture content of the polymer. The thermal
decomposition of the PMPPP started at 277.9°C which
was shown in the DTA graphic of PMPPP (Fig. 2).
The main weight loss was observed after the decom-
position start point to 410.0°C which was assigned as
the decomposition end point. Beyond this tempera-
ture, only a few percentage weight loss was noted up
to 900°C. However, a 20% residue still remained after
the thermal examination. This consisted of the inor-
ganic part of the prepared polymer as NayO.

The surface morphology of PMPPP can be
observed by SEM as shown in Fig. 3. It is clear from
the photographs that PMPPP showed an irregular sur-
face, and after the adsorption of Cd(Il), the morphol-
ogy of the material has not been changed significantly.
The surface area of PMPPP is 1.45m g™ that was
determined by nitrogen physisorption (single point
BET) at P/Po=0.30928.

3.2. Effect of pH

The pH value of the solution is an important
parameter for the uptake of metal ions by several
adsorbents [34-36]. The effect of the initial pH of the
Cd(II) solution on the removal of Cd(II) by PMPPP is
illustrated in Fig. 4. As can be seen, the Cd(II) adsorp-
tion was quickly increased by increasing the pH from
2.0 to 4.0 and then was not changed due to increasing
the pH to 7.0 for both two initial Cd(II) concentrations,
namely 50 and 100 mgL™". The subsequent experi-
ments were conducted at a pH of 6.0.
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Fig. 2. TG and DTA curves of PMPPP.
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Fig. 3. SEM morphology of PMPPP, (a) before and (b) after adsorption at the magnification of 2,000x.
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Fig. 4. Effect of pH on the adsorption of Cd(Il) onto
PMPPP.

The observed increase in Cd(Il) adsorption as a
result of increasing the pH can be explained as fol-
lows: at acidic pH values, the functional groups such
as COOH groups of pyromellitic acid and free NH
and NH, groups of polyethyleneimine segments on
PMPPP are protonated. This is a competition reaction
between protons and Cd(II) ions for the binding sites,
resulting from lower the adsorption capacity of
PMPPP at low pH values. With an increase in pH
with regard to the solution, the carboxylic acid group
deprotonated to form COO~, and the NH and NH,
groups became free. The Cd(I) ions coordinate to free
amine and carboxylate groups directly on the other
sides in that condition. This results in the increase in
the Cd(Il) adsorption capacity of PMPPP at higher pH
values [37].

3.3. Effect of contact time

The contact time effects on Cd(I) adsorption were
investigated in the time range 5-240 min at various
initial concentrations (100, 150, 200 mg LY, optimum
pH 6.0 and 50 mg fixed dosage per 50 mL of the solu-
tion. Fig. 5 shows the effect of the contact time for the
adsorption of the Cd(II) metal ions on PMPPP. The
adsorption of Cd(I) increased sharply in the first
40 min and slowly increased up to 120 min for three
initial concentrations. Equilibrium was achieved at
120 min. Thus, the subsequent studies were carried
out at a contact time of 120 min.

3.4. Effect of dosage

To determine the effect of PMPPP dosage, PMPPP
in a range of 20 and 50 mg was added to a series of
Cd(I) solutions (50 mL) at various concentrations (50,
100, 150 mg LY. The obtained results are showed in
Fig. 6. The amount of Cd(I) adsorbed per unit mass
of PMPPP was decreased by increasing of the amount
of PMPPP from 20 to 50 mg. This decrease can be

“ ——o—+— o
/—H_k —— 100 mg/L
55 — 150 mg/L
—&—200 mg/L
50 \ \ \ \ \
0 50 100 150 200 250

t (min.)

Fig. 5. Effect of contact time on the adsorption of Cd(I)
onto PMPPP.
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Fig. 6. Effect of PMPPP dose on the adsorption of Cd(II).

explained by an inverse relationship between metal
removal and the PMPPP dose. Otherwise, as the dos-
age of PMPPP was increased, the adsorption percent-
age of Cd(Il) increased. This increase can be explained
by increases in sorption sites in the PMPPP surface
that causes an enhancement in the number of adsorp-
tion zones [38—41].

3.5. Effect of initial CA(Il) concentration

The effect of the initial concentration in the range
of 50 and 300 mg L™ was studied at PMPPP doses of
40, 50, and 75 mg. The results are demonstrated in
(Fig. 7). As can be seen from the figure, due to the
direct proportion between the amount of adsorbed
ions and the initial concentration, adsorption began to
increase gradually with increasing Cd(II) concentra-
tions, until a balance was achieved. Finally, the curves
flattened out at a high concentration, which indicates
repletion of the active binding sites.
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en =}
£ 60 60 %
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Fig. 7. Effect of initial Cd(II) concentration on the

adsorption of Cd(II).
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3.6. Cd(1l) adsorption isotherms

The equilibrium data of Cd(Il) were analyzed by
Langmuir and Freundlich’s isotherm equations. The
Langmuir isotherm model is valid for single-layer
adsorption on a homogeneous adsorbent surface [42]
and can be expressed by Eq. (3)

o KLqmaxCe

= 71KC, ©)
where C, is the amount of Cd(I) left out in the super-
natant (mg L™, ge is the amount of Cd(II) adsorbed at
equilibrium on the surface, gmax is the maximum
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Fig. 8. Experimental, Langmuir, and Freundlich isotherms
for the adsorption of Cd(Il) onto PMPPP at various dose
(a) 40 mg, (b) 50 mg, and (c) 75 mg.
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adsorption capacity, K is the adsorption constant and
the binding energy of adsorption (L mg™).

The Freundlich adsorption equation is a special
case for heterogeneous surface energies of multilayer
adsorption [43]. The Freundlich equation can be
written as shown in formula (4).

1
Je = KF CZ (4)
where Kr and n are Freundlich constants which are
related to the adsorption capacity and the adsorption
intensity, respectively.

The experimental, Langmuir and Freundlich iso-
therms are shown in Fig. 8, and the calculated con-
stants are summarized in Table 1. According to the
results obtained, the adsorption data were compatible
with the Langmuir model, as evidenced by the very
high values of the correlation coefficient (+*). The max-
imum Cd(II) adsorption capacity of PMPPP was found
to be 94.3 mg g”' and compared with other adsorbents
reported in the literature. Table 2 lists the maximum
adsorption capacity of Cd(II) using various adsorbents

Table 1
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of different origins. As can be seen from the list,
PMPPP has a high adsorption capacity compared to
some precedents in the literature.

3.7. Kinetics of Cd(Il) adsorption by PMPPP

To examine the controlling mechanism of the
adsorption processes, adsorption kinetics were studied
using pseudo-first-order, pseudo-second-order, and
intra-particle diffusion kinetic models. The pseudo-
first-order model [54] and the pseudo-second-order
model [55] can be represented in linear form in
Egs. (5) and (6), respectively.

In (ge —q:) = In g, = kyt ()

t 1 t

=—+— (6)
g k2 gz g
where g, (mg g™") and g, (mg g™") are the amounts of
Cd(Il) adsorbed per unit mass of the PMPPP at equi-
librium and time f, respectively. k; (min™) and k,

Parameters of Langmuir and Freundlich isotherms at different dosage of PMPPP for Cd(II) adsorption

Langmuir constants

Freundlich constants

Dosage (mg/50 mL) Gmax (mg g™ K; (L mg™) ? Kr (mg g™ n 7

40 94.3 0.115 0.9983 42.2 6.8 0.9752
50 78.7 0.129 0.9989 35.8 6.8 0.9860
75 70.9 0.406 0.9996 424 9.7 0.9913
Table 2

Comparison of Cd(II) adsorption capacity (gmax) of different sorbents reported in the literature

Adsorbent Gmax (mg g™ Ref.
Fe;0,@PAA@TSH MNPs 107.5 [25]

Soy protein hollow microspheres 120.83 [44]
Solyaspartyl polymer and chitosan 3.25 [45]

TiO, nanoparticles 7.9 [46]

Fe/Sn mixed-oxides 4.07 [47]
Polymer-modified Fe;O, nanoparticles 29.6 [48]
Silica-supported dithiocarbamate 40.32 [49]
DNPH modified y-Al,O3 83.33 [50]
Salicylic acid type chelate adsorbent 44.9 [51]
Semi-interpenetrating polymer network 19.27 [52]
Marine algal biomass Sargassum sp. 85.43 [53]
Poly(methylmethacrylate) Beads 28.2 [4]
PMPPP 94.3 This study




2794
(a) 3
2
1
~ 0
o
lﬂ)
g -1
=
-2
3 @ 100 mg/L
’ 150 mg/L
-4 A 200 mg/L
-5
0 50 100 150 200
t (min.)
(b) 35
3
2.5
- 2
3
1.5
1 100 mg/L
05 M 150 mg/L
A 200 mg/L
0
0 50 100 150 200
t (min.)
(©) 80
a gt
70 g = = %8
_—_m
& !:;/-::'1"" -
. + r—r—+r
60 o b e 100 mg/L
¢ 150 mg/L
4200 mg/L
50
2 4 6 8 10 12 14

t172

Fig. 9. Various kinetic plots for the removal of Cd(I) by
adsorption on PMPPP. (a) plots of pseudo-first-order
kinetic models, (b) plots of pseudo-second-order kinetic
models, and (c) plots of intraparticle diffusion model.

(g mg™' min™') are the pseudo-first-order and pseudo-
second-order rate constants, respectively.

If the first-order kinetic model is applicable, the
linear plot of In(g.—g;) vs. t should give the linear
plot, and the value of k; and g, can be calculated from
the slope and intercept of the plot, respectively. For
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the pseudo-second-order model, the plot of t/g;
against ¢ gives a linear plot if the model is applicable,
and the values of g, and k, can be computed from the
slope and intercept of the plot shown [56]. The plots
of the pseudo-first-order and pseudo-second-order
model are illustrated in Fig. 9(a) and (b), respectively.
Also, the calculated parameters of these models are as
listed in Table 3. The correlation coefficient values of
the second-order kinetic model are greater than 0.999
for all Cd(I) concentrations, and the experimental g,
values agree with the experimental values obtained
from the linear plots. These facts indicate that the
adsorption process of Cd(Il) onto the PMPPP fits the
second-order kinetic model.

The intra-particle diffusion model can be repre-
sented by Eq. (7)

gr=kiat +c @

where g; is the amount of Cd(I) adsorbed at time ¢; c
is the intercept that provides us with estimates about
the state of the boundary layer, and k;q is the intra-
particle diffusion rate constant (mg g™ min~'/?) that
provides information about the impact of the mass
transfer forces on the adsorption system [40]. The
intra-particle diffusion plots of Cd(Il) adsorption onto
PMPPP are shown in Fig. 9(c). The values of g, were
found to be linearly correlated with the values of t'/2.
The kg values were calculated using correlation
analysis. The calculated values of the kinetic model
were reported in Table 4. Fig. 9(c) indicates that the
Cd(I) adsorption process consists of two steps. It can
be anticipated that the instantaneous or external sur-
face adsorption and intra-particle diffusion occur in
the first step and in the second step, respectively. The
linear lines did not pass through the origin, accord-
ingly, it is obvious that intra-particle diffusion is not
the dominating mechanism for the adsorption of the
Cd(II) on PMPPP [57].

3.8. Effect of temperature and thermodynamic study

The effect of temperature on the Cd(II) adsorption
onto PMPPP are shown in Fig. 10. The fact that
Cd{l) adsorption was increased as a result of an
increase in temperature revealed that the process was
endothermic.

Thermodynamic constants such as the standard
Gibbs free energy change (AG), the standard entropy
change (AS), and the standard enthalpy change (AH)
were calculated in order to evaluate the thermody-
namics and nature of the adsorption mechanism [58].
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Table 3
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Parameters of pseudo-first-order and pseudo-second-order kinetic models for Cd(II) adsorption onto PMPPP

Pseudo-first-order

Pseudo-second-order

Co (mg L™ Je exp (Mg g_l) ky x10? (min™") Je cal (Mg g’l) e ky x 102 (g mg’1 min) Je cal (Mg g‘l) r?
100 61.5 3.1 45 09652 2.3 61.7 1
150 69.5 3.6 7.4 09917 14 69.9 1
200 75.1 4.1 17.1 0.9780 0.6 75.8 0.999
Table 4 AG was calculated using the Eq. (8)

Parameters of intraparticle diffusion model for Cd(II)
adsorption onto PMPPP

1/2)

C, (mg L™ c (mg g’l) r*

100 0.3564
150 0.5663
200 1.1298

kig (mg g™ min~

57.474
63.138
62.337

0.6653
0.8035
0.8291

66.5
66
65.5
65
64.5
64
63.5
63
62.5
62
61.5
61
295 300 305 310 315 320 325 330

T(EK)

Cd (mggh)

Fig. 10. The temperature-dependent change in the
adsorbed amount of Cd(II) ions by PMPPP.
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Fig. 11. Variation of equilibrium constant (K) as a function
of temperature (1/T) for Cd(II) adsorption onto PMPPP.

AG = —RTInK ®

where R is the universal gas constant (8.314 ] mol™' K™),
T is the temperature (K), and K is the equilibrium con-
stants of the adsorption process which were calculated
from the following Eq. (9)

_ e
K_Cg ©)

where g. and C, are the equilibrium concentration of
Cd(Il) on PMPPP (mgL™) and in the solution
(mg L™, respectively.

The change in AH and AS were calculated using
the Van’t Hoff equation Eq. (10)

(10)

where T is temperature in Kelvin and R is universal
gas constant (8.314 ] mol™ K). AH and AS values can
be obtained from the slope and intercept of the Van't
Hoff plot, that is, In K vs. 1/T (Fig. 11) [59].

The thermodynamic constants of Cd(II) adsorption
were reported in Table 5. The positive value of AH
showed that the adsorption process is endothermic,
thus the Cd(II) adsorption to PMPPP increased with
increasing temperature from 298 to 328 K. The positive

Table 5
Thermodynamic parameters for Cd(Il) adsorption on the
PMPPP

T(CC) AG & mol™ AS(Jmol'K)?  AH (k] mol™)?
298 -1.15

308 -1.37 20.92 5.08

318 -157

328 -1.78

Measured between 298 and 328 K.
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value of AS indicates that there was increased ran-
domness at the interface between solid and solution
during the adsorption process [60]. The negative val-
ues of AG indicate the spontaneity of the Cd(I) sorp-
tion process [61].

4. Conclusion

In this study, polyamine-polyurea polymer was
synthesized and then modified with PMPPP. The Cd
(I) adsorption on this polymer was examined using
the batch method, the optimum pH value was found
to be 6.0, and the contact time required to reach
equilibrium was found to be 120 min. The Cd(II)
adsorption equilibrium data and the adsorption
kinetics were identified as being more in line with
the Langmuir equation and the pseudo-second-order
equation, respectively. The maximum adsorption
capacity for Cd(II) ion adsorption with the PMPPP
was found to be 943mgg'. As a result, the
prepared polymer was found to be an effective and
efficient adsorbent for the removal of Cd(II) ions
from aqueous solutions.
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