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a b s t r a c t
Polyurethane-type rigid foam produced from peanut shell (peanut shell-based polyurethane foam 
(PSPUF)) was used as an adsorbent for the removal of Cu2+ ions from aqueous solution. The effects of 
contact time, solution pH, and temperature on the adsorption were investigated at a constant concen-
tration of Cu2+ ions. The equilibrium time of the adsorption was determined as 60 min. The maximum 
adsorption for Cu2+ ions onto the PSPUF was revealed to be between 597.75 and 632.63 mg g–1 under 
all the experimental conditions such as contact time, solution pH, and temperature. The distribution 
coefficients for Cu2+ ions adsorbed onto the PSPUF were found to be between 781 and 984 L kg–1 for 
all the pH and temperatures. The distribution coefficients indicated that Cu2+ ions could be adsorbed 
by extraction from aqueous solution. Adsorption kinetics followed the pseudo-second-order and 
the intraparticle diffusion models. The negative values of Gibbs free energy change (ΔG°) showed 
spontaneous nature of the adsorption. The value of 2.68 kJ mol–1 of the standard enthalpy change of the 
adsorption (ΔH°) indicated a physical adsorption. The positive value of 17.32 J mol–1K–1 of the standard 
entropy change of the adsorption (ΔS°) showed a randomness adsorption of Cu2+ ions onto the PSPUF 
surface. Moreover, Fourier transform infrared, scanning electron microscopic, and the intraparticle 
diffusion studies indicated a surface adsorption of Cu2+ ions onto the PSPUF.
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1. Introduction

Metal pollution such as copper, iron, cadmium, zinc, 
lead, chromium from industrial effluents leads to human 
health and various environmental problems. Therefore, 
the removal of such contaminations from the effluents is 
highly necessary. For this purpose, many methods such as 
electrolysis, chemical coagulation and flocculation, reverse 
osmosis, adsorption, and biological treatments have been 
used for treating metal-containing effluents [1]. Since each 
of these methods includes some advantages and disadvan-
tages [2], the adsorption method has been preferred and 
used commonly by the scientists. The adsorption is seen to 

be an effective method for the removal of metals or dyes in 
the effluents. Activated carbon is known to be most effec-
tive in the adsorption method. Due to the high price of acti-
vated carbon, however, the researchers commonly prefer 
low-cost adsorptive materials such as lignocellulosic wastes 
(wood sawdust [3,5], tree barks [6–9], fruit peels [10,11], 
orange peel [12], and pumpkin seed hull [13]), organic mate-
rials (peat [14–16], carbotrap, and chromosorb 106 polymer 
[17]), inorganics (clay [18–20], silicate [21], perlite [2,22], fly 
ash [1,23]), and biological materials (fungus [24,25], yeast 
[26], alge [27]). Apart from these materials, low-cost new 
adsorbent materials have also been prepared and used 
intensely in the adsorption studies recently. For example, 
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core@shell SiO2@CeO2 nanoparticles [28], Fe3O4 magnetic 
nanoparticles and gum xanthan-based hydrogel nanocom-
posites [29], and phenolated wood resin [30] can be given 
as examples of new adsorbent substances in the adsorption 
of metals. Moreover, polyurethane foams (PUFs) [31–34] 
have also been used as sorbent or extractant materials for the 
removal of metals from solution.

The importance of this study, as an alternative to acti-
vated carbon, is to use the polyurethane-type rigid foam as 
a new adsorbent (peanut shell-based polyurethane foam 
(PSPUF)) that we have produced from peanut shell (PS) for 
the adsorption of Cu2+ ions from aqueous solution [35]. At the 
same time, the PSPUF is an economic adsorbent material for 
adsorption; it is easily obtained. For the adsorption of Cu2+ 
ions, therefore, it was preferred and used as a new adsorbent.

The effects of contact time, solution pH, and tempera-
ture on the adsorption in a constant concentration of Cu2+ 
ions are studied. Moreover, distribution coefficients and 
kinetic and thermodynamic studies on the adsorption are 
performed. This study is original because the adsorption 
of Cu2+ ions with the PSPUF has not been reported in the 
literature so far.

2. Experimental

2.1. Materials

The PS powders (in 80 mesh size) were utilized as a 
natural polyol to produce the PUF. The ingredients used in 
the making of the foam were provided from Ispol Company 
in Turkey. These ingredients are polyethylene glycol (PEG-
400, commercial polyol), triethylenediamine (TEDA-D33LV, 
foaming catalyst), monoethylene glycol (MEG, polyol), and 
polymeric diphenylmethane diisocyanate (PMDI-TED-31, 
cross-linking agent).

2.2. Methods

PSPUF from PS has been prepared according to the 
method described in another work made by us [35]. For the 
production of the PSPUF, the PS particles were first liquefied 
as mentioned in the literature [35], and then the PSPUF was 
prepared using the liquefied PS as mentioned below.

First, the pH of the liqufied PS was regulated to 7. 
Second, 35 g of the PS, 33% of the foaming catalyst (TEDA-
D33LV), 2.5% surfactant (PEG-400), 10% MEG, and 1% 
blowing agent (i.e. water) were premixed homogeneously in 
a paper cup. Then, a certain amount of the PMDI-TED-31 as 
cross -linking agent was added to the premixed component 
and then stirred at a constant speed of 14,000 rpm by using 
a homogenizer for 20 s. Finally, the foam obtained was left 
to harden and shaped at room temperature for a day [35]. 
The shaped PSPUF was crumbled using sandpaper and then 
sieved throughout an 80-mesh molecular sieve. Thus, the 
obtained powdered PSPUF was stoked for the adsorption 
experiments.

The adsorption experiments were performed by adding 
0.15 g of the PSPUF to 50 mL of Cu2+ solution. The mixtures 
obtained were shaked in a temperature-controlled shaking 
bath at various pH values (2.01, 3.40, and 5.50) and tempera-
tures (15°C, 25°C, 35°C, and 50°C) using a constant initial con-
centration of 2 × 10–3 M CuSO4·5H2O solution (Cu: 127 mg L–1) 

for various contact times (5, 10, 20, 30, 45, 60, and 90 min), 
respectively. After contact times, the samples of 5 mL were 
withdrawn from the mixture and centrifuged at 5,000 rpm 
for 5 min. After centrifugation, the clear solution which does 
not include particles was analyzed using an atomic absorp-
tion spectrometer (Perkin-Elmer 3110, US). The pH values 
of the solutions were regulated with 0.1 N HCl or NaOH 
solution before the adsorption. The amounts of Cu2+ ions 
adsorbed per gram of the PSPUF (qt) and the percent adsorp-
tion of Cu2+ ions were determined by means of Eqs. (1) and 
(2), respectively.
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−( )
×0  (1)
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100
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where C0 indicates the initial concentration of Cu2+ ions 
(mg L–1). Ct shows the concentration of the metal remained 
in the solution at any time (mg L–1). qt points to the amount 
of Cu2+ ions adsorbed per unit mass of the PSPUF at any 
time (mg g–1). V indicates the volume of the metal solution 
used (L), and m is adsorbent mass (g). At the equilibrium 
time, qt and Ct can be expressed as qe and Ce.

For the characterization of the adsorbent, first, the PSPUF 
samples were dried to a constant weight in an oven at 60°C 
for 12 h. Then Fourier transform infrared (FTIR) spectra were 
recorded in the wave number range of 4,000–650 cm–1 using 
an attenuated total reflectance spectrometer (FTIR RX-1, 
Perkin-Elmer). Scanning electron microscopic (SEM) analy-
ses were also performed using a LEO 435 VP SEM device. 
Brunauer, Emmett and Teller (BET) surface area and porosity 
measurements were performed by a Gemini VII 2390 Surface 
Area Analyzer. Density measurement of the adsorbent was 
done by means of graded measure.

3. Results and discussion

3.1. Mechanism of the formation of the PSPUF

Some information is given on the formation of PUF 
from PS.

The mechanism of the formation of PUF may be explained 
as follows. The PSPUF occurs from a reaction between 
PS and methylenediphenyl diisocyanate via polyaddition 
polymerization (Fig. 1).

3.2. Characterization of the PSPUF

3.2.1. FTIR studies

The PSPUF includes lignin, cellulose, hemicellulose, 
and tannin in its structure. Analysis of FTIR spectrum of the  
PSPUF is important to determine the functional groups 
which are responsible for Cu2+ ion adsorption. Therefore, 
FTIR spectra of the PSPUF were obtained before and after 
the adsorption (Fig. 2). In FTIR spectrum, the broad band 
at 3,292.18 cm–1 points to –OH groups of cellulose and the 
vibration of –NH and –NH2 groups [36]. After the adsorp-
tion of Cu2+ ions, this band is slightly shifted to 3,290.25 cm–1 
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Fig. 1. Mechanism of the formation of PSPUF from the chemical reaction between PS and methylenediphenyl diisocyanate.

 

Fig. 2. FTIR spectrum of PSPUF. (a) Before adsorption and (b) after adsorption.



B. Acemioğlu, M.H. Alma / Desalination and Water Treatment 149 (2019) 171–180174

and its intensity decreased. The strong band at 2,901.77 cm–1 
can be attributed to CH stretching of carboxyl groups. After 
the adsorption, the intensity of this band slightly increased. 
The very strong peaks at 1,708.36 and 1,510.08 cm–1 can be 
assigned to the amide I and amide II bonds [36]. After the 
adsorption, the intensities of these bands did not change. 
Peaks at 1,411.78 and 1,597.13 cm–1 indicate phenyl frag-
ment in the structures of the foam [36]. After the adsorp-
tion, any change at the intensities of these bands did not 
occur. The band at 1,308.09 cm–1 indicates the stretching of 
C–(CH3)2 [37]. Any change at the intensity of this band did 
not occur. Peaks between 1,200 and 1,000 cm–1 point to C–O 
single bond in the structures of alcohols, phenols, carbox-
ylic acids, and esters. Very strong peak at 1,064.38 and very 
light band at 1,018.27 cm–1 might be attributed to C–O and 
C–O–C stretching in foam [37]. After the adsorption, the 
intensity of peak at 1,064.38 cm–1 slightly increased and any 
change in band at 1,018.27 cm–1 did not occur. Strong band 
obtained at 1,216.06 cm–1 indicates C=O stretching of the 
carboxylic groups [38]. After the adsorption, the intensity 
of this band slightly increased. The bands at 946.07, 814.96, 
and 764.30 cm–1 show the vibrations of aromatic skeleton in 
the PSPUF [37]. After the adsorption, the intensities of these 
three peaks at bands decreased, and they slightly shifted. 
Moreover, two new bands with slight intensity at 3,690.15 
and 2,918 cm–1 occurred. The band at 3,690.15 cm–1 probably 
indicates free O–H stretching in the structure of the foam, 
and the very weak band at 2,928.10 cm–1 probably indicates 
–CH aliphatic lineage between adsorbent and adsorbate 
copper ions [39]. These spectral shifts and the decreases or 
increases in the intensities of the peaks probably occurred as 
a result of interaction between Cu2+ ions and the functional 
groups on the surface of the PSPUF. With these interactions, a 
physical adsorption occurred. This situation is confirmed by 
SEM image and ∆H° value.

3.2.2. SEM studies

SEM images were recorded to analyze the surface mor-
phology of the PSPUF (Mag: 250 KX, 100 µm) (see Fig. 3). 
As seen in Fig. 3(a), the surface of the PSPUF has a porous, 
rough, and heterogeneous structure which may adsorb Cu2+ 
ions. After the adsorption, it is seen from Fig. 3(b) that the 
surface of the PSPUF is in the appearance of clouds, covering 
with Cu2+ ions.

3.2.3. Specific surface area, porosity, and density 
measurements

Specific BET surface area, porosity, and density of the 
PSPUF are determined as 2.824 m2 g–1, 0.00215 cm3 g–1, and 
0.0341 g cm–3, respectively. Color of the PSPUF is brownish.

3.3. The effect of contact time on the adsorption and the 
determination of equilibrium time

The effect of contact time on the adsorption of Cu2+ by 
the PSPUF was studied at the contact times of 5, 10, 20, 
30, 45, 60, and 90 min for various pH values and tempera-
tures at a constant concentration of Cu2+ ions, respectively 
(see Figs. 4 and 5). A rapid adsorption of Cu2+ ions occurred 

 
Fig. 3. SEM images of PSPUF. (a) Before adsorption and (b) after 
adsorption.

 
Fig. 4. Effect of pH on the adsorption of Cu2+ ions by PSPUF.
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within first 5 min under all the experimental conditions. 
After this time, a small rise in the adsorption continued 
to 60 min. At later times, the adsorption did not continue. 
Therefore, a period of 60 min was admitted as an equilibrium 
time for the maximum adsorption of Cu2+ ions.

3.4. pH effect on the adsorption

pH of solution medium for the removal of metals has an 
important effect because the pH value of an aqueous metal 
solution affects both the surface of an adsorbent and the 
charge density of a metal. Copper has various hydrolyzed 
species such as Cu(OH)+, Cu2(OH)2

0, and Cu2(OH)2
2+ in higher 

solution mediums than pH 5.5 [40,41]. Therefore, in this study, 
the pH values of Cu(II) solutions were regulated as 2.01, 3.40, 
and 5.50, respectively. The results obtained for the adsorption 
of Cu2+ ions by the PSPUF are illustrated in Fig. 4. As seen in 
Fig. 4, the amount of Cu2+ ions adsorbed onto the PSPUF is 
quite high within the first 5 min. For example, the amounts 
of Cu2+ ions adsorbed onto the PSPUF are determined to be 
558.80 mg g–1 (66%), 574.04 mg g–1 (67.80%), and 589.28 mg g–1 
(69.60) at the pH values of 2.01, 3.40, and 5.50 within 5 min, 
respectively. At the equilibrium time of 60 min, the maximum 
amounts of Cu2+ ions adsorbed are 597.75 mg g–1 (70.60%), 
604.53 mg g–1 (71.40%), and 612.22 mg g–1 (72.31%) at pH val-
ues of 2.01, 3.40, and 5.50, respectively. These values showed 
that the adsorption capacity of the PSPUF in removing Cu2+ 
ions was very high, and the PSPUF had a high affinity to Cu2+ 
ions.

3.5. Temperature effect on the adsorption

Fig. 5 shows temperature effect for the adsorption of 
Cu2+ ions by the PSPUF. From Fig. 5, a very high adsorp-
tion of Cu2+ ions can be seen for all temperatures within first 
5 min. For instance, the amounts of Cu2+ ions adsorbed are 
found to be 589.28 mg g–1 (69.60%), 601.13 mg g–1 (71.00%), 
616.34 mg g–1 (72.79%), and 621.20 mg g–1 (73.37%) at 15°C, 
25°C, 35°C, and 50°C within 5 min, respectively. At the 
equilibrium time of 60 min, the maximum amounts of Cu2+ 
ions adsorbed are determined as 612.22 mg g–1 (72.31%), 

620.13 mg g–1 (73.24%), 624.80 mg g–1 (73.96%), and 632.63 
(74.72%) at the temperatures of 15°C, 25°C, 35°C, and 50°C, 
respectively. From these results, it is clear that the tem-
perature is in favor of the adsorption of Cu2+ ions onto the 
PSPUF. A similar trend has also been obtained for Cu2+ ion 
adsorption onto pine sawdust [4].

3.6. Determination of distribution coefficient of Cu2+ ions

Distribution coefficient in an adsorption or extraction 
process can be determined from Eq. (3) [41,42].

D R
R

V
m

=
−( ) ×100

 (3)

where D is distribution coefficient (L kg–1). V indicates 
solution volume (L), and m shows the adsorbent mass in kg 
(i.e. the mass of the PSPUF). R is percent removal (i.e. per-
cent adsorption) of Cu2+ ions. Distribution coefficient (D) is 
the concentration of Cu2+ ions adsorbed onto foam/the con-
centration remained in solution. The value of D does not 
change at equilibrium time [42]. Distribution coefficient can 
also be expressed as distribution ratio [42]. At the same time, 
the distribution coefficient indicates the degree of Cu2+ ion 
removal via extraction or adsorption. The larger distribution 
coefficient is the larger Cu2+ ion removal. Distribution coef-
ficients on the removal of some dyes from aqueous solution 
by extraction with polyether and polyester-type foams have 
been found between 500 and 12,000 L kg–1 at various pH 
values [43]. In a normal solvent extraction, the values of D 
are between 20 and 1,000. If the D value is more than 1,000, 
a kind of ion-exchange process might occur [42]. Herein, 
the D values are determined as 781, 832, and 889 L kg–1 for 
the pH values of 2.01, 3.40, and 5.50 and as 889, 900, 962, 
and 984 L kg–1 for the temperatures of 15°C, 25°C, 35°C, 
and 50°C, respectively (see Table 1). These results indicate 
that an ion-exchange process does not occur and, however, 
is probably adsorbed by the extraction of Cu2+ ions from 
aqueous solution.

3.7. The comparison of the PSPUF with other PUFs and some 
sorbents in Cu2+ ion adsorption

Experimental parameters such as initial concentration of 
solution pH, temperature, solution volume, and the adsor-
bent quantity affect the amounts of adsorbate adsorbed by an 

 
Fig. 5. Effect of temperature on the adsorption of Cu2+ ions by 
PSPUF.

Table 1
Distribution coefficients at various pHs and temperatures

T (°C) D (L kg–1)

15 889
25 900
35 962
50 984

pH

2.01 781
3.40 832
5.50 889
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adsorbent. Especially, the quantity of the adsorbent is quite 
effective on the determination of adsorbate amount removed 
by an adsorbent. Herein, the experimental capacities of the 
PSPUF in removing Cu2+ ions were compared with those 
of other adsorbents (see Table 2). For instance, when the 
mass of the PSPUF for the removal of Cu2+ ions is 0.15 g (m/v 
ratio, i.e. adsorbent dosage/solution volume ratio = 3.0 g L–1), 
the experimental adsorption capacities of the PSPUF are 
determined to be increased from 612.22 mg g–1 (72.31%) to 
632.63 mg g–1 (74.72%) with an increase in the temperature 
from 15°C to 50°C at pH 5.50, respectively. As seen from 
Table 2, in a work done by Zhou et al., when the quantities of 
PUF and microorganism-immobilized PUF for the removal 
of Cu2+ ions are 0.19 g (m/v ratio = 3.80 g L–1), the adsorption 
capacities of these PUFs have been found approximately to 
be 2.36 mg g–1 (45%) and 4.32 mg g–1 (82%), respectively [44]. 
In another work performed by Soriano and Cassella, when 
the mass of modified PUF with Eriochrome Black T for the 
removal of Cu(II) ions is 0.2 g (m/v ratio = 1.0 g L–1), its adsorp-
tion capacity has been determined to be 0.63 mg g–1 (63%) 
[45]. In another study made by Moftakhar et al., when the 
mass of modified PUF with Schiff base for Cu2+ ion removal 
is 6.0 g (m/v ratio = 60 g L–1), its adsorption capacity has been 
calculated to be 0.083 mg g–1 (100%) [46]. The capacities of 

different adsorbents used for the removal of Cu2+ ions in 
the studies conducted by some other researchers are sub-
mitted in Table 2. As a result, the adsorption capacity of the 
PSPUF to remove Cu2+ ions was very high than those of other 
adsorbents, indicating a very high affinity of the PSPUF to 
Cu2+ ions.

3.8. Kinetic studies

Adsorption kinetics of Cu2+ ions adsorbed by the PSPUF 
was studied in terms of the pseudo-first and second-order 
kinetics and the intraparticle diffusion models. The linear-
ized equations of these kinetic models can be expressed as 
follows, respectively [3,14,15,47].

log log
.

q q q
k

te t−( ) = −1
1

2 303
 (4)

t
q h q

t
t

= +
1 1

2

 (5)

q k t Ct i= × +1 2/  (6)

Table 2
Comparison of PSPUF with other PUFs and some sorbents in removing copper(II)

Adsorbent/biosorbent/extractant Experimental conditions Capacity 
(mg g–1)

Adsorption 
(%)

References

PSPUF C0 = 127 mg L–1 Cu2+, T = 15°C, pH = 5.5, 
V = 50 mL, m = 0.15 g

612.22 72.31 This study

PSPUF C0 = 127 mg L–1 Cu2+, T = 50°C, pH = 5.5, 
V = 50 mL, m = 0.15 g

632.63 74.72 This study

Calabrian pine bark wastes C0 = 19 mg L–1 Cu2+, T = 30°C, pH = 5.5, 
V = 50 mL, m = 1.0 g

0.68 71.26 [7]

Organosolv lignin C0 = 19.06 mg L–1 Cu2+, T = 20°C, pH = 5.5, 
V = 35 mL, m = 0.25 g

1.10 40.74 [39]

Crushed brick C0 = 200 mg L–1 Cu2+, T = 25°C, pH = 6, 
V = 100 mL, m = 0.5 g

272 68 [40]

Cedar sawdust C0 = 200 mg L–1 Cu2+, T = 25°C, pH = 6, 
V = 100 mL, m = 0.5 g

388 97 [40]

Pine sawdust C0 = 25.42 mg L–1 Cu2+, T = 30°C, pH = 5.5, 
V = 50 mL, m = 0.40 g

2.46 77.52 [41]

Polyurethane foam C0 = 20 mg L–1 Cu2+, T = 25°C, pH = 6, 
V = 50 mL, m = 0.19 g

2.36 45 [44]

Microorganism-immobilized 
polyurethane foam

C0 = 20 mg L–1 Cu2+, T = 25°C, pH = 6, 
V = 50 mL, m = 0.19 g

4.32 82 [44]

PUF modified with Eriochrome 
Black T

C0 = 1.0 mg L–1 Cu2+, T = Room temperature, 
pH = 1.50, V = 200 mL, m = 0.2 g

0.63 63 [45]

PUF modified with Schiff base 
(Column)

C0 = 5.0 mg L–1 Cu2+, T = Room temperature, 
pH = 4–6, V = 100 mL, m = 6.0 g

0.083 100 [46]

Peanut hull C0 = 30 mg L–1 Cu2+, T = 30°C, pH = 5.5, 
V = 100 mL, m = 0.2 g

12.85 85.60 [51]

Dried activated sludge C0 = 100 mg L–1 Cu2+, T = 25°C, pH = 5.0, 
V = 100 mL, m = 0.2 g

35.03 70.05 [52]
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where t indicates contact time (min). qt and qe show the 
amounts of Cu2+ ions adsorbed by adsorbent PSPUF at any 
time and the equilibrium time (mg g–1), respectively. q1 and 
q2 are theoretical adsorption capacities determined from the 
pseudo-first and second-order kinetic models, respectively. 
k1 (min–1) and k2 (g mg–1 min–1) are the rate constants for the 
pseudo-first and second-order kinetic models, respectively. 
The term h (mg g–1 min–1) is equal to k2q2

2, indicating the ini-
tial adsorption rate. ki (mg g min–1/2) is the rate constant for 
the intraparticle diffusion. C is a boundary layer thickness 
between adsorbent and adsorbate.

The values of the k1 and q1 from the slopes and the 
intercepts of the linear plot of log(qe – qt) vs t, the values of 
the q2 and k2 from the slopes and the intercepts of the lin-
ear plot of t/qt against t, and the values of the ki and C from 
the slopes and the intercepts of the linear plots of qt ver-
sus t1/2 were determined, respectively. The obtained kinetic 
parameters can be seen in Table 3. Correlation coefficients 
for the pseudo-first order, the pseudo-second order, and the 
intraparticle diffusion are shown as r1

2, r2
2, and ri

2, respectively 
(see Table 3).

As seen in Table 3, the values of r1
2 were determined to 

be between 0.823 and 0.996 for all the pH values and the 
temperatures. The experimental values of the qe are not com-
patible with the theoretical values of the q1. Therefore, the 
adsorption kinetics of Cu2+ ions onto the PSPUF was not con-
sistent with the pseudo-first-order model, and therefore, the 
obtained plots are not shown.

The plots drawn for the pseudo-second order at the tem-
peratures of 15°C, 25°C, 35°C, and 50°C and the pH values of 
2.01, 3.40, and 5.50 are given in Figs. 6(a) and (b), respectively. 
As can be seen from Fig. 6(a), the effect of the temperature 
on the pseudo-second-order kinetics is very less, and the 
plots are obtained as overlapping. Therefore, the values of 
the theoretical qe are found as 625 mg g–1 for all the tempera-
tures. From the regression analyses of the plots in Fig. 6(a), 
the r2

2 values are determined as 1 for all the temperatures. The 
values of the k2 were determined to be 0.0043, 0.0051, 0.0012, 
and 0.0012 g mg–1 min–1 for the temperatures of 15°C, 25°C, 
35°C, and 50°C, respectively. From the regression analyses of 
the plots in Fig. 6(b), the values of the r2 are found to be 0.999, 
0.999, and 1 for the pH values of 2.01, 3.40, and 5.50, respec-
tively. The values of the k2 are calculated as 0.0026, 0.0028, and 

0.0051 g mg–1 min–1 for the pH values of 2.01, 3.40, and 5.50, 
respectively. The theoretical values of the q2 are estimated as 
588, 625, and 625 mg g–1 for the pH values of 2.01, 3.40, and 
5.50, respectively. Theoretical q2 values are close to the values 
of the experimental qe (see Table 3). Both the high correlation 

Table 3
Kinetic parameters of the adsorption of Cu2+ ions onto PSPUF

Pseudo-first-order kinetics Pseudo-second-order kinetics Intraparticle diffusion

T (°C) q1 (mg g–1) k1 (min–1) r2 q2 (mg g–1) h (mg g–1 min–1) k2 (g mg–1 min–1) r2 ki (mg g–1 min–1/2) C ri
2 qe*

15 41.34 0.074 0.897 625 1,680 0.0043 1 4.201 581 0.974 612.22
25 26.06 0.045 0.979 625 1,992 0.0051 1 3.508 593 0.996 620.13
35 9.61 0.037 0.986 625 469 0.0012 1 1.450 613 0.983 624.80
50 21.92 0.099 0.955 625 469 0.0012 1 2.010 618 0.892 632.63

pH
2.01 46.16 0.036 0.989 588 909 0.0026 0.999 6.677 545 0.995 597.75
3.40 38.32 0.037 0.986 625 1,093 0.0028 0.999 5.518 557 0.992 604.53
5.50 25.85 0.045 0.979 625 2,000 0.0051 1 3.508 592 0.996 612.22

*Experimental adsorption capacity (mg g–1).

 

Fig. 6. Pseudo-second-order kinetic plots of the adsorption of 
Cu2+ ions by PSPUF: (a) for different temperatures and (b) for 
different pH values.
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coefficients and the consistency of the theoretical and exper-
imental adsorption capacities indicate that the adsorption 
obeys the pseudo-second-order kinetic model. A similar 
trend has also been reported for the adsorption of Cu2+ ions 
onto alginate and alginate-immobilized bentonite [48].

The plots obtained for the intraparticle diffusion model 
at the temperatures of 15°C, 25°C, 35°C, and 50°C and the 
pH values of 2.01, 3.40, and 5.50 are given in Figs. 7(a) and 
(b), respectively. From the regression analyses of the plots 
in Fig. 7(a), the values of the ri

2 are found to be 0.974, 0.996, 
0.983, and 0.892 mg g–1 min–1/2 for the temperatures of 15°C, 
25°C, 35°C, and 50°C, respectively. The values of the ki for the 
intraparticle diffusion model are estimated to be 4.201, 3.508, 
1.450, and 2.010 mg g–1min–1/2 for the temperatures of 15°C, 
25°C, 35°C, and 50°C, respectively. In the case of pH, from the 
regression analyses of the plots in Fig. 6(b), the values of the 
ri

2 are determined to be 0.995, 0.992, and 0.996 for the pH val-
ues of 2.01, 3.40, and 5.50, respectively. These high correlation 
coefficients indicate that the adsorption obeys the intraparti-
cle diffusion model with a surface adsorption. The values of 
the ki are found to be 6.667, 5.518, and 3.508 mg g–1 min–1/2 for 
the pH values of 2.01, 3.40, and 5.50, respectively. Moreover, 
the values of the C are determined to be 581, 593, 613, and 618 
for the temperatures of 15°C, 25°C, 35°C, and 50°C, and they 
were found as 545, 561, and 592 for the pH values of 2.01, 
3.04, and 5.50, respectively. From these values, it is seen that 
the C values rise with an increase in pH and the temperature. 
This situation indicated that the boundary layer thickness on 
the surface of the PSPUF slightly increased with increasing 
pH and temperature. Consequently, the kinetic results indi-
cate that the adsorption of Cu2+ ions on the PSPUF obeys the 
pseudo-second-order kinetic and the intraparticle diffusion 
models.

3.9. Thermodynamic studies

In order to understand the effect of the temperature 
on the adsorption of Cu2+ ions, it is important to perform 
thermodynamic studies. For this purpose, the thermody-
namic parameters of the adsorption are calculated from the 
equations below [7].

K
C
Cc
e

= ads  (7)

∆G RT Kc
ο = − ln  (8)

lnK H
RT

S
Rc = − +

∆ ∆ο ο

 (9)

where Kc indicates the equilibrium constant. ΔG° is stan-
dard Gibbs free energy change (J mol–1). ΔH° is standard 
enthalpy change (J mol–1), and ΔS° is standard entropy 
change (J mol–1K–1). Cads and Ce indicate the amounts of Cu2+ 
ions adsorbed onto the PSPUF and remained in the solution 
in the equilibrium time, respectively. R is ideal gas constant 
(8.314 J mol–1K–1). T is absolute temperature (in Kelvin). The 
values of ΔH° and ΔS° were determined from the Van’t Hoff 
equation in Eq. (9). According to Van’t Hoff equation, the 

slope and intercept of the plot of ln Kc vs 1/T (in Kelvin) are 
equal to −ΔH°/R and ΔS°/R, respectively (see Fig. 8). The 
value of the r2 from Van’t Hoff equation plot is found as 0.993. 
The obtained thermodynamic parameters are submitted 
in Table 4.

As seen from Table 4, the ΔG° values are determined 
to be −2,298, −2,495, −2,651, and −2,910 J mol–1 for the tem-
peratures of 15°C, 25°C, 35°C, and 50°C, respectively. 
The negative ΔG° values indicate the spontaneous nature 
of Cu2+ ion adsorption. As seen from these values, the val-
ues of ΔG° decreasing with the effect of the rise in the tem-
perature indicate the increase of spontaneous tendency of 
the adsorption. The values of ΔH° and ΔS° are calculated 
as 2,682 J mol–1 and 17.32 J mol–1 K–1, respectively. Herein, 
the low ΔH° value indicates a physical adsorption. The pos-
itive value of ΔS° shows a randomness adsorption of Cu2+ 
ions onto the surface of the PSPUF. A similar trend has been 
reported for the adsorption of Cu2+ ions onto garden grass 
[49]. On the other side, the similar results to the negative ΔG° 
and the positive values of ΔH° and ΔS° have been reported 
for both the adsorption of Fe2+ ions onto Calabrian pine bark 
[7] and the adsorption of a cationic dye methylene blue onto 
open cell polyether-type PUF [50].

 
Fig. 7. Intraparticle diffusion plots of the adsorption of Cu2+ ions 
by PSPUF: (a) for different temperatures and (b) for different pH 
values.
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Moreover, the thermodynamic parameters were also 
estimated for different pH values (see Table 4). The values of 
ΔG° are determined as −2,170, −2,226, and −2,495 J mol–1 for 
the pH values of 2.01, 3.40, and 5.50, respectively. As seen in 
Table 4, the values of ΔG° decreasing with a rise in pH indi-
cate the increase of spontaneous tendency of the adsorption 
as in the temperature effect.

4. Conclusions

The conclusions of research works based on all of the 
experimental findings can be expressed as follows:

• The PSPUF could be utilized as a new adsorbent and as 
an alternative to activated carbon in metal removal due to 
its very high affinity to Cu2+ ions.

• A contact time of 60 min was determined for maximum 
adsorption at various pHs and temperatures.

• The adsorption of Cu2+ ions onto the PSPUF increased 
with a rise in pH and temperature.

• SEM image, FTIR analysis, and kinetic results indicated a 
surface adsorption of Cu2+ ions onto the PSPUF.

• Kinetic results indicated that the adsorption of Cu2+ 
ions onto the PSPUF was consistent with the pseudo- 
 second-order model and the intraparticle diffusion 
model.

• The thermodynamic results showed that the adsorption 
of Cu2+ ions onto the PSPUF was spontaneous, physical, 
and random.

• From the distribution coefficient values, it was seen that 
the adsorption of Cu2+ ions onto the PSPUF occurred via 
extraction from aqueous solution.
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