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Abstract
The study aims to determine Cu(II) adsorption from wastewater in the laboratory condition using modified sewage sludge 
ash as adsorbent which was obtained from a thermal drying and incineration facility. This procedure was completed with 
an inexpensive pollutant material which has high metal-binding capacity and is available in abundant amounts. During 
experiments, the effects of particle size, pH, stirring speed, initial ion concentration, adsorbent dosage and temperature were 
investigated. Adsorption equilibrium was obtained in 10 min. Maximum Cu(II) removal was calculated as 83.63% with 20 mg 
 L−1 initial Cu(II) ion concentration and 5 g  L−1 adsorbent dosage. Kolmogorov–Smirnov normality test was performed to 
test the conformity of the data obtained as a result of the study to variance analysis, and it was determined that the data were 
distributed normally (p > 0.05). Levene test was performed for homogeneity test, and it was determined that the data were 
distributed homogeneously (p > 0.05). Langmuir was determined as the most suitable isotherm model for Cu(II) adsorption. 
Adsorption kinetics abided by the pseudo-second-order model. Based on kinetic studies, the adsorption process was endo-
thermic with maximum adsorption capacity calculated as 7.53 mg  g−1. The results of thermodynamic research showed the 
adsorption reaction was spontaneous (ΔG° < 0), endothermic (ΔH° > 0) and reversible (ΔS° > 0 and close to zero).
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Introduction

Heavy metals are among the important topics of recent years 
because of their pollution. These heavy metals, which are 
found in very small concentrations in nature, cause serious 
harm to animals, plants and people. Heavy metals such as 
copper, nickel, cadmium, lead and chromium need to be 
removed from wastewater due to their frequent occurrence 
in wastewater discharged from many sectors such as elec-
troplating, metallurgy, tanning, chemical manufacturing, 
mining and battery manufacturing (Potgieter et al. 2006; 
Bingul et al. 2016; Gupta et al. 2017; Abdullahi et al. 2020). 
Heavy metals are often found not only in industrial waste-
water but also in receiving areas such as soils and seas and 

being a high risk to the environment. Moreover, they cause 
adverse effects on the receiving areas due to their presence 
with increased discharge amounts and toxicity (Dundar et al. 
2008; Turan et al. 2020; Nuhoğlu et al. 2021).

Among these toxic metals, Cu is a basic micronutri-
ent required at low levels by living organisms. However, 
it is toxic when found above a certain tolerance level in 
organisms and as a result becomes a worrying pollutant 
for environmental and public health. In particular, Cu min-
ing produces large amounts of acid drainage and pollutes 
water sources with Cu and other heavy metals. The use of 
this water for agricultural activities causes accumulation of 
heavy metals in soils and transports from polluted soil into 
food (Lee 2006; Pandey et al. 2007; Tong et al. 2011). In 
potable water, the limit value for Cu is 2 mg  L−1 accord-
ing to the World Health Organization (WHO), while it was 
determined as 1 mg  L−1 by the USA Environmental Protec-
tion Agency (EPA). There is a need for a variety of treatment 
processes to reduce the effects of copper on the environment 
and human health.

There are many alternative treatment processes to 
remove available copper ions from aqueous media including 
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electrocoagulation (Escobar et al. 2006; Akbal and Camcı, 
2011; Mateen et al. 2020), reverse osmosis (Rodrigues Pires 
da Silva et al. 2016), filtration (Aziz et al. 2001), membranes 
(Qdais and Moussa 2004; Kocherginsky and Yang 2007; 
Mojdehi et al. 2019), electrodialysis (Mohammadi et al. 
2005), biochemical treatment (Zhang et al. 2012), adsorp-
tion/biosorption (Pan et al. 2003; Uogintė et al. 2019), etc.

The adsorption process used for removal of heavy metals 
from wastewater is a method with appropriate cost that is 
competitive and efficient. Heavy metals are removed from 
aqueous media with the aid of adsorbents. In recent times, 
many studies have been performed about Cu(II) adsorption 
with adsorbents. These studies investigated the effects of 
different adsorbents on Cu(II) removal, and these adsorbents 
may be listed as  Fe3O4 magnetic nanoparticles (Chang and 
Chen 2005; Ozmen et al. 2010), sawdust from meranti wood 
(Ahmad et al. 2009), modified sawdust cellulose (Ulfa et al. 
2019), bentonite (Bereket et al. 1997; Kubilay et al. 2007), 
cotton balls (Ozsoy and Kumbur 2006), fish bones (Kizil-
kaya et al. 2010), pumice (Turan et al. 2011), pistachio shell 
(Banerjee et al. 2019), herbaceous peat (Gündoğan et al. 
2004), PANI-clay hybrid material (Soltani et al. 2019), etc.

In this research, the potential use of ash obtained from 
GASKİ Wastewater Sewage Sludge Thermal Drying and 
Incineration Facility (Gaziantep/Turkey) as adsorbent for 
the removal of Cu(II) ions was investigated. Sewage sludge 
ash (SSA) is the final product from the GASKİ Wastewater 
Sewage Sludge Thermal Drying and Incineration Facility, 
and though an environmental pollutant, no cost is involved. 
In other words, procedures which remove a waste that is 
harmful if discharged to the environment by using a waste 
which is harmful if discharged to the environment gain 
importance as an environmentally friendly technology. This 
study was carried out at the Department of Environmental 
Engineering laboratories of Atatürk University, and it was 
completed at the end of 2019. This study aimed to deter-
mine the effects of pH, initial metal ion and initial adsorbent 
concentration, stirring speed, temperature and particle size 
parameters on adsorption. Kolmogorov–Smirnov normal-
ity test was performed to test the conformity of the data 
obtained as a result of the study to variance analysis, and 
Levene test was performed for homogeneity test. Adsorption 
isotherms, adsorption kinetics and thermodynamic studies 
were also evaluated.

Material and methods

Adsorbent

The adsorbent used in the trials was SSA obtained from 
GASKİ Wastewater Sewage Sludge Thermal Drying and 
Incineration Facility located within Gaziantep provincial 

boundaries. The physical and chemical properties of SSA 
are given in Table 1.

Before experiments, as the pH value of solutions used 
in raw SSA experiments continuously increased, it was 
washed with acid. This process ensured removal of other 
soluble materials from the adsorbent. Firstly, 200 g raw 
SSA was added to 4 L distilled water and mixed as the 
solution pH rose and became fixed. When the pH value 
stabilized, 3 mL  H2SO4 was added. This process cycle 
continued at room temperature until the pH value stabi-
lized around 4. Finally, SSA was washed with distilled 
water and the clean SSA which did not cause a change in 
solution pH values was left to dry at room temperature 
for several days. Later SSA was dried at 80 °C for 48 h 
and powdered with a powerful grinder. At the end of this 
process, adsorbents with particle sizes of < 0.045 mm, 
0.045–0.18  mm, 0.18–0.2  mm and 0.2–0.5  mm were 
obtained using a vibrating sieve. The dose of adsorbent 
varied within the range of 1–5 g  L−1.

Preparation and analysis of Cu(II) ion solutions

Experiments used solutions with concentrations of 10, 20, 
30, 40 and 50 mg  L−1 prepared with the aid of a stock 
Cu(II) solution with 1000 mg  L−1 concentration obtained 
commercially (Merck, Germany). Stock Cu(II) solution 
was prepared from  CuSO4 with analytical purity. The ini-
tial value of this solution was 4.5.  H2SO4 and NaOH were 
used to set initial pH (Merck, Germany). For identification 
of the Cu(II) ion concentrations in solutions, a Shimadzu 
AA 6200 brand model atomic absorption spectrometer was 
used (Shimadzu, Japan).

Table 1  Some physical and chemical properties of SSA

Parameter Unit Value

Calorific value kj  kg−1 < 1647
Humidity % < 3.58
Chlorine  (Cl−) mg  L−1 21.7
Fluorine  (F−) mg  L−1 0.4
Sulfate  (SO4

=) mg  L−1 1858
Dissolved organic carbon mg  L−1 1.2
Total soluble matter mg  L−1 5140
Total organic carbon % 0.5
Specific surface area m2  kg−1 449.9
Dv (10) μm 6.24
Dv (50) μm 45.3
Dv (90) μm 294
Uniformity – 1.787
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Batch adsorption experiments

Batch adsorption experiments were performed with 250-mL 
volume Erlenmeyers by using 100 mL volume containing 
different concentrations of Cu(II). The effects of differ-
ent initial parameters like particle size, pH, stirring speed, 
Cu(II) concentration, adsorbent dosage and temperature 
were investigated. Each experiment was performed with two 
repetitions to check calculations.

In order to ensure the adsorption process reached equilib-
rium and to prevent precipitation of adsorbent, 100 mL solu-
tions were mixed at 100, 200, 300 and 400 rpm for 60 min. 
Samples (1 mL) were taken at definite time internals (10, 
20, 30, 45 and 60 min) for residual Cu(II) ions in solution. 
After experiments, samples were strained with filter paper 
and then atomic adsorption spectrophotometry was used to 
identify the Cu(II) concentration remaining in the medium. 
Removal efficiency, isotherms and other kinetic constants 
were calculated with the aid of the obtained results. In the 
study, which aimed to eliminate Cu(II) from aqueous solu-
tions using purification sludge ash, the experiments were 
carried out according to the factorial trial plan. Kolmogo-
rov–Smirnov normality test was performed using IBM SPSS 
Statistics 20 program to test the conformity of the data 
obtained as a result of the study to variance analysis, and 
it was determined that the data were distributed normally 
(p > 0.05). Levene test was performed for homogeneity test, 
another method to test its suitability for variance analysis; 
it was determined that the data were distributed homogene-
ously (p > 0.05). Additionally, adsorbent properties of adsor-
bents held on filter paper were determined with SEM, FTIR 
and XRD analyses.

SEM, FTIR and XRD analyses

SEM images were obtained using an FEI brand, Nova Nano 
SEM 450, USA device. All samples were glued to the sam-
ple stub and covered with a 10-nm gold–palladium layer. 
FTIR analyses of SSA used a Fourier transform infrared 
spectrometry device in an attempt to characterize the bonds 
between molecules or compounds in the structure and func-
tional groups. A Bruker D8 Discover XRD device was used 
to determine the structural features of SSA before and after 
the experiments.

Results and discussion

In this study, the effects of particulate size, pH, stirring 
speed, initial metal ion concentration, adsorbent dosage 
and temperature were investigated for Cu(II) adsorption on 

the readily available waste material of SSA. The research 
results including kinetic and thermodynamic outcomes are 
listed below.

Effect of particulate size on Cu(II) removal

Batch adsorption studies were completed with four differ-
ent size intervals for SSA of < 0.045 mm, 0.045–0.18 mm, 
0.18–0.2 mm and 0.2–0.5 mm. With natural pH value of the 
adsorbent of 3.5, these studies had initial Cu(II) concentra-
tion fixed at 20 mg  L−1 and initial adsorbent dosage set to 
2 g  L−1. Later experiments were performed at nearly 20 °C 
and 200 rpm, and samples were taken at a variety of inter-
vals during the 60-min contact duration. Data are shown in 
Fig. 1a.

As can be seen from Fig. 1a, when data obtained at the 
end of 60-min experiments are investigated, the adsorption 
efficiency percentage reduced with the increase in parti-
cle size. When particle size is set to < 0.045 mm, removal 
efficiency was 54.89%. When particle size was set to 
0.045–0.18 mm, removal efficiency reduced by 7.41% to 
reach 47.48%, while with particle size from 0.18 to 0.2 mm, 
there was a 10.73% reduction to 44.16% efficiency. As can 
be seen from the result, the factor causing this situation is the 
decrease in surface area. The adsorption efficiency increases 
in direct proportion to the increase in total surface area (Kul 
et al. 2016). Batch adsorption studies in which the effect 
of particle size was examined were performed according 
to factorial trial pattern, and variance analysis determined 
that there was a difference between the groups (p < 0.05). 
As a result of the variance analysis, it was determined that 
the best removal efficiency was obtained at < 0.045 mm. 
Although the removal efficiency of < 0.045 mm was higher 
than 0.045–0.18 mm, the next studies were continued with a 
particle size of 0.045–0.18 mm since it would be difficult to 
separate adsorbents with a particle diameter of < 0.045 mm 
from water.

Effect of initial pH on Cu(II) removal

Studies planned for adsorption of Cu(II) ions with SSA 
waste material had initial pH values set to 1, 2, 3, 3.5, 4, 5 
and 5.5. The initial Cu(II) concentration and adsorbent dos-
age values were 20 mg  L−1 and 2 g  L−1, respectively, and 
adsorbent with diameter from 0.045 to 0.18 mm was used in 
experiments completed at 20 °C. Experiments over 60 min at 
200 rpm stirring speed had samples taken at specific times, 
and the Cu(II) values are shown in Fig. 1b.

When Fig. 1b is investigated, the Cu(II) removal effi-
ciency occurred at very low rates like 0.89% and 3.31% 
when the pH value was set to 1 and 2, respectively. When 
the pH value rose to 5, there was a directly proportional 
increase in removal efficiency and this value was 57.39% at 
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pH 5. When the pH value is set to 5.5, the removal efficiency 
displayed a very slight reduction and removal efficiency was 
52.57%. Due to the interaction between heavy metal hydrol-
ysis, redox reactions and precipitation, changes in solution 
pH may affect adsorption (Dundar et al. 2008; Miretzky and 
Cirelli 2010). When the results are investigated, initial pH 
value appears to be one of the main factors affecting the 
adsorption process. The increase in adsorption capacities 
with an increase in pH can be explained by availability of 
negatively charged groups at the adsorbent surface which is 
necessary for the sorption of Cu(II) ions to proceed. At low 
pH values, Cu(II) ion removal is decreased. Surface charge 
becomes positive and adsorption is retarded due to competi-
tion between Cu(II) ions and  H+ ions for the same sites (Kul 
et al. 2016). The highest value of removal efficiency was 
found as 57.39% at pH 5. In addition, in the experiments 
where pH changes were examined, the adsorption capacity 
value was calculated as 6.139 mg  g−1. It was decided that 
the pH value should be adjusted to 5 in the experiments 
where the effect of stirring speed will be examined, since 
the removal efficiency and the adsorption capacity are 
higher than the other pH values. In addition, as a result of 

variance analysis according to factorial trial pattern, it was 
determined that there was a difference between the groups 
(p < 0.05), and as a result of the variance analysis, it was 
determined statistically that there was the best yield at pH 5.

Effect of stirring speed on Cu(II) removal

The stirrer used for batch adsorption studies was set to 100, 
200, 300 and 400 rpm to investigate the effect of four dif-
ferent stirring speeds. Experiments using adsorbent with 
diameter 0.045–0.18 mm had pH value 5, initial Cu(II) con-
centration 20 mg  L−1 and initial adsorbent dosage of 2 g 
 L−1. Experiments were performed with four different stirring 
speeds at nearly 20 °C, and samples were taken at a variety 
of intervals during the 60-min contact duration. Data are 
shown in Fig. 1c.

When Fig. 1c is investigated, the Cu(II) removal was 
48.1% when stirring speed was set to 100  rpm, while 
removal efficiency was 49.66% when the stirring speed 
increased to 200  rpm. When the stirring speed reached 
300 rpm, the Cu(II) removal was maximized and occurred at 
57.69% efficiency. Until this point, the removal efficiencies 

Fig. 1  Effect of variation 
in initial parameters on the 
adsorption process. a Effect of 
particulate size (pH: 3.5, stir-
ring speed: 200 rpm, Co: 20 mg 
 L−1, m: 2 g  L−1, T: 20 °C), 
b effect of pH (particle size: 
0.045–0.18 mm, stirring speed: 
200 rpm, Co: 20 mg  L−1, m: 2 g 
 L−1, T: 20 °C), c effect of stir-
ring speed (particle size: 0.045–
0.18 mm, pH: 5, Co: 20 mg  L−1, 
m: 2 g  L−1, T: 20 °C), d effect 
of initial ion concentration 
(particle size: 0.045–0.18 mm, 
pH: 5, stirring speed: 300 rpm, 
m: 2 g  L−1, T: 20 °C), e effect 
of adsorbent dosage (particle 
size: 0.045–0.18 mm, pH: 5, 
stirring speed: 300 rpm, Co: 
20 mg  L−1, T: 20 °C), f effect 
of temperature (particle size: 
0.045–18 mm, pH: 5, stirring 
speed: 300 rpm, Co: 20 mg  L−1, 
m: 2 g  L−1)

(a)

(c)

(e) (f)

(d)

(b)
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of the adsorption process increased in direct proportion to 
the speed, but when the stirring speed was set to 400 rpm, 
the removal efficiency fell to 51.16%. Generally, as the stir-
ring speed increased, contact between Cu(II) and the adsor-
bent surface was easier so the adsorption capacity increased. 
However, above a certain stirring speed, the Cu(II) ions were 
prevented from attaching to the adsorbent surface and this 
caused a reduction in removal efficiency. In other words, 
pore diffusion increases due to the reduction in fluid film dif-
fusion with increasing stirring speed and increased centrifu-
gal force (Nuhoğlu et al. 2021). In the experiments where 
the effect of stirring speed was examined, the adsorption 
capacities at 100 rpm, 200 rpm, 300 rpm and 400 rpm stir-
ring speeds were calculated as 4.82 mg  g−1, 4.82 mg  g−1, 
5.94 mg  g−1 and 5.00 mg  g−1, respectively. The stirring 
speed was decided to be 300 rpm in the next studies, due 
to the fact that adsorption capacities and Cu(II) removal 
efficiencies were at the highest level. Moreover, the batch 
adsorption studies in which the effect of the stirring speed 
was examined were based on the factorial trial pattern and 
variance analysis determined that there was a difference 
between the groups (p < 0.05). As a result of the variance 
analysis, it was statistically determined that the best yield 
occurred at a mixing rate of 300 rpm.

Effect of initial Cu(II) concentration 
on the adsorption process

In studies to investigate initial Cu(II) concentrations, 
the Cu(II) concentrations were set to 10, 20, 30, 40 and 
50 mg  L−1. Particulate size and initial pH values were 
0.045–0.18 mm and 5, with studies completed using 300 rpm 
stirring speed, at nearly 20 °C temperature and by adding 2 g 
 L−1 adsorbent to the medium. Results are shown in Fig. 1d.

When Fig. 1d is investigated in detail, when the initial 
Cu(II) concentration is set to 10 mg  L−1 the removal effi-
ciency was 78.73%, while increasing the initial Cu(II) con-
centration to 20 increased efficiency to 57.69%; at 30 mg 
 L−1 it was 49.59%; and at 40 mg  L−1 it was 35.67%. When 
the final initial Cu(II) concentration rose to 50 mg  L−1, the 
removal efficiency fell to 30.33%. Though it appears that 
as the initial Cu(II) concentration increases the removal 
efficiencies fall, the concentration of Cu(II) held per unit 
adsorbent was 3.92, 5.94, 8.21, 7.29 and 7.82 mg  g−1 with 
initial concentrations of 10, 20, 30, 40 and 50 mg  L−1, 
respectively. When the results of these calculated data 
are assessed, as initial Cu(II) concentration increases, 
the Cu(II) concentration held on the adsorbent surface 
increases to a point and remains fixed after the binding 
sites on the adsorbent surface are saturated (Kul et al. 
2016). Removal efficiencies for the initial concentration 
of 10 mg  L−1 and 20 mg  L−1 were 78.73% and 57.69%, 
respectively. As a result of variance analysis according to 

factorial trial pattern, it was determined that there was a 
difference between the groups (p < 0.05), and as a result 
of the variance analysis, it was statistically determined 
that the best yield was in the concentration of 10 mg  L−1. 
Although the removal efficiency appears to be high at the 
initial concentration of 10 mg  L−1, the adsorption capacity 
was 3.92 mg  g−1 for 10 mg  L−1, while it was 5.94 mg  g−1 
for 20 mg  L−1. Therefore, the initial Cu(II) ion concentra-
tion was decided to be 20 mg  L−1.

Effect of adsorbent dosage on the adsorption 
process

In experiments to investigate the effect of adsorbent dos-
age on the adsorption process, the adsorbent dosages were 
determined as 1, 2, 3, 4 and 5 g  L−1. The particle size was 
set to 0.045–0.18 mm with initial Cu(II) concentration of 
20 mg  L−1, and studies were completed at pH 5, stirring 
speed 300 rpm and temperature 20 °C. Results are shown 
in Fig. 1e.

When Fig. 1e is investigated, removal efficiency was 
calculated as 27.23% when initial adsorbent dosage was 
set to 1 g  L−1, while removal efficiencies were 57.69%, 
73.34% and 77.07% for adsorbent dosages of 2, 3 and 
4 g  L−1. At the final adsorbent dosage of 5 g  L−1, the 
removal efficiency reached maximum value compared to 
other studied adsorbent dosages and was calculated as 
83.63%. The increase in adsorption removal efficiency as 
adsorbent dosage increased is thought to be due to the 
increase in adsorbent surface and pore volume available 
for the adsorption process (Dundar et al. 2008; Malkoc and 
Nuhoglu 2010). In the studies where the effect of adsor-
bent dosage was examined, the removal efficiencies and 
adsorption capacities were calculated as 83.63%, 77.07%, 
73.34% and 7.23 mg  g−1, 7.88 mg  g−1, 7.46 mg  g−1 at 5 g 
 L−1, 4 g  L−1 and 3 g  L−1, respectively. As a result of vari-
ance analysis according to factorial trial pattern, it was 
determined that there was a difference between the groups 
(p < 0.05), and as a result of the variance analysis, it was 
statistically determined that the best removal efficiency 
was 5 g  L−1 dosage. However, the studies carried out in 
the next process where we examined the effect of different 
temperatures could not be carried out at adsorbent dos-
ages of 5 g  L−1, 4 g  L−1 and 3 g  L−1. Because in these 
adsorbent dosages where the yields are high,  Cu2+ removal 
efficiencies have reached to 100% at high temperatures, 
and in this case, the values obtained in temperature studies 
cannot be used to calculate the thermodynamic constants. 
The SSA adsorption capacity at 2 g  L−1 was calculated as 
5.94 mg  g−1, so the decision was made to use adsorbent 
dosages of 2 g  L−1 for temperature experiments.
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Effect of temperature on adsorption process

Experiments investigating the effect of temperature on the 
adsorption of Cu(II) ions using SSA were completed with 
particulate diameter 0.045–0.18 mm, at 300 rpm stirring 
speed and pH 5. Effects of different temperatures of 20, 30, 
40 and 50 °C were investigated in studies with initial Cu(II) 
concentration and adsorbent dosage set to 20 mg  L−1 and 2 g 
 L−1. Data are shown in detail in Fig. 1f.

When Fig. 1f is investigated, the removal efficiency for 
Cu(II) at 20 °C was 57.69%, with removal efficiency ris-
ing by 4.17% to reach 61.86% at 30 °C. When temperature 
was increased to 40 °C, Cu(II) removal efficiency reached 
67.29%, and finally at 50 °C, 72.55% Cu(II) removal effi-
ciency was obtained. In addition to the removal efficiency, 
the adsorption capacity was also calculated as 7.53 mg  g−1 
at 50 °C which they were the highest values and accepted as 
optimum value. Moreover, as a result of variance analysis 
according to factorial trial pattern, it was determined that 
there was a difference between the groups (p < 0.05), and 
as a result of the variance analysis, it was statistically deter-
mined that the best yield was at 50 °C. As can be clearly 
seen in Fig. 1f, the temperature parameter appears to be one 
of the most effective parameter on the adsorption of Cu(II) 
ions on SSA and removal efficiencies were increased with 
increasing temperatures (Malkoc and Nuhoglu 2010).

From the graphs given in Fig. 1, the effects of different 
parameters on adsorption of Cu(II) ions using sewage sludge 
ash (SSA) obtained from a wastewater sewage sludge ther-
mal drying and incineration facility can be clearly observed. 
Adsorption equilibrium was reached in 10 min. The calculated 
maximum Cu(II) adsorption of 83.63% occurred at 20 °C, pH 
5 and 300 rpm stirring speed, with initial Cu(II) ion concen-
tration and adsorbent dosage values set to 20 mg  L−1 and 5 g 
 L−1. Additionally, the maximum adsorption efficiency was 

calculated as 7.53 mg  g−1 when particulate size, pH, stirring 
speed, initial Cu(II) ion concentration, adsorbent dosage and 
temperature were set to 0.045–0.18 mm, 5, 300 rpm, 20 mg 
 L−1, 2 g  L−1 and 50 °C, respectively. Removal of Cu(II) ions 
with adsorbents in similar studies in the literature is given in 
Table 2.

Adsorption isotherm models

Adsorption capacity is determined with equilibrium adsorption 
isotherms defined by constants based on factors like the sur-
face properties and affinity of the adsorbents. Using the experi-
mental data obtained in our study, the four leading adsorption 
isotherm models of Langmuir, Freundlich, Dubinin–Radush-
kevich and Temkin were used and the results are shown in 
Fig. 2 and Table 3.

The simplest theoretical models for adsorption are the 
Langmuir, Freundlich, Dubinin–Radushkevich and Temkin 
models represented with Eqs. (1)–(4), respectively. When 
Fig. 2 and Table 3 are investigated in detail, the best fit 
among the four models was for the Langmuir isotherm with 
R2 = 0.9582 compared to the other models.

(1)
1
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=

(

1

a ⋅ KL

)

⋅

(

1

Ce

)

+

(

1

a

)
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⋅ logCe
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�

1
√

2 ⋅ BD−R

�
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�

1 +
1

Ce

�

Table 2  Similar studies related 
to removal of Cu(II) ions with 
adsorbents

Adsorbent qm (mg  g−1) pH References

Chitosan beads 64.62 4.5 Ngah and Fatinathan (2008)
Chitosan–GLA 1:1 ratio beads 31.20
Chitosan–GLA 2:1 ratio beads 19.51
Chitosan–alginate beads 67.66
Cotton ball 11.40 5.0 Ozsoy and Kumbur (2006)
Dead fungal biomass (P. pulmonarius) 6.20 4.0 Veit et al. (2005)
Dead fungal biomass (S. commune) 1.52
Sawdust 1.79 7.0 Yu et al. (2000)
Bagasse fly ash 2.26 4.0 Gupta and Ali (2000)
Peanut hulls 2.95 5.0 Ozsoy et al. (2007)
Wheat shell 8.34 5.0 Basci et al. (2004)
Tree fern 10.6 < 6.0 Ho et al. (2002)
Sphagnum moss peat 12.4 5.0 Ho and McKay (2000)
Sewage sludge ash (SSA) 7.53 5.0 This study
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Here, qe is amount of adsorbate in the adsorbent at equilib-
rium (mg  g−1), Ce is adsorbate equilibrium concentration 
(mg  L−1), KL is a constant related to net enthalpy of adsorp-
tion, a is the amount of adsorbed matter per unit weight of 
adsorbent forming a single layer on the surface (mg  g−1), 
RL is related to the type of isotherms, KF is the Freundlich 
adsorption constant (mg  g−1), n is the Freundlich adsorp-
tion constant (L  mg−1), qs is theoretical isotherm saturation 
capacity (mg  g−1), KD–R is Dubinin–Radushkevich isotherm 
constant  (mol2  kJ2), ℇ is Dubinin–Radushkevich isotherm 
constant, E is per molecule of adsorbate, BDR is denoted 
as the isotherm constant, R represents the gas constant 
(8.314 J  mol−1  K−1), KT is the Temkin isotherm equilibrium 
binding constant (L  g−1), bT is the Temkin constant related 

(4)qe =
R ⋅ T

bT
⋅ lnKT +

R ⋅ T

bT
⋅ lnKe; B =

R ⋅ T

bT

to the heat of adsorption (J  mol−1), and T is the temperature 
(K).

The Langmuir isotherm assumes that adsorption occurs 
on a homogeneous surface and the number of active sites 
on the adsorbent is constant. According to the Langmuir 
isotherm, adsorption forms a single layer and maximum 
adsorption is adsorption at the moment when molecules 
bound to the adsorbent surface saturate the layer. The RL 
values examine the types of isotherm: irreversible isotherm 
(RL = 0), favorable isotherm (0 < RL < 1), linear isotherm 
(RL = 1) and unfavorable isotherm (RL > 1) (Ucun 2011; 
Shafiee et al. 2020). The RL values were found to be 0.1923, 
0.1064, 0.0794, 0.0562 and 0.0455 when initial Cu(II) con-
centrations were 10, 20, 30, 40 and 50, respectively. All the 
RL values obtained using Eq. (1) for Cu(II) adsorption were 
in the range of 0 to 1, and this shows that adsorption of 
Cu(II) onto the SSA is favorable.

Furthermore, the E (kJ  mol−1) value from the 
Dubinin–Radushkevich isotherm model is used to estimate 
the type of chemical or physical sorption process. If 1 < E (kJ 
 mol−1) < 8, physical sorption becomes the dominant mecha-
nism, and if 8 < E (kJ  mol−1) < 16, the sorption reaction can 
be explained by a chemical sorption mechanism (Balarak 
et al. 2017).

Adsorption kinetics for Cu(II) ions

In light of data obtained from experiments completed at 
different temperatures, the pseudo-first-order and pseudo-
second-order kinetic models given in Eqs. (5), and (6) were 
used for adsorption of Cu(II) ions by SSA. Data obtained 
using these equations are given in Fig. 3 and Table 4.

Fig. 2  Adsorption isotherm 
models (particle size: 0.045–
18 mm, pH: 5, stirring speed: 
300 rpm, m: 2 g  L−1, T: 20 °C). 
a Langmuir adsorption isotherm 
for Cu(II) by SSA, b Freundlich 
adsorption isotherm for Cu(II) 
by SSA, c Dubinin–Radush-
kevich adsorption isotherm 
for Cu(II) by SSA, d Temkin 
adsorption isotherm for Cu(II) 
by SSA
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Table 3  Isotherm constants (particle size: 0.045–18 mm, pH: 5, stir-
ring speed: 300 rpm, m: 2 g  L−1, T: 20 °C)

Isotherm constants Values Isotherm constant Values

Langmuir isotherm Freundlich isotherm
a (mg  g−1) 8.2645 n (L  mg−1) 3.9339
KL (L  mg−1) 0.42 KF (mg  g−1) 3.3853
R2 0.9582 R2 0.8888
Dubinin–Radushkevich isotherm Temkin isotherm
qs (mg  g−1) 14.4949 B (j  mol−1) 1.4449
KD–R  (mol2  Kj2) 0.1029 KT (L  g−1) 7.9758
E (kJ  mol−1) 2.2043 R2 0.8616
R2 0.9084



3802 International Journal of Environmental Science and Technology (2021) 18:3795–3806

1 3

Here, qt is amount of adsorbate in the adsorbent at time t (mg 
 g−1), k1 is the rate constant of pseudo-first-order (mg  L−1), k2 
is the rate constant of pseudo-second-order (g  mg−1  min−1) 
and t is time.

The fit for the Cu(II) ion adsorption reaction on SSA to 
pseudo-first-order and pseudo-second-order kinetic equa-
tions is acceptable when values at or close to 1 are obtained 
from the R2 values for the ln (qe − qt) against t graph and 
the t/qt against t graph, respectively. Based on the results 
in Fig. 3 and Table 4, the adsorption of Cu(II) ions on SSA 
complies with the pseudo-second-order kinetic model. The 
qe value calculated in the pseudo-second-order kinetic model 

(5)ln
(

qe − qt
)

= lnqe − k1 ⋅ t

(6)
t

qt
=

1

k2q
2
e

+
t

qe

was found to be very close to the value obtained from experi-
mental data.

Additionally, activation energy (Ea) defines the amount 
of energy required for a chemical reaction to occur. It can be 
defined as the amount of energy ensuring all molecules on 
a molar substrate are in transition and chemical adsorption 
occurs when the adsorption energy is 20–100 kcal  mol−1. 
Data obtained in experiments are shown in Fig. 4a, with 
activation energy calculated using Eq. (7).

The physisorption process normally has activation energy 
of 5–40 kJ  mol−1, while chemisorption has higher activation 
energy (40–800 kJ  mol−1) (Nollet et al. 2003; Wu 2007). 
With the values in Fig. 4a and with the aid of Eq. (7), the Ea 
value was calculated as 33.77 kcal  mol−1 and the adsorption 
process can be said to occur chemically.

(7)lnk2 = lnA −
Ea

R ⋅ T

Fig. 3  Regression of kinetic 
plots at different tempera-
ture for adsorption of Cu(II) 
ions with SSA (particle size: 
0.045–18 mm, pH: 5, stirring 
speed: 300 rpm, Co: 20 mg  L−1, 
m: 2 g  L−1). a Pseudo-first-order 
model, b pseudo-second-order 
model

y = -0.0476x + 1.1415; R² = 0.9889 (293 K)
y = -0.0428x + 0.7767; R² = 0.9961 (303 K)
y = -0.0309x + 0.2776; R² = 0.9977 (313 K)
y = -0.0556x + 0.3684; R² = 0.9824 (323 K)
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Table 4  Kinetic parameters 
for adsorption of Cu(II) ions 
with SSA (particle size: 
0.045–18 mm, pH: 5, stirring 
speed: 300 rpm, Co: 20 mg  L−1, 
m: 2 g  L−1)

T (K) qe,exp
(mg  g−1)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1
(min−1)

qe,cal
(mg  g−1)

R2 k2
(g  mg−1  min−1)

qe,cal
(mg  g−1)

R2

293 5.9385 0.0476 3.1315 0.9889 0.1503 1.7313 0.9985
303 6.4095 0.0428 2.1743 0.9961 0.1462 2.9895 0.9985
313 6.394 0.0309 1.3200 0.9977 0.1503 4.1771 0.9983
323 7.526 0.0556 1.4454 0.9824 0.1293 8.5985 0.9987

Fig. 4  Regressions for thermo-
dynamic parameters (particle 
size: 0.045–18 mm, pH: 5, stir-
ring speed: 300 rpm, Co: 20 mg 
 L−1, m: 2 g  L−1). a Arrhenius 
plot for adsorption of Cu(II) 
ions with SSA, b van’t Hoff plot 
for adsorption of Cu(II) ions 
with SSA y = -4061.5x + 10.631
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Thermodynamic parameters

The enthalpy (ΔH°) and entropy (ΔS°) values are found by 
drawing the ln Kc against 1/T graph, and results are shown 
in Fig. 4b. Here, Gibbs free energy (ΔG°) values were found 
for every temperature with the aid of Eq. (8), while ΔH° 
and ΔS° values are calculated from the slope of the graph 

− ΔH°/R expressed in Eq. (9) and the intersection point of 
ΔS°/R. The results are given in Table 5.

where Kc is the equilibrium constant of adsorption.

Adsorption mechanism determined with SEM, FTIR 
and XRD analyses

The surface features of SSA before and after experiments 
were investigated using an SEM device, and the SEM micro-
photographs are shown in Fig. 5. When Fig. 5 is investi-
gated, the surface morphology of SSA was different before 

(8)ΔG0
= −R ⋅ T ⋅ lnKc

(9)lnKc =
ΔS0

R
−

ΔH0

R ⋅ T

Table 5  Thermodynamic parameters (particle size: 0.045–18  mm, 
pH: 5, stirring speed: 300 rpm, Co: 20 mg  L−1, m: 2 g  L−1)

T (K) ΔG° (kJ  mol−1) ΔH° (kJ  mol−1) ΔS° (kJ  mol−1  K−1)

298 − 0.6325 18.5311 0.0652
308 − 1.0719
318 − 2.0724
333 − 2.4727

Fig. 5  SEM photomicrographs and XRD patterns of SSA. a SEM photomicrographs before adsorption, b SEM photomicrographs after adsorp-
tion, c XRD patterns before adsorption, d XRD patterns after adsorption
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and after experiments. After the experiment, the surface of 
SSA was more irregular compared to before the experiments 
and Cu(II) can be seen chemically bound and/or physically 
adhered to the SSA surface (Feng et al. 2009).

FTIR analyses of SSA used a Fourier transform infrared 
spectrometry device in an attempt to characterize the bonds 
between molecules or compounds in the structure and func-
tional groups. Data are given in Fig. 6 and Table 6.

When Table  6 is investigated, adsorption bands at 
672  cm−1, 873  cm−1, 1099  cm−1, 1403  cm−1 and 1618  cm−1 

belonging to Si–O, Si–O–Si, O–C–O and O–H bonds are 
observed with high intensity. Additionally, bands at 586, 
571 and 1021 cm participate weakly in the reaction and 
affect adsorption. The adsorption equilibrium was reached 
in a short duration of 10 min which is accepted as another 
marker that the very intense bands participated strongly in 
adsorption.

A Bruker D8 Discover XRD device was used to deter-
mine the structural features of SSA before and after the 
experiments and the data are shown in Fig. 5c, d. When 

Fig. 6  FTIR spectra for SSA 
a before adsorption, b after 
adsorption

Table 6  FTIR spectral 
characteristics of SSA

IR peak Assignments

Before adsorption After adsorption Differences Functional groups

1 593 586 − 7 Fe–O bonds
2 609 571 − 38 Fe–O bonds
3 672 Disappear Disappear Si–O–Si bonds
4 873 Disappear Disappear Si–O or Si–O–Si bonds
5 1021 1028 + 7 Si–O or Si–O–Si bonds
6 1099 Disappear Disappear Si–O or Si–O–Si bonds
7 1403 Disappear Disappear O–C–O bonds
8 Disappear 1618 Disappear O–H bonds
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Fig. 5c, d is investigated, though there is copper present 
in SSA before experiments, copper was adsorbed after the 
experiments. The Ca(SO4) compound observed in Fig. 5c is 
relatively reduced in Fig. 5d with  Cu15(OH)22(SO4)4(H2O)6 
identified on SSA after the experiments. This situation con-
firms the Ea value calculated with the aid of Eq. (7).

Conclusion

This research aimed to achieve heavy metal adsorption 
from wastewater using SSA, a pollutant material which is 
abundant, very cheap and has high metal-binding capac-
ity. The adsorbent used in experiments was SSA obtained 
from GASKİ Wastewater Sewage Sludge Thermal Drying 
and Incinerator Facility located in Gaziantep. SSA was con-
cluded to be environmentally friendly and economic for the 
removal of Cu(II) ions. The following results were obtained 
in the study.

• Adsorption equilibrium was reached in almost 10 min.
• The effects of particulate size, pH, stirring speed, ini-

tial ion concentration, adsorbent dosage and tempera-
ture were investigated in order. Experiments completed 
under optimum conditions had Cu(II) removal efficiency 
of 83.63%.

• Calculations were performed using the Langmuir, Freun-
dlich, Dubinin–Radushkevich and Temkin isotherm mod-
els, and the isotherm model with best fit was determined 
to be the Langmuir model.

• Adsorption kinetics abided by the pseudo-second-order 
model.

• Based on kinetic studies, the adsorption process was 
endothermic with maximum adsorption capacity of 
7.53 mg  g−1.

• The results of thermodynamic research showed the 
adsorption reaction was spontaneous (ΔG° < 0), endo-
thermic (ΔH° > 0) and reversible (ΔS° > 0 and close to 
zero).

SSA has great potential as a material produced at the end 
of a mandatory process; in other words, it is a heavy metal 
adsorbent without cost. In addition to being a cheap, effec-
tive and abundant potential adsorbent to treat wastewater 
containing Cu(II), regeneration is not required as it is waste.
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