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Abstract
Intended for human consumption water resources are rapidly decreased due to overuse, global warming and also polluting 
by pollutants. Metal concentrations are generally removed by precipitation, adsorption, biosorption and some chemical reac-
tions in the receiving water media. Therefore, polluted waters by metals are caused to rarely toxic effects in living things in 
high concentrations. Metal polluted waters are generally caused to esthetic and cosmetic effects. Adsorption is one of the 
commonly used methods for metal removal. In recent years, researches about natural low cost adsorbents are increased. Fac-
tors such as modification and electricity costs increase the cost of adsorbent. In this study, dry acorn caps of Quercus robur 
were used as non-modify natural adsorbent. The batch experiments were carried out to removal of copper in water that has 
initial low concentration by prepared natural adsorbent. It was performed equilibrium, kinetics, thermodynamic studies and 
moreover adsorbent characterization studies with using SEM + EDX and XRD methods. It was found the removal efficiency 
was 84%, and adsorption capacity was 0.336 mg/g. This paper is aimed to expressing the affecting factors of adsorption 
mechanism at the removal of copper in water. This paper is expressing the affecting factors of a non-modify natural adsor-
bent’s adsorption mechanism at the removal of copper in water which has initial low concentration. As a consequence, it 
has been seen that acorn caps of Quercus robur due to contained tannins highly effects adsorption mechanism, and it may 
be used of copper removal.

Keywords Adsorption mechanism · Copper · Low cost adsorbents · Low initial concentration · Tannins effect · Water 
pollution · Quercus robur

Introduction

Water resources have been polluted by various polluting fac-
tors and water pollution occurs. While Verma et al. (2013) 
describe water pollution as contamination in liquid-contain-
ing areas, Weiner (2008) defined it as the presence of ben-
eficial or harmful substances different from water  (H2O) in a 

water sample. According to him, impurities are divided into 
three classes: esthetically hazardous and harmful impurities, 
impurities that are not considered as harmful and potential 
health risks that have not been evaluated yet. He states that 
six characteristics are very important in estimating the envi-
ronmental impact of a pollutant. These are: water solubility, 
volatility, density, chemical reactivity, biodegradability and 
the ability to hold solids.

Rapid population growth and intensive industrializa-
tion have increased the use pressure on water resources, 
and water resources have started to be polluted rapidly with 
various pollutants, such as metals that can reach from sur-
face waters to groundwater. Along with the hydrological 
cycle, metals can reach from surface waters to groundwater. 
Domestic, agricultural and industrial wastewaters that reach 
aquatic areas by the insufficient treatment or non-treatment 
cause metal pollution and contaminate drinking and utility 
water resources as well as access to groundwater.
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Copper is one of the common metals, hence intensive 
used at wide variety industry, such as electric-electronic, 
transportation, chemical, paint, food, fertilizers, pesticide, 
etc. Copper pollution in waters generally consists of waste-
water from mining and industrial activities or geological 
structure. Dursun et al. (2011) emphasized that copper is 
frequently found in surface waters because it is a metal that 
can be found everywhere in the environment. Copper in sur-
face waters can be complexed with dissolved organic sub-
stances, adsorbed and precipitated with sediments and other 
colloidal materials and even biosorbed by aquatic organisms. 
Therefore, toxic effects of copper are less common in sur-
face waters than in groundwater. Aquatic flora and fauna in 
fresh waters are more sensitive to the toxic effects of cop-
per and as the pH drops, copper toxicity increases (Zeybek 
2019). In fact, copper is an essential nutrient for all living 
things, including humans, however high doses can cause 
liver and kidney damage (Chakravarty et al. 2008; Gautam 
et al. 2015), as well as effect on neurodegenerative diseases 
such as Alzheimer’s and Parkinson’s (Bondy et al. 2018). 
Brewer (2012) believes that Alzheimer’s disease is sourced 
by inorganic copper ingested from the drinking waters. Limit 
values in drinking water for copper are 2 mg/L (WHO 2011), 
1.3 mg/L for primary standards (USEPA 1998) and 1 mg/L 
for secondary standards (USEPA 2017). Legal regulations 
and recommendations in waters for copper are described 
in detail in the previous study (Zeybek et al. 2019). Mov-
ing from the fact that water is a scarce resource it is very 
important that the water used, as well as the effective use 
of water, become reusable. Therefore, effective treatment 
methods should be used to minimize pollutants.

There are several treatment methods used for the removal 
of copper in water. Oguz (2015) suggested the combined use 
of methods coagulation, flocculation, filtration (up to 2 mg 
Cu/L) and the lime softening, ion exchange (IE), reverse 
osmosis (RO) methods (up to 10 mg Cu/L) for the treatment 
of copper in drinking waters for Turkey. Regarding copper 
removal techniques in industrial wastewater; Al-Saydeh 
et al. (2017) stated that adsorption, cementation, membrane 
filtration (ultrafiltration (UF)), nano-filtration (NF and RO), 
electrochemical methods (electrocoagulation (EC), electro-
dialysis (ED)) and photocatalysis methods are used. These 
methods have been examined by many researchers using 
various materials. These: Reduction-coagulation using 
micro aluminum composites (Bojic et al. 2009); EC using 
aluminum electrodes (Heidmann et al. 2008), iron electrodes 
(Al-Shannag et al. 2015); ED using polymer ion exchange 
membrane (Caprarescu et al. 2014); Photocatalysis using 
Fenton reactive (Argun et al. 2009; Azhdarpoor et al. 2015). 
However, it has been stated that the application of these 
methods, except for adsorption, will be expensive and inef-
ficient when the metal concentration is below 100 ppm, and 
a large amount of waste is generated, therefore adsorption 

will be advantageous at low concentrations of metals (Acar 
et al. 2006; Kumari et al. 2015; Celebi et al. 2017a).

Adsorption is a progressed treatment method with using 
a material that is called adsorbent or sorbent, which permits 
the decontamination of miscellaneous pollutants at much 
lower cost than other strategies. Regarding the classification 
of adsorbents; approach differences exist due to reasons such 
as the study areas of different scientific disciplines, the way 
adsorbent is obtained, the structure of the adsorbent, the 
purpose of the adsorbent and the cost. In its most general 
sense, an adsorbent should be separated based on whether 
it is natural or synthetic (Zeybek 2019;). Known commer-
cial adsorbents such as activated carbon, zeolite, silica gel 
and ion exchange resins, also called engineering adsorbents 
(Worch 2012) or conventional adsorbents (Crini et al. 2019), 
have long been used for metal removal (Ozcan et al. 2018). 
However, due to the costs, regeneration and waste problems 
of commercial adsorbents, researches on cheap cost natural 
adsorbents have become necessity and increased in recent 
years. Natural adsorbents are consist of natural materials, 
bio-sorbents, agricultural, forestry and industrial products 
and their by-products and wastes and called with various 
names, such as low cost adsorbents (LCAs) (Worch 2012; 
Iakovleva et al. 2013; De Gisi et al. 2016; Acar et al. 2006; 
Kumari et al. 2015; Celebi 2020a), non-conventional adsor-
bents ( Khan et al. 2008; Crini et al. 2019), green adsorbents 
(Kyzas et al. 2014) and new adsorbents (Krstić et al. 2018). 
It has been reported many more studies related to copper 
removal studies with natural adsorbents. Examples from 
some studies as it can be given that high quality limestone 
(Aziz et al. 2008), natural zeolites (Dursun et al. 2011), acid-
activated clays (Bhattacharyya et al. 2011), Escherichia coli 
(Ravikumar et al. 2011), watermelon seed hulls (Akkaya 
et al. 2013), waste biomass adsorbents (Bilal et al. 2013), 
combine tea wastes and dolomite mix (Albadarin et  al. 
2014), modified tangerine peel (Abdić et al. 2018), agricul-
tural solid wastes (Afroze et al. 2018).

There are also removal studies that have been car-
ried out copper, other metals and pollutants focused on 
Quercus robur and other Quercus species, such as total Cr 
and Cr(VI) removal with Quercus robur acorn peel (Kup-
pusamy et al. 2016), cationic dye removal with Quercus 
robur acorn peel (Kuppusamy et al. 2017), Zn(II), Cu and 
Al (III) removal with Quercus robur acorn cap (Zeybek 
2019), copper removal with Quercus robur acorn cap 
(Zeybek et al. 2019), Cu, Ni and Cr removal with Quercus 
coccifera sawdust (Argun et al. 2007), dyes and Cr (VI) 
removal with Quercus alegilops valonea and Pinus pinea 
cone pulp mix (Berraksu et al. 2012), Cr(VI) and total 
chromium removal by acorn shell of Quercus crassipes 
Humb. & Bonpl (Aranda-García et al. 2014). In the men-
tioned studies, the adsorption mechanism is realized with 
hydroxylic, carboxylic and phenolic compounds such as 
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tannins in the structure of the materials used as adsorbents. 
There are also studies using polyhydroxy phenols and thus 
reducing the properties of tannins, such as Cu (II) removal 
with valonia tannin resin (Şengil et al. 2009), Au (III) 
ions reducing with hydroxyphenol derivatives (Lee et al. 
2011), aluminum and lead removal with chitosan-tannic 
acid modified biopolymers (Badawi et al. 2017).

Considering the literature data, the number of studies 
carried out at low initial concentration is extremely low in 
the copper removal from water by adsorption. However, 
copper is present in lower concentrations in water sources 
due to chemical precipitation and adsorption. Therefore, 
it must be carried out to comply with the concentration 
values in legal regulations. Another important issue is 
that it is still known as low cost adsorbent although it is 
known that the cost of adsorbent increases by modifying 
natural adsorbents in various ways. On the other hand, the 
relationship between adsorbent and cost after the use of 
modified adsorbents has not been studied in many studies. 
Kyzas et al. (2014) suggested that the cost of modification 
should also be taken into account in the techno-economic 
analysis of adsorbents and reported that it is better to make 
green adsorbents used for adsorption only with adsorbents 
obtained by washing agricultural waste instead of acti-
vated carbon obtained from agricultural waste. Gautam 
et al. (2015) explained the reason for the modification of 
biosorbent materials as providing mechanical strength and 
resistance to chemical and microbiological degradation 
and increasing the biosorption selectivity for target met-
als. However, it has been reported in some studies that the 
unmodified adsorbent has a higher ( Kehinde et al. 2009; 
Ashwini et al. 2018) or closer (Yahaya et al. 2016) adsorp-
tion capacity than the modified adsorbent. Therefore, the 
main point of this study is to examine the removal of cop-
per at low initial concentrations with unmodified natural 
adsorbent.

In the previous study (Zeybek et al. 2019), the parameters 
affecting the adsorption (pH, initial metal concentration, 
temperature, contact time, adsorbent dose, shaking speed 
and adsorbent size) on the copper removal with the acorn 
cap adsorbent that obtained Quercus robur were examined, 
and the adsorbent was characterized by SEM + EDX (Scan-
ning Electron Microscopy and Energy Dispersive X-ray 
Spectroscopy) and XRD (X-ray Diffraction) analysis. And, it 
has been determined that the non-modified acorn cap adsor-
bent can be used as low cost adsorbent in copper removal at 
low concentrations.

In this study, it was aimed to investigate the effect of 
tannins on adsorption by calculating kinetic and thermo-
dynamic parameters with suitable adsorption isotherms in 
removing copper with non-modified acorn cap adsorbent 
that obtained Quercus robur at low initial concentrations in 
copper removal.

The study was carried out at the Selcuk University and 
Konya Technical University, Departments of Environmental 
Engineering, Konya-Turkey and some parts Public Health 
Laboratory and Karamanoglu Mehmet Bey University 
BILTEM laboratory, Karaman-Turkey from February 2018 
to July 2019.

Materials and methods

Preparation of adsorbent and laboratory 
experiments

The adsorbent used in this study is of organic nature; It was 
obtained from the acorn caps of Handle Oak (Quercus robur 
L.) that present in Karaman/Turkey. The collected samples 
were separated from their stems, washed with distilled water 
and dried in the open air. Dry samples were ground with a 
mill and shaken by sieves and separated into particle sizes. 
The natural adsorbent material prepared was called P and 
was stored in glass containers in an airtight manner.

For the preparing of solutions, 0.1, 0.5, 1.0, 1.5, 2.0 
and 2.5 mg/L solutions from 10 mg/L stock solution were 
prepared using 1000 ppm Cu standard solution (Merck-
Certipur®). 0.1 N HCl (Merck) and 0.1 N NaOH (Merck) 
solutions were used for pH adjustments. To determine the 
copper concentration, a UV–Vis spectrophotometer, and 
Hach Lange CuVer1 reactive tests were used according to 
the copper test procedure (Anonymous 2017) that adapted 
from USEPA Bicinchonitate Method. In this method, cop-
per measurement range, 0.04–5.0 mg/L and wavelength, 
560 nm. In all tests, the blank is prepared with the sam-
ple taken from the solution, and reagents are added to the 
sample, and measurement is made after a certain period of 
time. This ensures that problems such as slight turbidity and 
color caused by the solution are eliminated. Control experi-
ments with pure water and method performance experiments 
with 1 mg/L standard copper solution were confirmed the 
accuracy of the method. The batch experiments were carried 
out according to the bottle-point method (Worch 2012), and 
equilibrium data were determined. Each flask was filled with 
the Cu solution, 100 mL and initial copper concentration, 
2 mg/L. After, adding P adsorbent mass, 0.5 g, the solu-
tion was stirred until the state of equilibrium is reached. 
Figure 1 is shown the design of the experiment from the 
preparation of the adsorbent to the detection of the adsorp-
tion mechanism.

In this study, the devices used for the experiments were: 
UV–visible spectrophotometer (Hach Lange Dr.2800 and 
Dr.3900 models), pH device (WTW multi720), shaking 
incubator (ZHWY-200B), orbital shaker (Heidolph-unimax 
1010), precision balance (Precisa 205A), vacuum pump 
(SARTORIUS-Microsart® e.jet) and drying oven (NUVE 
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F 500). Many lab equipment was used for the analysis, such 
as flasks (250–500 mL), balloon flask (100–500–1000 mL), 
automatic pipette (1–5 mL) and tips, graduated cylinder 
(25–50–100 mL), filter papers (Whatman, 125 mm), para-
film, etc.

Equilibrium isotherm studies

Linearized Langmuir, Freundlich, D-R and Temkin iso-
therms were applied to determine the fit adsorption model 
based on the removal data in this study. In the calculation 
of adsorption isotherms; pH 7, initial concentration of 2 mg 
Cu/L, temperature of 25 °C, 60 min contact time, 300 μ 
adsorbent size, 100 rpm mixing speed, range of 0.1–1.0 g 
adsorbent dose was studied at the optimum experimental 
conditions.

The equations used in the calculation of linearized Lang-
muir, Freundlich, D-R and Temkin isotherms are given in 
Eq. (1), (2), (3) and (4), respectively. In addition, Langmuir 
model dispersion constant RL equality (1.1), D-R model for 
the adsorption energy E (3.1) and all adsorption experiments 
% removal efficiency (%) is given in (5).

Langmuir isotherm is expressed by the following line-
arized equation (Argun et al. 2007). Ce/qe versus Ce is plot-
ted, and 1/K is obtained from the slope of the obtained line 
and 1/bK from the point where the line intersects the Ce/qe 
axis. Here, qe represents the amount of metal retained per 
one adsorbent weight when the system is in equilibrium; 
Ce (mg/L) equilibrium metal concentration, b (mg/g) and 
K (mg/L) denote Langmuir constants related to adsorption 
capacity and energy, respectively. Langmuir isotherm is cal-
culated according to Eq. (1).

In order to find the convenience of adsorption, dimension-
less RL (dispersion) constant is calculated, and this constant 
takes values between 0 and 1 indicating that the availability is 

(1)
(

Ce∕qe
)

= (1∕bK) +
(

Ce∕b
)

provided The dispersion constant is calculated according to the 
Eq. (2) and isotherm types according to RL; RL > 1 is consid-
ered unfavorable, RL = 1 linear, 0 < RL < 1 favorable and RL = 0 
irreversible (Bayat 2002). Here, b (mg/g) adsorption capacity 
and Co (mg/L) initial concentration.

Freundlich isotherm is expressed by the following lin-
earized equation (Argun et al. 2008). If log qe versus log Ce 
is plotted, 1/n is obtained from the slope of the obtained line, 
and the log Kf value is obtained from the point where the line 
intersects the log qe axis. Here, qe represents the amount of 
metal retained per unit adsorbent weight when the system is 
in equilibrium; Ce (mg/L) equilibrium metal concentration; Kf 
(mg/g) and n (mg/L) express Freundlich constants. Freundlich 
isotherm is calculated according to Eq. (3).

D–R isotherm is expressed by the following linearized 
equation (Argun et al. 2007). If ln qe is plotted versus ε2, K’ 
is calculated from the slope of the obtained line, and ln X’m is 
calculated from the point at which the line intersects the ln qe 
axis. D-R isotherm is calculated according to Eq. (4). In addi-
tion, adsorption energy (E; kJ/mol), which gives information 
about the physical or chemical characteristics of adsorption by 
D-R isotherm, is calculated by Eq. (4). Here, ε (Polanyi poten-
tial) = RT ln (1 + 1 / Ce), X’m adsorption capacity (mg/g), K’ 
adsorption energy constant  (mol2  kJ−2), R ideal gas constant 
(8.314 J/mol K) and T temperature (oK).

In the Temkin isotherm, B is written instead of RT / bT 
and equality is expressed by the linearized equation in Eq. (5) 
(Sharma et al. 2016). If qe is plotted versus ln Ce, the AT value 
is calculated from the slope B of the obtained line and the 
point at which the line intersects the qe axis. Wherein B is 
the isotherm constant (J/mol) associated with the adsorption 
heat; AT, Temkin isotherm constant (L/g); bT, Temkin isotherm 
constant; R is the ideal gas constant (8.314 J/mol K), and T is 
the absolute temperature (oK).

In addition, the following equation is used to calculate the 
removal efficiency in batch adsorption experiments (Argun 
et al. 2007).

(2)RL = 1∕
(

1 + bCo

)

(3)logqe = logKf + (1∕n)logCe

(4)ln qe = lnX�
m
− K�

�
2

(5)E =
(

−2K�
)−1∕2

(6)qe = BlnAT + BlnCe

(7)%Removal =
[(

Co − Ce

)

∕Co

]

x100

Fig. 1  Schematic representation of the experimental design
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Kinetics studies

To determine the kinetic model, reaction-based models 
(Lagergren pseudo first-order kinetic model and pseudo 
second-order kinetic model) and diffusion-based models 
(Boyd equation and Liquid film diffusion model) were 
studied. The equations used to calculate the linearized 
pseudo first-order kinetic model, pseudo second-order 
kinetic model, Boyd equation and Liquid film diffusion 
model are given in Eq. (8), (9), (10) and (11), respectively. 
In addition, the Df equation (Eq. 12) for the film diffusion 
constant for the liquid film diffusion model is given.

In the calculation of kinetic and diffusion models 
for adsorption; pH 7, 2 mg Cu/L initial concentration, 
25 °C temperature, 300 μ adsorbent size, 5 g/L adsorbent 
dose, 300 μ adsorbent size, 100 rpm mixing speed with 
0–5–15–30-60–120 min working in contact time condi-
tions were studied.

The linearized form of the Lagergren pseudo first-order 
kinetic model is expressed by the following equation (Al-
Degs et al. 2006). If log (qe-qt) versus t is plotted, k1 / 
2.303 is calculated from the slope of the obtained line and 
log qe (calculated) from the point where the line intersects 
the log (qe-qt) axis. Here qe denotes adsorption capacity 
(mg/g), and k1 denotes pseudo first-order kinetic constant.

The linearized form of the pseudo second-order kinetic 
model is expressed by the following equation (Argun et al. 
2007; Celebi et al. 2017b). If t / qt versus t is plotted, 1/
qe is calculated from the slope of the obtained line, and 
1/(k2qe

2) is calculated from the point at which the line 
intersects the t/qt axis. So, qe (calculated) is found. Here qe 
denotes adsorption capacity (mg/g), and  k2 denotes pseudo 
second-order kinetic constant.

Boyd equation is expressed by the following equation 
(Orbak 2009). Bbt values calculated from Eq. 8 versus t are 
plotted. Here, qe denotes the adsorption capacity (mg/g); 
qt, t is the amount of adsorbed material at the moment; Bb 
indicates the Boyd constant.

The film diffusion described by Gupta et al. (2006) is 
given in Eq. (11). F is the fractional equilibrium expres-
sion (F = qt/qe), kf, film diffusion coefficient (m  s−1) and t is 
time (min). It is possible to obtain information about film 
diffusion from the ln (1-F) plot plotted versus t. In sys-
tems controlled by liquid film diffusion, the film diffusion 

(8)log
(

qe − qt
)

= logqe −
(

k
1
∕2.303

)

t

(9)t∕qt =
[

1∕
(

k
2
q2
e

)]

+
(

1∕qe
)

(10)Bbt = −0.4977 − ln
[

1 −
(

qt∕qe
)]

constant (Df) can be calculated according to Weber and 
Morris equation (Eq. 12).

Df film diffusion constant  (cm2  s−1), ro radius of adsorbent 
(cm), δ film thickness (cm) and t1/2 (min) the time taken for 
half of adsorption to occur. Assuming that the adsorbent has 
a spherical geometry, film thickness can be taken as  103− cm 
according to previous studies.

Thermodynamic studies

In the calculation thermodynamic parameters of adsorption; 
pH 7, 2 mg/L initial concentration, 5 g/L adsorbent dose, 
60 min contact time, 300 μ adsorbent size, 100 rpm mixing 
speed and at 25, 35 and 45 °C conditions were studied.

Thermodynamic parameters of adsorption can be calcu-
lated by Van’t Hoff graph drawn by Eq. 14 and Gibbs equa-
tion by Eq. 13 (Orbak 2009).

By using Eq. 14, Van’t Hoff plot is drawn ln ke, versus 
1/T. ΔH is obtained from the slope of the linear line, and ΔS 
is obtained from the intercept point.

Characterization studies

SEM + EDX and XRD analyses that determined topogra-
phy and morphology of P natural adsorbent were performed 
with the service procurement from the BILTEM laboratory 
of Karamanoglu Mehmet Bey University. For the analysis, 
“BRUKER D8 Advance with Davinci” XRD device and 
“HITACHI SU5000” EDX equipped field SEM + EDX 
device were used. Powdered samples of the P adsorbent 
were analyzed.

Results and discussion

Adsorption equilibrium isotherms

For P natural adsorbent; Langmuir, Freundlich, D-R and 
Temkin isotherms plots are indicated Fig. 2 and according 

(11)ln (1 − F) = −kf t

(12)Df =
(

ro�qe
)

∕t
1∕2

(13)ΔGo = ΔHo − TΔSo

(14)lnke = (ΔS∕R) − (ΔH∕R)1∕T

(15)ke =
(

Co − Ce

)

∕Ce
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to plots, adsorption isotherms data of models are presented 
Table 1.

According to isotherm graphs (Fig. 2) and model data 
(Table  1); P adsorbent is incompatible with Langmuir 
model due to its low regression coefficient, negative adsorp-
tion capacity and high RL value. In fact, the Langmuir model 
can be applied to homogeneous and monolayer adsorption 
systems (Ho 2003) Freundlich, D-R and Temkin models 
are suitable models with high regression coefficients, and 
Freundlich model is the most suitable model. Freundlich, 
D-R and Temkin isotherms are suitable models for hetero-
geneous and multilayer adsorption systems. This informa-
tion clearly was showed that P adsorbent absolutely is not 
homogeneous.

Although the best fit isotherm is Freundlich, It has 1/n 
value above 1. Aziz et al. (2008) was reported that 1/n > 1 
adsorption bonds were weak, their adsorption capacity 
decreased and unsuitable. According to the information 
transferred Jiang et al. (2002); if n value less than one, 
adsorption is chemical, otherwise is physical (Wu 2007).

When D-R model data are examined; in the adsorption 
of pollutant metal Cu and adsorbent P, R2 value is 0.9860, 
and this value is well adapted to experimental data with high 
regression coefficient. On the other hand, E value is 1.87 kJ/
mol and below 8 kJ/mol.

Argun et al. (2007) are emphasized that adsorption energy 
(E), which can be calculated from the D-R isotherm; Physi-
cal adsorption below 8 kJ/mol, ion exchange between 8 and 
16 kJ/mol, particle diffusion predominates in systems with 
E > 16 kJ/mol. Adsorption system is physical according to 
D-R data except kinetics and thermodynamic data. Similar 
to our study, there are studies reporting physical adsorp-
tion as adsorption energy is below 8 kJ/mol: 3.87 kJ/mol for 
modified oak sawdust-Cu (Argun et al. 2007), 0.7 kJ/mol for 
modified brass-Zn (Dada et al. 2012).

Temkin isotherm model also has high regression coef-
ficient (R2 = 0.9468). Ignoring extremely low and large 
concentration values, it assumes that the adsorption heat 
(function of temperature) of all molecules in the model layer 
will decrease linearly rather than logarithmic with cover-
age (Tempkin et al. 1940). The adsorption heat (B) of P 
adsorbent for Cu removal was calculated as 0.4916 J/mol. 
This low value of the B indicates physical adsorption. There 
are some studies in the literature that Temkin isotherm is 
reported to be the best fit isotherm to experimental data. Cu 
(II) removal by rice bran (Wang et al. 2005), Cu, Zn, Cd and 
Pb removal by dried Nile rose plant leaves (Abdel-Ghani 

Fig. 2  Adsorption equilibrium 
isotherms: a Langmuir, b Fre-
undlich, c D-R, d Temkin
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Table 1  Model data for adsorption isotherms

İsotherm models Model data Cu

Langmuir R2

K (L/mg)
b (mg/g)
RL

0.7124
− 0.903
− 0.453
10.65

Freundlich R2

Kf (mg/g)
1/n
n

0.9933
0.6889
1.2970
0.77

D-R R2

K’
X’m (mg/g)
E (kJ/mol)

0.9860
− 1.426E-07
1.1583
1.87

Temkin R2

B (J/mol)
AT
bT

0.9468
0.4916
2.1969
5039.33
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et al. 2007), Al (III) removal by Rhodococcus opacus bac-
teria (Cayllahua et al. 2010). The most important parameter 
for this isotherm is the ability to calculate the adsorption 
heat. However, even the best fit studies have been omitted. 
B (J/mol) is limited in studies. B values 25.34 J/mol for 
phosphoric acid modified rice husk with Zn (II) removal 
(Dada et al. 2012) and 0.215, 0.271 and 0.271 J/mol removal 
of Cr (VI) with various agricultural wastes (Sharma et al. 
2016) and the researchers stated that there may be physical 
sorption.

Kinetics and thermodynamic

In kinetic process design, kinetics, diffusion and their com-
bination can be a speed limiting step.

Therefore, adsorption kinetic models are examined in 
two main groups as reaction-based models (chemical) and 
diffusion-based models (mass transport processes) (Ho et al. 
2000). The plots for the four different kinetic models exam-
ined are shown in Fig. 3, and the calculated kinetic data 
are given in Table 4. It was examined Lagergren pseudo 

first-order and pseudo second-order kinetics models as reac-
tion-based models and Boyd equation, Liquid film diffusion 
model as diffusion-based models.

According to plots (Fig. 3a and b) and kinetics data 
(Table 2); the most suitable model in terms of regression 
coefficients is pseudo second-order kinetic model. On 
account the fact that R2 value is closer to 1. Furthermore, qe 
(cal) value is closer to qe (exp) value. Thus, pseudo second-
order kinetics model is the best fit model as reaction-based.

If it passes through the line origin, pore diffusion is the 
process that controls the diffusion rate, and if it does not 
pass through the origin, film diffusion is the process that 
controls diffusion rate (Orbak 2009). According to Boyd plot 
(Fig. 3c); due to the fact that the line does not pass through 
the origin liquid film diffusion controls process of the dif-
fusion rate and fit model as based diffusion model. Calcu-
lated data (Table 2) for the liquid film diffusion model, kf is 
0.0226  ms−1, and Df is 1.29E-09  cm2s−1.

Ho et al. (1999), in their study of the pseudo second-order 
kinetic model, emphasized that the chemical reaction seems 
to be important in the speed control step and the pseudo 
second-order kinetic model fits better with the experimental 

Fig. 3  Reaction and diffusion-
based models: a pseudo first-
order k.m, b pseudo second-
order k.m, c Boyd equation, d 
Liquid film diffusion model
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Table 2  Kinetics model data for 
P–Cu adsorption Pseudo first-order km R2 k1  (min−1) qe (exp) qe (cal)

0.9676 0.0226 0.336 0.114
Pseudo second-order km R2 k2 (g/mg min) qe (exp) qe (cal)

0.9982 0.7534 0.336 0.341
Boyd equation R2 İntercept point Fit model

0.9676 0.5792 Liquid film diffusion
Liquid film diffusion R2 Kf (m  s−1) Df  (cm2  s−1)

0.9676 0.0226 1.29E-09
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data. In the previous section according to the results 
obtained from adsorption isotherms; chemical adsorption 
findings were obtained only from Freundlich isotherm data, 
while physical adsorption findings were obtained for D-R 
and Temkin. According to kinetic data, it may be a chemical 
adsorption mechanism carried out by pseudo second-order 
kinetic model. Similarly with our study, Argun et al. (2007), 
in the study of heavy metal ions removal with modified oak 
saw dusts, E value obtained from D-R data for all metals and 
adsorbents obtained results below 8 kJ/mol. However, they 
reported conformity to pseudo first- and second-order kinetic 
models indicating chemical adsorption in the kinetic data. 
Celebi et al. (2020) studied on adsorption capability of low 
cost eco-friendly adsorbents in waters containing toxic lead 
(II), cadmium (II), nickel (II) and zinc (II) heavy metal ions.

Van’t Hoff plot was drawn to calculate the thermody-
namic data (Fig. 4).

The data obtained from Van’t Hoff plot is shown in 
Table 3.

Thermodynamic analysis of the adsorption process is 
essential to conclude whether the process is spontaneous or 
not. The feasibility and spontaneous nature of the adsorption 
process (Rajamohan et al. 2014).

Table 3 examined; A negative Gibbs free energy change 
(ΔG) is an indication that adsorption may spontaneously 
occur under normal conditions and that the adsorption 

system may increase due to increasing temperature ( Singh 
et al. 2006; Argun et al. 2007). In addition that Kyzas et al. 
(2013), emphasized that the increase in negative values of 
ΔG with increasing temperature means that low temperature 
facilitates adsorption. As can be seen in Table 3, for P-Cu 
adsorption system ΔG is seen to increase negative values 
with the increase in temperature.

Enthalpy change (ΔH) is positive for P-Cu adsorption 
system (Table 4), indicating that the reactions take place 
endothermically. Smith (1981), emphasized that if enthalpy 
value is between 2.1 and 20.9 kJ/mol, physical sorption 
occurs. When enthalpy value is between 20.9 and 418.4 kJ/
mol, chemical sorption occurs.

Entropy change (∆S) is positive for P-Cu adsorption sys-
tem. This indicates an increase in entropy with adsorption 
according to Ho (2003) and an increase in randomness at the 
surface of the solid solution. According to the inform trans-
ferred from Panday et al. (1985), positive values of ΔS indi-
cate the interest of adsorbent to metal ion and some changes 
in adsorbent-adsorbate structure (Aydin et al. 2008). In addi-
tion that since the increase in temperature will increase the 
kinetic energy of a few free molecules, it can be said that the 
endothermic system contributes to positive entropy (Argun 
et al. 2007).

Adsorbent characterization

Chemical composition

In Table 4, the chemical composition of the oak acorn cap 
for Quercus robur L. is given. Chemical composition data 
is cited from Kilic et al. (2010).

According to chemical composition results (Table 4); P 
adsorbent contains condensed tannins.

SEM + EDX analysis

Investigation of the surface structure (topography) of the 
prepared raw P adsorbent (P raw) and copper-treated P 

1.6

1.7

1.8

1.9

2

0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

ln
 k

e

o1/T  ,K

P---Cu

Fig. 4  Van’t Hoff plot for P–Cu adsorption system

Table 3  Thermodynamic data 
for P-Cu adsorption system

Ads. Cond T, oK ln ke ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ /mol K)

Cu  Co = 2 mg/L 298 1.66 − 4.15 11.38 0.0520
308 1.86 − 4.67
318 1.95 − 5.20

Table 4  Chemical compositions 
of oak acorn cap (P) adsorbent 
(g/kg DM)

DM: Dry matter, CP Crude protein, EE: Ether extracts, NDF: Neutral detergent fiber, ADF: Acid detergent 
fiber, CT: Condensed tannin

DM CP EE Ash NDF ADF CT

P 930.6 28.1 4.2 29.6 681.2 539.1 17.8
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adsorbent as named P-Cu (2 mg Cu/L initial concentration, 
60 min contact time and at pH 7) and determination of its 
elemental composition was done by the BILTEM labora-
tory of Karamanoglu Mehmet Bey University using an SEM 
device equipped with EDX. P raw and P-Cu analysis results 
were given by SEM images in Fig. 5 and EDX Fig. 6. EDX 
that also known EDS, results were calculated with used with 
APEX ™ software. 

As shown in Fig. 5, SEM images of P raw (Fig.  5a) 
and P-Cu (Fig. 5b) are different from each other. Hence, 
the surface topography of P raw has been changing after 

copper-treated. While the P raw microstructure is heter-
ogenous and partially porous, the P-Cu microstructure is 
more homogenous. On the other hand, there are bright areas 
locally on the P-Cu surface. Wan Ngah et al. (2012) stated 
that the bright areas in the SEM image seen after adsorption 
indicate the presence of copper.

Figure 6 is shown the EDX spectrums and results with 
SEM images of full scanning different areas. According to 
EDX analysis results (Fig. 6a and b) that were taken different 
areas of P raw adsorbent, the elemental compositions were 
different. The fellow elements were determined in both areas 

Fig. 5  SEM images of P 
raw and P-Cu adsorbent: 
a P raw, × 2500, 20 µm; b 
P-Cu, × 2500, 20 µm

Fig. 6  EDX spectrum of P raw: 
a Area 321, b Area 322
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C, O, Al, Si and Ca. Mg and Y elements were determined 
in only Area 322. Most of the P raw adsorbent structure as 
weight percentage are composed of carbon and oxygen.

XRD analysis

To learn about the structural features of the P adsorbent, 
XRD analysis of P raw and P-Cu were done by the BILTEM 
laboratory of Karamanoglu Mehmet Bey University using 
an XRD device. P raw and P-Cu analysis results were given 
by XRD patterns in Fig. 7.

Since the P adsorbent is in organic structure, it has been 
seen that very complex peaks are formed due to high carbon 
and oxygen. Therefore, when XRD patterns were examined; 
there were changes in the peak structure of the raw P adsor-
bent after adsorption with Cu. (Fig. 7a and b). The XRD data 

were obtained by graphite—monochromated Cu/Kα radia-
tion (λ = 1.54060 Å). The XRD spectrums were drawn by 
DIFFRAC.EVA 4.1.1 software.

It was observed a deterioration in the structure of the 
peak in raw P at 2θ = 23.6 and 14.3 degrees, whereas peak 
length has grown at 2θ = 37.5 degree. However, it was 
observed some peaks occurred after adsorption with Cu. 
Cu, CuO and  Cu2O were determined by using MATCH Ver-
sion 2 software. The peaks found were in 2θ degree: Cu: 
36 and 42, CuO: 66.4, 67.3 and  Cu2O: 36.5, 77.4. The 2θ 
peak degree results determined for copper (Cu) and cop-
per compounds (CuO,  Cu2O) are very close to the peak 
degree results reported by Collins et al. (2012). Especially, 
2θ degree 66.4 peak was the most obvious peak among the 
newly formed peaks. Thus, Cu +2 ions were retained the P 
adsorbent surface.

Fig. 7  XRD patterns of P raw and P-Cu: a P raw, b P-Cu
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According to these results, although not certain Cu, Cu 
+ 1 and Cu + 2 ions in the solution with the adsorbent sur-
face CuO and  Cu2O formed as a compound and also in the 
elementary state as Cu was held on the surface.

Tannins effect

Tannins (commonly referred to as tannic acid) are water-
soluble polyphenols that are present in many plant foods. 
The antimicrobial activities of tannins are well documented. 
The growth of many fungi, yeasts, bacteria and viruses was 
inhibited by tannins. Also, form chelates with metal ions 
(Chung et al. 1998). Akiyama et al. (2001) was emphasized 
that tannins have an inhibitory effect against bacteria that 
can be found in water, such as Escherichia coli, Staphylococ-
cus aureus, Clostridium perfringens.

The polyphenolic compounds in different regions (e.g., 
bark, leaf) in Quercus (oak) species have been classified 
as flavonoids, condensed tannins and hydrolyzable tannins 
in studies by Şöhretoğlu et al. (2004). Celebi (2020b) has 
aimed to evaluate experimental results on the behavior of 
various tea wastes for removal of  Cr6+ under internal, and 
removal for  Cr6+ efficiency was achieved under optimum 
experimental conditions as 88%.

There are also studies on the use of tannins in water treat-
ment by adsorption. Anirudhan et al. (2008) are expressed 
that metal cations in the pH 3–6 range, are adsorbed by cat-
ion exchange mechanism by releasing protons from phenolic 
OH groups found in tannin-containing hydrotalcite adsor-
bent structure. Şengil et al. (2009) have made a removal 
of Cu (II) with Valonia residues, which is a type of acorn 
oak. They were determined that the copper ions are retained 
by pyrogallol groups in the tannin with ion exchange and 
complexation.

Kuppusamy et al. (2016) in the removal studies of Cr (VI) 
using oak (Quercus robur) acorn peel; reported that chro-
mium is retained on the adsorbent surface by reduction and 
the polyphenols in the adsorbent structure serve as reducing 
agents. Badawi et al. (2017), in their Al and Pb removal stud-
ies with chitosan modified with tannic acid; the tannic acid 
molecules may contain a plurality of polarizable phenolic 
hydroxyl groups, some of which are positively charged and 
others negatively charged; stated that metals are removed 
by interactions between these groups and metal ions. The 
acorn cap (P) adsorbent in this study has organic structure 
and is known to contain condensed tannin (Table 4). XRD 
pattern that obtained in the adsorbent characterization stud-
ies is given in Fig. 7a and Fig. 7b.

Anirudhan et al. (2008) have carried out a Cu, Zn and 
Cd removal study with tannin doped hydrotalcite adsor-
bent (TA-HTC). They emphasized that the peak seen in 
TA-HTC’s XRD pattern at 2θ = 30° verified the presence 
of tannin molecule. This information is very valuable for 

our study. Owing to the fact that there is a peak at approxi-
mately 2θ = 30° in the XRD pattern of the raw P (acorn cap) 
adsorbent (Fig. 7a). After the adsorption of raw P adsorbent 
with Cu, it is seen that the size of the peak is considerably 
reduced or lost (Fig. 7b).

To sum up, the most valuable result to be drawn here is 
that the polyphenolic groups in the structure of tannins are 
the main factors in the retention of Cu metal in the P adsor-
bent. It has been thought that the effective mechanisms are 
ion exchange, complexation and interaction between ions.

Conclusions

In this paper, it was investigated Cu metal adsorption mecha-
nisms with adsorption equilibrium isotherms, kinetics, ther-
modynamic and characterization studies using non-modified 
acorn caps which obtained by Quercus robur L. at low initial 
copper concentrations in copper removal from waters. In 
this manner, low cost adsorbent was prepared, and the more 
favorable results were procured which could be evaluated 
within the framework of water recommendations and legal 
regulations.

It was found the most fit model Freundlich model. 
D–R and Temkin was found as suitable models. Thus, 
P adsorbent is certainly not homogeneus, and adsorp-
tion is multilayered. According to calculated from D–R 
adsorption isotherm; E value 1.87 kJ/mol and below 8 kJ/
mol. Therefore, it indicates that physical adsorption takes 
place. Pseudo second-order kinetics model as reaction-
based model and liquid film diffusion model as diffusion-
based model was determined the most fit models in the 
kinetics studies. Negative Gibbs free energy change (∆G) 
values indicate that adsorption may spontaneously occur 
under normal conditions and that adsorption demand 
may increase due to increased temperature. The enthalpy 
change (∆H) was calculated to be 11.38 kJ/mol, and a 
positive value of ∆H indicates an endothermic reaction. 
The entropy change (∆S) was calculated 0.0520 kJ/mol K, 
and a positive value of ∆S indicates an increase in entropy 
with adsorption and increased randomness at the surface 
of the solid – solution.

SEM + EDX and XRD were applied for P raw and P–Cu 
adsorbent characterizations. According to characterization 
results, P adsorbent structure was heterogeneous, and Cu 
was retained adsorbent surface. SEM image and XRD pat-
tern of the P adsorbent were changed after adsorption by 
Cu. In addition that, Cu was retained elemental (Cu) and 
compounds (CuO and  Cu2O).Tannins of the P adsorbent 
structure were affected adsorption mechanisms with ion 
exchange, complexation and interactions between ions.

In the experiments, it was seen that 84% removal effi-
ciency and 0.336 mg/g adsorption capacity was achieved 
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with the P adsorbent in optimum conditions (pH 7, 2 mg 
Cu/L initial concentration, 25 °C temperature, 300 μ adsor-
bent size, 5  g/L adsorbent dose, 300 μ adsorbent size, 
100 rpm mixing speed and 60 min contact time). Therefore, 
the P adsorbent is more economical than many adsorbents 
used or recommended. Hence it does not include costs such 
as modification, regeneration and hazardous waste disposal 
costs. In addition, Quercus robur used in the preparation 
of the adsorbent is a common species all over the world. It 
can also be used for various purposes after removal. It can 
be used for agricultural purposes for micronutrient needs of 
plants from low Cu concentrations in the adsorbent. On the 
other hand, used adsorbents can be reused to remove turbid-
ity, precipitate and, to remove some special contaminants 
(such as phosphorus) due to tannins in their structure.

The outstanding advantages of this study are its non-mod-
ified preparation, acceptable removal efficiency, reusability 
for other purposes after use and proving the role of tannins 
in adsorbent removal efficiency.

These findings suggested that the effectiveness of P 
adsorbent should be tested in real water samples in the 
removal of copper and other metals by adsorption and the 
matrix effects that caused by other ions should be examined 
in future studies. In fact, its effects on disinfection can be 
examined microbiologically.

It could be concluded that non – modified P adsorbent is a 
natural adsorbent that can be classified among the LCAs and 
eco-friendly, for copper removal in water by the adsorption.
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