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Abstract: The study on the possible use of calcined chicken eggshells as a bio-
sorbent for copper ions removal from aqueous solutions, as well as some com-
parisons between raw and calcined eggshells, are presented in this paper. SEM- 
-EDS and FTIR analysis of the calcined chicken eggshell samples were per-
formed. In addition, the DTA-TGA analysis on raw chicken eggshells was per-
formed. The influence of various process parameters, such as solution pH, stir-
ring rate, biosorbent mass and Cu2+ concentration, was investigated. The kin-
etic analysis using four different empirical kinetic models was performed. The 
equilibrium analysis was done using the Langmuir, Freundlich and Temkin 
isotherm models. The process was optimized using the response surface meth-
odology based on the Box–Behnken design (RSM-BBD). The obtained results 
are compared to our previous study on raw eggshells as a biosorbent for Cu2+ 
removal, in order to determine the justification for biosorbent modification 
(i.e., the calcination of raw eggshells). 

Keywords: biosorption; calcined chicken eggshell; equilibrium; kinetics; 
Box–Behnken design. 

INTRODUCTION 

Water is a crucial resource that occupies an indispensable position in earth’s 
environment. Its main purpose is to support life. Availability of clean drinking 
water is of vital importance for human welfare. Unfortunately, in many parts of 
the world, we face the challenge of low quality water sources, which leads to 
health concerns. The quality of water has a significant effect on the biodiversity 
in the aquatic ecosystems as well. Lastly, water is an important constituent in 
numerous industrial processes.1  
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Heavy metal pollution originating from wastewater generated by industrial 
activity is a serious global problem. The importance of removing pollutants, 
including hazardous heavy metals, is increasing with time, as a consequence of 
growing demands for clean water all around the world.2,3  

One of the widespread water contaminants among heavy metals is copper 
(Cu2+). Main sources of copper wastewater pollution include mining, metal, 
electroplating, textile and leather industry. The reported copper concentrations in 
wastewater from different sources range from 2.5 to 10000 mg dm–3. According 
to the WHO, maximum Cu2+ content in drinking water is 2 mg dm–3. Hence, 
wastewater treatment in order to remove this pollutant is crucial.3,4 

Various processes are used for wastewater treatment on an industrial scale, 
including chemical precipitation, ion exchange, reverse osmosis, ultrafiltration, 
coagulation and flocculation, etc. However, these processes are not suitable for 
treating wastewater contaminated with heavy metals in low concentrations. 
Adsorption is considered a more suitable treatment method for wastewater with 
low concentrations of heavy metals. Adsorption can be described as a process of 
mass transfer, which consists of transferring the adsorbate from the solution to 
the surface of the adsorbent, where it is bound by physical and/or chemical 
interactions.5,6 

The removal of heavy metals from wastewater by inexpensive biosorbents 
has been the focus of numerous scientific studies in recent years. This process is 
called biosorption. The biosorption process involves the use of inactive biomass 
as an adsorbent. Therefore, the mechanism of removal of the pollutants is com-
plex and is usually based on mechanisms such as ion exchange, adsorption, 
chelation, chemisorption, precipitation or their combination.6,7 

Eggshells are considered waste, which is a product of the food industry that 
can be a potential biosorbent due to its high calcium content. Eggshell biomass 
has no utility value, no specific application and in most cases is disposed of as 
biowaste in landfills. The possible use of eggshells in the biosorption process 
thus solves several problems. First of all, the use of eggshells as a biosorbent 
would lead to a reduction in the amount of waste in landfills, thus helping ind-
ustries which use eggs by reducing the cost of disposing of their waste. On the 
other hand, the use of eggshells as a biosorbent for treating wastewater contamin-
ated with heavy metals would help solve the problem of environmental pollution.7 

The main purpose of this research is the evaluation of the possibility of using 
a modified form of chicken eggshell (calcined chicken eggshell) as a biosorbent 
for copper ions removal from aqueous solutions. This work is a continuation of a 
previous study on the use of raw chicken eggshells for Cu2+ removal from 
aqueous solutions.8 Therefore, it analyses the difference in the efficiency in Cu2+ 
removal of the modified eggshell in comparison to the raw eggshell, as well as 
the other differences between the two processes. This analysis serves as an ans-
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wer to the question whether the use of additional resources and energy for the 
modification of the eggshells is justified. Additionally, the potential use of 
eggshells (raw or calcined) as a biosorbent could prove to be very important from 
more than one point of view, as mentioned above. Firstly, the removal of Cu2+ 
from wastewaters would have a significant effect on environmental pollution. 
Secondly, the use of a waste product, such as eggshells, would help solving the 
landfill problem. 

EXPERIMENTAL 
Biosorbent 

Raw chicken eggshell (RCE, Fig. 1a) were crushed, sieved through a set of laboratory 
sieves, and the fraction (–1 + 0.4) was used for further preparation of the biosorbent. The 
eggshells were rinsed with distilled water, dried, and then calcined in a laboratory furnace, at 
900 °C, for one hour. The obtained calcined chicken eggshell (CCE, Fig. 2a) sample was used 
as a biosorbent for the Cu2+ biosorption experiments.9 

  

(a) (b) 
Fig. 1. Raw chicken eggshell (RCE) sample (a), and calcined chicken eggshell (CCE) 

sample (b). 

Materials and methods 
The biosorption experiments were performed with synthetic copper ions solutions pre-

pared with CuSO4∙5H2O (p.a. purity). The pH of the solutions was adjusted using 0.1 M 
KOH, and 0.1 M HNO3 solutions. The chemicals used were manufactured by Lachema 
(Czech Republic). 

The concentration of Cu2+ in the solutions was determined on a Spectroquant Pharo 300 
spectrophotometer (Merck). The pH value of the solution was measured using a pH meter 
Jenco VisionPlus, while the conductivity of the solution was measured by the WTW inoLab 
cond – 720 conductometer. The DTA-TGA analysis was performed on a simultaneous DSC- 
-DTA-TGA device SDT Q600 (TA Instruments). FTIR analysis of the samples was performed 
on a Smart iTR Nicolet iS50 spectrophotometer (Thermo Fisher Scientific). The surface mor-
phology of the samples was recorded using the SEM-EDS method on a Vega 3 LMU Tescan 
scanning electron microscope with X-act SDD 10 mm2 energy-dispersive X-ray analysis 
(Oxford Instruments). 
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The biosorption capacity and metal removal degree were calculated using as: 
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where: qt is the biosorption capacity defined as mass of the adsorbed metal per unit mass of 
the biosorbent (mg g-1) at time t; Ci and Ct are the initial and final concentrations of metal ions 
(g dm-3) at time t; V is the volume of the solution used in the biosorption experiments (dm3); 
and m is the mass of the biosorbent (g); RD% is the removal degree (%). 

All the experiments, bar the thermodynamic analysis, were performed at room tempe-
rature. 
Calcined eggshells characterization 

The DTA-TGA of the eggshell sample was performed in order to obtain information 
about the thermal stability and degradation of this material. The eggshell sample was heated in 
an inert atmosphere from 20 to 900 °C. The SEM-EDS analysis was performed on CCE 
samples before and after the Cu2+ biosorption process. FTIR analysis was performed on CCE 
samples taken before the biosorption of copper, and after, to determine which functional 
groups interact with Cu2+ in the process of binding these ions to the structure of the adsorbent. 
The FTIR spectrum of the calcined chicken eggshell samples was recorded in the range from 
4000 to 400 cm-1. The sample was placed on a diamond plate and fixed using a pressure 
tower. Prior to the measurements, a signal of the background was recorded and automatically 
subtracted by an accompanying Omnic™ software. The copper-loaded CCE was prepared for 
the characterization analysis by bringing into contact 1 g of the samples with Cu2+ solutions 
(initial concentration 5 g dm-3, and the pH value of the solutions 4.5) for 90 min. 
The influence of different process parameters on biosorption efficiency 

A series of experiments were carried out to determine the influence of pH on biosorption 
capacity. 50 cm-3 Cu2+ solutions (initial concentration 5 g dm-3) with pH values ranging from 
2 to 5 were brought into contact with 1 g CCE samples, for 60 min, and the biosorption cap-
acity was analyzed. The pH values were adjusted using 0.1 M KOH and 0.1 M HNO3. 

The effect of initial copper ions concentration on the biosorption capacity was analyzed 
by bringing into contact 1 g of CCE samples with 50 cm-3 solutions of different Cu2+ concen-
trations, in the range from 0.5 to 20 g dm-3. The pH value of the solutions was 4.5. The sus-
pensions were stirred for 60 min and the biosorption capacity was analyzed. 

The influence of the mass of the biosorbent on the biosorption degree was analyzed by 
bringing into contact 50 cm-3 of Cu2+ solutions (2 g dm-3 initial concentration) with different 
amounts of CCE samples, ranging from 0.1 to 2 g, and stirring the suspensions for 60 min. 
The pH value of the solutions was 4.5 

The effect of stirring rate on the biosorption degree was evaluated by bringing into 
contact 1 g of CCE with 50 cm-3 copper ions solutions (initial Cu2+ concentration 5 g dm-3, 
and the pH value of the solutions 4.5) at different stirring rates, ranging from 100 to 600 rpm. 
The contact between phases was sustained for 60 min, after which the suspension was filtered 
and the filtrate analyzed. 
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Biosorption kinetic study and determination of activation energy 
Kinetic models can be used to analyze the experimental data, to obtain information about 

the biosorption rate and its mechanism. To obtain the experimental kinetic data, CCE (1 g) 
were brought into contact with 50 cm-3 of Cu2+ solutions (initial concentration 5 g dm-3 and 
the pH value of the solutions 4.5) at different contact times, ranging from 1 to 90 min. The 
obtained experimental data were analyzed using four kinetic models: the pseudo-first order 
kinetic model (Eq. (3)), the pseudo-second order kinetic model (Eq. (4)), the Weber–Morris 
kinetic model (Eq. (5)) and the Elovich kinetic model (Eq. (6)). These models can be exp-
ressed as follows:9–11 
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where: qt is the biosorbent capacity defined as the mass of the adsorbed metal per unit mass of 
the biosorbent (mg g-1) at time t; qe is the biosorbent capacity defined as the mass of the 
adsorbed metal per unit mass of the adsorbent (mg g-1) at equilibrium; and k1 is the biosorp-
tion rate constant for the pseudo-first order kinetic model (min-1); k2 is the biosorption rate 
constant for the pseudo-second order kinetic model (g mg-1 min-1); ki is the internal particle 
diffusion rate constant (mg g-1 min-0.5); and Ci is a constant that provides insight into the 
thickness of the boundary layer; α is the starting biosorption rate (mg g-1 min-1); β is the 
parameter that expresses the degree of surface coverage and activation energy for chemi-
sorption (g mg-1). 
Biosorption equilibrium study 

The equilibrium study of the biosorption process provides insight into the interaction 
between metal ions and biosorbents, which helps to determine the effectiveness and the 
mechanism of the process.12  

The biosorption isotherm data was obtained by bringing into contact 1 g of CCE samples 
with 50 cm-3 Cu2+ solutions of different initial concentrations, in the range from 0.5 to 10 g 
dm-3. The pH value of the solutions was 4.5 The suspension was stirred for 60 min, filtered 
and the filtrate analyzed. The obtained experimental data were fitted with three different 
isotherm models. The used models were: the Langmuir isotherm model (Eq. (8)), the Freund-
lich isotherm model (Eq. (9)) and the Temkin isotherm model (Eq. (10)):8 
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where: Ce is the equilibrium concentration of metal ions (mg dm-3); qe is the equilibrium 
adsorption capacity (mg g-1); qm is the maximum adsorption capacity (mg g-1); and KL is the 
Langmuir equilibrium constant (dm3 g-1); KF is the Freundlich equilibrium constant ((mg g-1) 
(dm3 mg-1)1/n); B = RT/b is the Temkin constant, which refers to the adsorption heat (J mol-1); 
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b is the variation of adsorption energy (J mol-1); R is the universal gas constant (J mol-1 K-1); 
T is the temperature (K); KT is the Temkin equilibrium constant (dm3 g-1). 
Biosorption thermodynamic study 

The thermodynamic parameters were determined by bringing into contact 1 g of CCE 
with 50 cm3 of Cu2+ solutions (initial concentration 5 g dm-3) for 60 min, at different temp-
eratures, in the range from 25 to 45 °C. The obtained results were used to calculate the ther-
modynamic parameters using the following equations:8 

 A
d

S

CK
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=   (10) 

 dR lnG T KΔ = −   (11) 
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where: Kd is the thermodynamic equilibrium constant; CA is the concentration of the adsorbed 
adsorbate (mg dm-3); CS is the equilibrium concentration of the adsorbate in the solution (mg 
dm-3); ΔG is the Gibbs energy change (kJ mol-1); R is the universal gas constant (J mol-1 K-1); 
T is the temperature (K); ΔS is the entropy change (J mol-1 K-1); ΔH is the enthalpy change (kJ 
mol-1). 
Biosorption optimization study 

Copper ions biosorption using CCE as a biosorbent was optimized using the Box–Behn-
ken experimental design in order to determine the effects of three selected variables on the 
efficiency of Cu2+ removal. The response surface methodology (RSM) is an experimental 
design used to predict and model relationships between independent and dependent factors 
and one or more responses.13 The Box–Behnken factor experimental design, which consists of 
17 experiments, was applied to optimize the biosorption process by analyzing and comparing 
the three selected factors: adsorbent mass (A), initial copper ion concentration (B) and contact 
time (C). The test series and their values are listed in Table I. 

TABLE I. Experimental design (experimental ranges ant their levels) 

Factor Range level 
–1 0 1 

A – Adsorbent mass, g 0.5 1 1.5 
B – Initial metal ion concentration, g dm-3 5 7 10 
C – Contact time, min 10 60 90 

RESULTS AND DISCUSSION 

DTA-TGA analysis of chicken eggshells 
Thermal analysis of the chicken eggshells sample was performed in order to 

determine the changes that occur during the calcination process. The obtained 
results are shown on Fig. 2. 

The TGA curve, given in Fig. 2, shows two stages of weight loss of the 
sample during the heating/calcination process. In the range from 20 to 600 °C, a 
weight loss of 3.59 % was recorded, corresponding to the decomposition of org-
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anic matter (proteins), as well as the release of the structurally bound water 
(moisture). In the range from 600 to 900 °C, a weight loss of 43.26 % was 
observed, which can be attributed to the decomposition of calcium carbonate, 
during which CO2 gas is released. This process is accompanied by an endother-
mic peak on the DTA curve, with a maximum at 771.54 °C. This stage marks the 
transformation of the chicken eggshell sample into stable CaO. The total weight 
loss was 46.85 %. Similar findings were reported in the work of Witoon.14  

 
Fig. 2. DTA-TGA analysis of the RCE sample. 

SEM-EDS analysis of CCE before and after the Cu2+ biosorption 
The results of the SEM analysis of the CCE sample before and after the Cu2+ 

biosorption are shown on Fig. 3. The obtained EDS analysis is given in Table II. 
The morphology of the RCE sample, was examined in the previous work. 

The obtained results given in the previously published work suggested that the 
surface morphology of the RCE sample was mainly porous.8 A change in the sur-
face morphology of the eggshell samples can be noted after calcination (Fig. 3a 
and 3b), as the calcination process led to the forming of an irregular structure, 
consisting of agglomerates and flakes of different sizes (from 1 up to 500 
μm).15,16 The SEM image of the CCE sample after the biosorption is given on 
Fig. 3c and d. It can be noted that the particles were partially agglomerated after 
the interaction between the Cu2+ solution and the biosorbent. The irregular struc-
ture is still present, but the particles are somewhat larger in size, with the present 
flakes partially agglomerated. 

The EDS analysis of the CCE samples before the biosorption process shows 
that Ca, Mg and K are present. The EDS analysis after Cu2+ biosorption showed 
a significant decrease in the Ca content, while the Mg and K disappeared com-
pletely, as well as an appearance of Cu on the surface of the analyzed sample. 
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The changes showed by the EDS analysis indicate that Ca, Mg and K could 
potentially be involved in the biosorption process. The RCE EDS analysis 
obtained in the previous research showed similar results.8 

 
(a) (b)

 
(c) (d) 

Fig. 3. SEM micrograph of the CCE before at 500× (a) and 1000× (b) and after the biosorption 
process at 500× (c) and 1000× (d). 

TABLE II. The EDS analysis of the CCE samples before and after the biosorption process 
Before Cu2+ biosorption Element O Mg K Ca Cu Total 

Content, wt. % 58.7 0.67 0.53 40.1 – 100 
After Cu2+ biosorption Element O Mg K Ca Cu Total 

Content, wt. % 49.19 – – 14.89 35.92 100 

FTIR analysis of the raw RCE sample and CCE sample before and after Cu2+ 
biosorption 

The results of the FTIR analysis of the raw RCE and CCE sample before and 
after Cu2+ biosorption are shown in Fig. 4. 
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Fig. 4. FTIR spectra of the raw RCE sample, as well as CCE samples, before and after copper 

ions biosorption. 

The tested samples exhibited, as expected for this type of analyte, all char-
acteristic peaks present. The peaks appearing at the low-end of the spectrum of 
the CCE sample, below 500 cm–1 as well as the peak at 710 cm–1, can be attri-
buted to the Ca-O bond, which indicates to the conversion of CaCO3 to CaO. The 
obtained FTIR spectra of the raw RCE sample and the CCE sample before the 
biosorption process shows peaks at around 710 and 869 cm–1 indicate to the out- 
-plane and in-plane deformation of C=O, respectively. These peaks, and the peak 
observed at 1405 cm–1 can be strongly associated with the presence of CaCO3 in 
the samples.17–19 These results indicate that the decarbonization and transform-
ation of CaCO3 to CaO did occur during the calcination process, but it was not 
complete, as the presence of both the calcium oxide and carbonate was confirmed 
by the FTIR analysis of the CCE sample. 

A sharp peak is observed at 3640 cm–1 before the biosorption process, which 
is contributed to the O–H stretching vibration and the bending hydroxyl groups, 
which indicate to the presence of Ca(OH)2. The Ca(OH)2 was formed as CaO 
adsorbed water.20,21 

The spectra recorded after the Cu2+ biosorption shows bands at 418 and 505 
cm–1, that can be attributed to the metal–oxygen bonds. The peaks between 650 
and 868 cm–1 correspond to the hydrogen bonding frequencies originating from 
the bending vibrations of Cu–O–H. The band recorded at 1100 cm–1, which 
appears after the biosorption process, is attributed to the sulfate group, origin-
ating from CuSO4∙5H2O used for the preparation of the solutions. The broad 
peaks recorded between 3300 and 3500 cm–1 are connected to the stretching of 
the O–H originating from molecular water.21,22  
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The influence of different process parameters on biosorption efficiency 
The influence of pH on the biosorption efficiency. The influence of the pH 

value of the solution on the biosorption capacity is shown on Fig. 5a. The 
obtained results indicate that the biosorption capacity increases with the increase 
in the pH of the solution. As the pH increased from 2 to 5, the biosorption cap-
acity rose from 148 (pH 2) to 225 mg g–1 (pH 5). The pH value influence is in 
accordance with the results showed by RCE, however the biosorption capacity by 
CCE was recorded to be over 10 times higher (10.82 at pH 2 and 21.62 at pH 5 
reported for RCE).8 With the pH value increase, the concentration of OH– also 
increases, which leads to an overall negative charge of the biomass. This leads to 
higher biosorption capacities, as the Cu ions in the solution are positively 
charged. It is considered that, at higher pH values, the precipitation of Cu2+ in the 
form of Cu(OH)2 also occurs. This phenomenon could be another reason for the 
big difference between the biosorption capacities of CCE and RCE.8,23,24 

 
Fig. 5. The influence of pH value (a), initial copper ions concentration (b), biosorbent mass (c) 

and stirring rate (d) on the biosorption efficiency. 

The effect of the initial Cu2+ concentration on the biosorption efficiency. The 
effect of the initial copper ions concentration on the biosorption capacity is 
shown on Fig. 5b. As can be seen, the biosorption capacity increases with the 
increase in the initial Cu2+ concentration, up to 272 mg g–1 at 10 g dm–3 Cu2+. 
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The increase in the biosorption capacity with higher initial metal ions concen-
tration can be attributed to the higher probability of collision between the copper 
ions and the biosorbent as a larger amount of metal ions are available for 
biosorption.25 

The influence of biosorbent mass on the biosorption efficiency. The analysis 
of the influence of biosorbent mass on the efficiency of the process is shown on 
Fig. 5c. The obtained results indicate that the biosorption degree rises rapidly 
with increasing mass of biosorbent. The maximum biosorption degree was 
obtained at 0.5 g of CCE (98 %). As the Fig. 5c shows, the biosorption degree 
remained constant with further increase in the biosorption mass. 

The effect of stirring rate on the biosorption degree. The experimental 
results shown on Fig. 5d show that the biosorption degree rises from 67 to 98 % 
between 100 and 300 rpm. A slight decrease in the biosorption degree was noted 
between 300 and 400 rpm, after which there is no significant change in the 
biosorption degree. 

Biosorption kinetic study 
The kinetic analysis of the obtained experimental data, using the pseudo-first 

order, pseudo-second order, intraparticle diffusion and Elovich kinetic models 
(Eq. (3)–(6)) is shown on the Fig. 6. The obtained kinetic parameters are given in 
Table III. 

Fig. 6. Kinetic data for copper ions 
biosorption onto CCE. 

The obtained kinetic data, given in Table III, indicates that the pseudo- 
-second order kinetic model is the best fit for the Cu2+ biosorption onto CCE. 
This model suggests that the chemical interaction between the CCE samples and 
the copper ions from the solution was the rate-determining phase of this process, 
i.e., that chemisorption is the predominant mechanism of binding of copper ions 
to CCE.10 Comparing the obtained results to the work on the RCE,8 it can be 
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noted that the process of binding copper ions onto CCE is significantly faster, 
with the experimentally obtained biosorption capacity being 10 times higher than 
the one recorded in the experimental analysis of Cu2+ biosorption onto RCE. The 
two processes do not share the same binding mechanisms, as they follow dif-
ferent kinetic models. 

TABLE III. The values of kinetic parameters for copper ions biosorption onto CCE 
Model Parameter Value 
Pseudo-first order kinetic 
model 

k1 / min-1 0.371 
qe,exp / mg g-1 234.36 
qe,cal / mg g-1 249.68 

R2 0.913 
Pseudo-second order kinetic 
model 

k2 / g mg-1 min-1 0.003 
qe,exp / mg g-1 234.47 
qe,cal / mg g-1 249.68 

R2 0.971 
Weber–Morris kinetic model ki / g mg-1 min-0.5 5.88 

Ci / mg g-1 192.11 
R2 0.247 

Elovich kinetic model α / mg g-1 min-1 1.74×107 

β / g mg-1 0.077 
R2 0.698 

Biosorption equilibrium study 
The biosorption experimental data were fitted using the Langmuir, Freund-

lich and Temkin isotherm models (Eqs. (7)–(9)), and the obtained results are 
shown on Fig. 7. 

Fig. 7. Isotherm data for copper ions 
biosorption onto CCE. 

The obtained isotherm parameters (Table IV) indicate that the Temkin iso-
therm model is the best fit for the experimental data (R2 = 0.981). This model is 
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based on the assumption that the heat of the adsorption of all molecules in the 
layer decreases linearly with the coverage of the molecules and that the binding 
energies are uniformly distributed, up to a maximum binding energy.26 

TABLE IV. Isotherm parameters for copper ions biosorption onto CCE 
Model Parameter Value 
Langmuir isotherm model KL / dm3 mg-1 0.002 

qe,exp / mg g-1 234.36 
qm / mg g-1 284.12 

R2 0.941 
Freundlich isotherm model KF 19.79 

1/n 0.308 
R2 0.944 

Temkin isotherm model B / J mol-1 52.39 
KT / dm3 mg-1 0.028 

R2 0.981 

The obtained Freundlich constant n indicates that the process of binding 
Cu2+ onto CCE is a favorable process (1/n is lower than 1).27 

The maximum biosorption capacity is a parameter which is used to analyze 
the performance of a biosorbent. The maximum theoretical biosorption capacity 
for Cu2+ biosorption onto RCE was 94.59 mg g–1, as reported in the previous 
work.8 In comparison, the maximum biosorption capacity for Cu2+ biosorption 
onto CCE (Table IV) is 284.12 mg g–1. It can be concluded that the calcination of 
the eggshells leads to a significant increase in its biosorption capacity. 

Biosorption thermodynamics 
The Gibbs energy change for copper ions biosorption on CCE was calculated 

using the Eq. (11). The ΔH and ΔS parameters were determined from the plot ln 
Kd vs. 1/T (Fig. 8). The obtained results are given in Table V. 

Fig. 8. Thermodynamic plot ln Kd vs. 1/T 
for copper ions biosorption onto CCE. 
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The negative ΔG values indicate that the process of biosorption of Cu2+ on 
CCE is spontaneous and more favorable at higher temperatures.28 

Positive ΔH and ΔS values indicate that this process is endothermic and that 
increased randomness is present at the contact interface between Cu2+ and CCE. 
The positive enthalpy also confirmed that increasing the system temperature 
would lead to an increase in the efficiency of copper removal.29 

TABLE V. Thermodynamic parameters for copper ions biosorption onto CCE 
T / K ΔG / kJ mol-1 ΔH / kJ mol-1 ΔS / J mol-1 K-1 
298 –2.74 3.69 13.56 
303 –4.47 
313 –4.96 

Biosorption optimization study 
The process of copper ions biosorption onto CCE was optimized using 

response surface methodology, with the help of the Box–Behnken design. The 
experimental design, given in Table I, was applied to optimize the analyzed 
process. The matrix of the experimental design and the reaction R (biosorption 
degree) are shown in Table VI. 

TABLE VI. Box–Behnken design matrix for three factors along with observed response for 
Cu2+ biosorption onto the CCE 

Run A: Adsorbent mass 
g 

B: Initial Cu2+ concentration
g L-1 

C: Contact time
 min 

R: Adsorption degree 
% 

1 1 0 1 98.785 
2 0 0 0 98.391 
3 –1 –1 0 82.168 
4 0 0 0 94.055 
5 0 –1 –1 31.45 
6 0 1 1 72.555 
7 1 1 0 77.127 
8 0 1 –1 11.003 
9 0 0 0 97.499 
10 0 –1 1 98.482 
11 1 –1 0 97.901 
12 –1 1 0 38.526 
13 1 0 –1 24.243 
14 0 0 0 91.56 
15 –1 0 1 50.614 
16 –1 0 –1 13.818 
17 0 0 0 98.42 

A polynomial Eq. (13) was fitted in order to describe the correlation between 
the independent variables: linear (β1, β2, β3), quadratic (β11, β22, β33), interaction 
terms (β12, β13, β23) and the response (R):30 

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 Cu(II) BIOSORPTION ONTO CHICKEN EGGSHELL 675 

 0 1 2 3 11 22 33

12 13 23

R A B C AA BB CC
AB AC BC

β β β β β β β
β β β

= + + + + + + +
+ + +

 (14) 

The results obtained are shown in Table VI. The copper ions biosorption 
onto CCE can be expressed as: 

 2 2 2
95.99 14.12 13.85 29.99 5.72

9.44 1.37 14.28 7.77 34.84

R A B C AB

AC BC A B C

= + − + + +

+ − − − −
 (15) 

The ANOVA analysis was used to assess the statistical significance of the 
applied model, and the results are given in Table VII. The significance of the 
individual coefficients was analyzed by the F-values and P-values. The coef-
ficient is more significant as the corresponding F-value is larger and P-value 
lower. P-values below 0.0500 indicate a highly significant regression at a con-
fidence level of 95 %.13 

TABLE VII. ANOVA analysis for response surface model for Cu2+ biosorption onto CCE 
Source Sum of squares df Mean square F-value P-value Significance 
Model 17492.34 9 1943.59 115.83 < 0.0001 Significant 
A–A 1594.15 1 1594.15 95.01 < 0.0001  
B–B 1534.30 1 1534.30 91.44 < 0.0001  
C–C 7195.32 1 7195.32 428.83 < 0.0001  
AB 130.74 1 130.74 7.79 0.0269  
AC 356.19 1 356.19 21.23 0.0025  
BC 7.51 1 7.51 0.4474 0.5250  
A2 858.72 1 858.72 51.18 0.0002  
B2 254.43 1 254.43 15.16 0.0059  
C2 5110.55 1 5110.55 304.58 < 0.0001  
Residual 117.45 7 16.78    
Lack of fit 80.14 3 26.71 2.86 0.1678 Not significant 
Pure error 37.32 4 9.33    
Cor total 17609.80 16     

The obtained F-value of 115.83 means that the model is significant. This 
further indicates that there is only a 0.01 % chance that a F-value of this magni-
tude can appear due to noise. 

P-values of less than 0.0500 provide further proof to the significance of the 
used model. In this research, A, B, C, AB, AC, A2, B2, C2 are considered 
significant terms. P-values above 0.1000 indicate that the model terms are not 
significant.  

The 2.86 lack of fit F-value indicates that the lack of fit is not significant. 
There is a probability of 16.78 % that such a large lack of fit F-value can occur 
due to noise.  
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The obtained F- and P-values of the model (115.83 and 0.0001, respectively) 
show that the model is significant. P-values below 0.05 indicate that the model 
terms are significant. The model fit was also confirmed by the regression coef-
ficients of the predicted and experimental values (R2 = 0.993 and adj-R2 = 
= 0.985). 

The diagram of actual versus predicted responses is shown in Fig. 9. The 
obtained results show a very good agreement between the predicted and experi-
mental data. 

Fig. 9. Actual vs predicted responses. 

Fig. 10 shows 3D surface plots that illustrate the influence of the selected 
parameters on the response (R). Fig. 10a shows that a lower initial metal ion 
concentration in combination with a higher adsorbent mass leads to a very high 
biosorption efficiency (ANOVA analysis indicated to a significant combination 
of these two factors (A and B)). Fig. 10b shows the interaction between the 
adsorbent mass and the contact, indicating that higher values of these factors lead 
to a high percentage of metal removal, and the ANOVA analysis also confirms 
that the combination of these factors is significant. Fig. 10c shows that lower 
initial metal ion concentrations and longer contact time lead to a high metal rem-
oval percentage. 

The optimization of the biosorption process of copper ions onto CCE was 
performed using the RSM-BBD method. The influence of the mass of the bio-
sorbent, the initial metal ion concentration and the contact time was evaluated. 
The model used proved to be statistically significant. The analysis showed that 
all model terms and most of their interactions were significant. The model 
suggests that the optimal biosorption conditions are: 90 min contact time, 1 g 
biosorbent mass and 5 g dm–3 initial Cu2+ concentration. 
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Fig. 10. Response surface plots showing the interaction and influence on the biosorption rate 
(R) of: a) adsorbent mass (A) and initial copper ions concentration (B); b) adsorbent mass (A) 

and contact time (C); c) initial copper ions concentration (B) and contact time (C). 
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CONCLUSIONS 

The DTA-TGA analysis of the eggshells sample indicated to the formation 
of stable CaO during the calcination process. These findings were confirmed by 
the FTIR analysis, which showed the presence of both CaO and CaCO3. 

The SEM analysis of the CCE showed that an irregular structure consisting 
of agglomerates and flakes of different sizes formed during the calcination 
process. 

The kinetic analysis showed that the pseudo-second order kinetic model is 
the best fit for the analyzed data, indicating that chemisorption is the predomin-
ant mechanism for the binding of copper ions onto CCE. 

The equilibrium analysis indicated that the Temkin model is in the best 
agreement with the experimental data. This analysis also showed that the cal-
cinations of the eggshells leads to a significant increase in their maximum bio-
sorption capacity. 

The thermodynamic analysis showed that this process is beneficial and endo-
thermic at higher temperatures and that there is an increased randomness at the 
interface between Cu2+ and CCE. 

The process of biosorption of copper ions onto CCE was optimized using 
response surface methodology based on the Box–Behnken design. The influence 
of biosorbent mass, initial Cu2+ concentration and contact time on the degree of 
biosorption was analyzed and modeled. ANOVA analysis showed that the model 
used and all three parameters analyzed were significant. The optimal parameter 
values were determined (90 min contact time, 1 g of biosorbent and 5 g dm–3 
Cu2+ concentration). 

The maximum experimentally obtained biosorption capacity for the bio-
sorption of copper ions on CCE was 284.12 mg g–1. Comparing this result to the 
work on RCE,8 it can be concluded that the modification of the eggshells (cal-
cinations) increases their biosorption capacity around 10 times. 

И З В О Д  

АНАЛИЗА И СТАТИСТИЧКО МОДЕЛИРАЊЕ БИОСОРПЦИЈЕ ЈОНA БАКРА НА 
КАЛЦИНИСАНОЈ ЉУСКИ КОКОШИЈЕГ ЈАЈЕТА 

МИЉАН МАРКОВИЋ1, МИЛАН ГОРГИЕВСКИ1, НАДА ШТРБАЦ1, ВЕСНА ГРЕКУЛОВИЋ1, 

МИЛИЦА ЗДРАВКОВИЋ1, МАРИНА МАРКОВИЋ1 и ДАЛИБОР СТАНКОВИЋ2 

1Универзитет у Београду, Технички факултет у Бору, Војске Југославије 12, Бор и 2Хемијски 
факултет, Универзитет у Београду, Студентски трг 12–16, Београд 

У овом раду представљена је студија о могућој употреби калцинисаних љуски коко-
шијих јаја као биосорбента за уклањање јона бакра из водених раствора, као и поређење 
између сирових и калцинисаних љуски јаја. Извршене су SEM-EDS и FTIR анализе узорака 
калцинисаних љуски кокошијих јаја. Поред тога, спроведена је DTA-TGA анализа сирових 
љуски јаја. Испитиван је утицај различитих параметара процеса, као што су pH вредност 
раствора, брзина мешања, маса биосорбента и концентрација Cu2+. Кинетичка анализа је 
извршена коришћењем четири различита емпиријска кинетичка модела. Анализа равно-
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теже је спроведена применом Лангмировог, Фројндлиховог и Темкиновог модела изо-
терми. Процес је оптимизован коришћењем mетодологије површине одзива на основу 
Box–Behnken дизајна (RSM-BBD). Добијени резултати су упоређени са претходном сту-
дијом о употреби сирових љуски јаја као биосорбента за уклањање Cu2+, како би се утвр-
дила оправданост модификације биосорбента (односно калцинације сирових љуски јаја). 

(Примљено 7. новембра, ревидирано 5. децембра 2024, прихваћено 24. јануара 2025) 
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