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This research investigates the removal of textile dyes (Rhodamine B and Alizarin 
Red S) from aqueous solution by a low-cost adsorbent prepared from eggshell waste. 
Batch adsorption experiments were conducted in order to determine the effect of differ-
ent parameters such as pH, dye concentration, contact time, adsorbent dosage, particle 
size, and temperature. The best correlation was found by Langmuir model, and the max-
imum adsorption capacity was 175.58 mg g–1 for Rhodamine B and 156.56 mg g–1 for 
Alizarin Red S. Thermodynamic studies showed that the adsorption of Rhodamine B and 
Alizarin Red S were feasible, spontaneous, and exothermic in nature. Regeneration study 
conducted to test the reusability (five cycles) and comparison of adsorption capacities of 
Rhodamine B and Alizarin Red S showed that calcined eggshell adsorbent could poten-
tially be used for the removal of dyes from aqueous solutions.
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Introduction

Dyes are widely used in different manufactur-
ing industries, of which the textile industry is their 
largest consumer, and a large producer of dye-load-
ed wastewater. During the dyeing process, about 
10–15 % of unfixed dye is lost in the water, which 
comes out as a colored effluent from the industries1. 
Additionally, dyes are thermally stable compounds 
that are light-resistant and non-biodegradable be-
cause of their complex molecular structures. Most 
dyes and their degradation products cause serious 
damage to the ecosystem and biological life due to 
their toxicity2,3; therefore, it is necessary to remove 
dyes from the wastewater to protect the eco-system 
and human health. There are various studies on the 
physicochemical strategies for removal of dyes 
from aqueous systems; and among the available 
methods, adsorption is a well-known separation 

technique in terms of initial cost, simplicity, design, 
ease of separation, and ability to treat dyes in a 
more concentrated form4.

Activated carbon is the most preferred adsor-
bent for dye removal because of its excellent ad-
sorption ability. However, an extensive usage of 
activated carbon is restricted because of its high 
cost. Alternative adsorbents are required to be of 
low cost when minimal processing is required, 
abundant in nature, or derived from an industry 
by-product5. Some of the potential alternative ad-
sorbents studied by a number of researchers include 
Cerastoderma lamarcki shell6, watermelon seeds7, 
calcined cow leather8, animal bones9, mussel 
shells10, Ensissiliqua shell11, and conch shells12.

Rhodamine B is a highly water soluble, cation-
ic dye of the xanthene class, and widely used in bi-
ological, analytical and optical sciences. It is report-
ed that Rhodamine B is harmful to the 
environment13,14. Alizarin Red S is an anionic dye of 
the anthraquinon class, which is widely used in wo-
ven fabrics, wool, and cotton textiles15,16. Many re-
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searchers have been interested in the removal of 
these dyes from aqueous solutions; and in fact, Ra
phiahookeri fruit’s epicarp removed Rhodamine B 
from an aqueous solution with a maximum adsorp-
tion capacity of 666.67 mg g–1 17. Zamouche et al. 
reported the adsorption of Rhodamine B onto cedar 
cone by studying the effect of calcination and chem-
ical activation18. Adsorption of Rhodamine B has 
also been studied on iron-pillared bentonite, and the 
maximum monolayer adsorption capacity of 98.62 
mg g–1 19 was attained. Mustard husk removed Aliz-
arin Red S with a multilayer adsorption mecha-
nism20, which was also achieved on olive stone 
by-product giving 16 mg g–1 as adsorption capaci-
ty21. Roosta et al. developed an Alizarin Red S ad-
sorption process from aqueous solution onto gold 
nanoparticles by the application of ultrasound, giv-
ing a high adsorption capacity of 123.4 mg g–1 22.

The aim of the present study was to evaluate 
and investigate the performance of a newly devel-
oped adsorbent, i.e., eggshell powder. This adsor-
bent was chosen according to its daily presence in 
domestic waste worldwide. It is an abundant waste, 
and currently not used in any way. It can be thermal-
ly activated for the rapid removal and fast adsorp-
tion of Rhodamine B and Alizarin Red S from aque-
ous solutions with initial dye concentration (20  
mg L–1 – 50 mg L–1), which exceeds the actual dis-
charge limit rates. The developed adsorbent was 
well characterized using various analytical techniques, 
such as Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), and scanning elec-
tron microscopy (SEM). The impact of several in-
fluential parameters, such as solution pH, initial dye 
concentration, contact time, adsorbent dosage, and 
temperature were well investigated and optimized 

using batch adsorption study. Moreover, kinetics 
and thermodynamics of adsorption of Rhodamine B 
and Alizarin Red S were studied and discussed.

Materials and methods

Chemicals

All chemicals used were of analytical reagent 
grade and used without further purification. All 
solutions were prepared using double distilled wa-
ter. Rhodamine B and Alizarin Red S dyes were 
supplied by Sigma Aldrich. Some of the data on 
both dyes are listed in Table 1. The stock solutions 
of Rhodamine B and Alizarin Red S dyes (1 g L–1) 
were prepared by dissolving the required amount of 
dyes in distilled water.

Preparation of calcined eggshell adsorbent

Preparation of the obtained calcined eggshell 
(CES) absorbent was achieved by collecting egg-
shell waste from a restaurant. Firstly, the eggshells 
were washed several times with tap water and dis-
tilled water, and then left in open air for several 
hours, and dried for another 12 hours at 100 °C. 
The product was then crushed into small pieces, 
powdered, and calcined at 900 °C for 2 hours. The 
resulting material was washed with distilled water 
several times and dried overnight at 105 °C, In ad-
dition, the residue was chopped and the fraction of 
size range 75 – 100 µm was collected. The powder 
was then dried overnight at 105 °C, and calcined at 
a heating rate of 2 °C min–1 to 400 °C, and main-
tained at this temperature for 4 hours. The powder 
was then cooled and stored in a dry place.

Ta b l e  1  – Data of Rhodamine B and Alizarin Red S as studied dyes

Usual name Chemical structure CI Number Molecular weight 
(g mol–1) lmax (nm)

Rhodamine B 45 170 479.01 554

Alizarin Red S 58 005 342.26 520
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Instrumentation

The measurements of the dye concentration 
were performed using a molecular absorption UV-
Vis spectrophotometer (BioMate6, England) using a 
quartz cuvette of 1.0 cm at the wavelength attribut-
ed to the maximum absorbance of each dye (see Table 
1). Chemical composition of CES adsorbent was 
studied by X-ray fluorescence (WD-XRF). The 
Fourier-transform infrared spectra (FTIR) were col-
lected by a Nicolet 5700 FT-IR spectrometer on 
samples prepared as KBr pellets, in a spectral range 
of 400 – 4000 cm–1. The polycrystalline sample of 
CES adsorbent was finely ground in an agate mor-
tar with a pestle, and filled into a 0.5-mm borosili-
cate capillary prior to being mounted and aligned 
on an Empyrean Panalytical powder diffractometer, 
using Cu Kα radiation (λ = 1.54056 Å). Three re-
peated measurements were collected at ambient 
temperature (22 °C) in the 10° < 2q < 60° range 
with a step size of 0.01°. Scanning electron micros-
copy (SEM) images were obtained with HITA-
CHI-S4100 apparatus operated at 20 kV.

Adsorption-desorption isotherms of nitrogen at 
–196 °C were measured with an automatic adsorp-
tion device (NOVA-1000 Gas Sorption analyzer) in 
order to determine surface area and total pore vol-
ume. The surface area of the obtained CES adsor-
bent was determined by Brunauer-Emmett-Teller 
(BET) method.

The pH was measured by a CrisonBasic 20+ 
pH-meter. The pH drift method was used to mea-
sure the pH zero point charge (pHZPC) of CES adsor-
bent as described in reference23.

Adsorption experiments

Adsorption experiments were conducted with 
50 mL of dye solution with a certain initial concen-
tration in a beaker of 100 mL. Batch adsorption of 
Rhodamine B and Alizarin Red S dyes onto CES 
adsorbent was investigated in aqueous solutions by 
varying experimental conditions, such as adsorbent 
dosage (50 mg – 200 mg), initial dye concentration 
(20 mg L–1 – 50 mg L–1), pH (2 – 12), and tempera-
ture (303 K – 323 K). Each experiment was repeat-
ed three times to find the average.

The removal (R) percentage and the amount 
adsorbed qe (mg g–1) of each dye was calculated us-
ing the following equations:
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where γ0 and γe are the initial and the equilibrium 
concentrations of dye solutions (mg L–1), respec-

tively, whereas V and m are the volume of the solu-
tion (L) and the amount of used adsorbent (g), re-
spectively.

Desorption and regeneration experiments

The reuse of the CES was considered in con-
secutive sorption-desorption cycles. For the desorp-
tion experiments, previously adsorbed dyes on CES 
were transferred to a flask containing 100 mL of 
desorbing agent, such as HCl (0.1 M), NaOH (0.1 
M), and distilled water. The mixture was shaken at 
100 rpm using a shaker (Innova 2300, New Bruns-
wick, USA) at room temperature for 1 hour. In the 
regeneration experiment, the dye-loaded adsorbent 
that was eluted by the desorbing agents was thor-
oughly washed three times with deionized water to 
remove any traces of desorbing agent, and then 
mixed again with dye-loaded wastewater for the 
next adsorption cycle. This procedure was used for 
three consecutive cycles.

Results and discussion

Characterization of CES adsorbent

In order to study the surface of CES adsorbent, 
elemental analysis of obtained support was achieved 
by chemical composition using XRF. The results 
are given in Table 2.

The results indicated that CES was composed 
mainly of Ca. Other elements were found in lower 
percentage (Mg, Si, Na, P, Al, and Cl).

Fig. 1 shows the XRD spectrum of CES adsor-
bent. Evidently, a main peak appeared at 2θ = 
34.13°. Furthermore, the spectrum shows several 
other small peaks at 2θ = 18.07°, 23.08°, 28.72°, 
29.43°, 36.03°, 39.47°, 48.55°, 50.85°, 57.48°, 
60.74°, 62.62°, 64.30°, 71.80°, and 81.88°, which 
confirms the presence of calcite and portlandite. 
Analysis of FT-IR spectrum of CES adsorbent, as 
shown in Fig. 2, resulted in some bands at 3600 
cm–1 that were assigned to –OH stretching modes, 
and stretching and folding of carbonate group were 
assigned to peaks at 1500 cm–1 and 865 cm–1. The 

Ta b l e  2  – Chemical composition of CES adsorbent by XRF

Chemical element Percentage content (%)

Ca 61.95
Mg 0.79
Si 0.65
Na 0.64
P 0.47
Al 0.17
Cl 0.12
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F i g .  1  – XRD spectrum of CES adsorbent

F i g .  2  – IR spectrum of CES adsorbent
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surface morphology of CES adsorbent ob-
served by SEM, shown in Fig. 3, indicated 
that it consisted of tiny particles of calcite 
of various sizes. The specific surface area 
of the CES adsorbent calculated by the 
BET (Brunauer-Emmett-  Teller) method was 
62.42 m² g–1.

Effect of contact time and concentration 
dye on the removal efficiency onto CES 
adsorbent

The effect of contact time and initial 
dye concentration on adsorption capacity 
at different initial concentrations of Rho -
damine B and Alizarin Red S is shown in 
Fig. 4. As indicated in this figure, the ad-
sorption capacity increased with contact 
time, and reached equilibrium in 2 hours; 
however, the increase was relatively high-
er during the first 40 minutes. Rapid in-
crease in adsorption during the initial stage 
may presumably be due to the availability 
of vacant active sites on the surface of 
each dye. The slow increase at the later 
stages was due to the diffusion of dyes 
into the pores of CES adsorbent because 
of occupation of external sites. The ad-
sorption capacity increased with dye con-
centration at any dye-adsorbent contact 
time. The values of adsorption capacity for 
a contact time of 180 minutes are shown in 
Fig. 5 against the equilibrium dye concen-
tration for different initial dye concentra-
tions. Furthermore, Fig. 5 indicates that 
the equilibrium adsorption capacity in-
creases with increasing equilibrium dye 
concentration.

F i g .  3  – SEM photographs of CES adsorbent

F i g .  4  – Effect of dye concentration on the adsorption capacity  
(γ0 = 20 – 50 mg L–1, adsorbent dosage: 150 mg, temperature: 25 °C)
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Effect of pH on the removal efficiency of both 
dyes onto CES adsorbent

Fig. 6 illustrates results of the experiments. The 
removal performance of Rhodamine B increased 
from 18 % to 91 % when pH varied from 2 to 10. 
This increase can be explained by the fact that  
pHZPC is equal to 10.2 (see Fig. 7), suggesting that 
the surface of CES adsorbent is positively charged 
under pHZPC and negatively charged above pHZPC. 
This result can be explained by the fact that positive 
charges on the surface of CES adsorbent are com-
pletely neutralized by increasing pH (basic), which 
makes the surface negatively charged and subse-
quently promotes the adsorption of Rhodamine B as 
a cationic dye onto CES adsorbent. Such behavior 
has been already described with cationic dye in a 
previous research paper24.

An opposite result was obtained with Alizarin 
Red S: its removal percentage decreased from 87 % 
to 18 % when pH increased from 2 to 10. This be-
havior is explained by having the surface of CES 
adsorbent charged positively, allowing a significant 
retention of a negatively charged Alizarin Red S un-
der acidic conditions. Above pHZPC, the capacity ad-
sorption will be reduced since there will be a repul-
sion of charge between CES adsorbent and Alizarin 
Red S.

For the following studies, we chose a basic pH 
above 10 for the adsorption of Rhodamine B, and 
acidic pH around 2 for the adsorption of Alizarin 
Red S.

Effect of adsorbent dosage on the dye removal 
onto CES adsorbent

Fig. 8 shows the variation of removal percent-
age and adsorption capacity compared to CES ad-
sorbent dosage. It has been observed that R % in-
creased for each dye (Rhodamine B or Alizarin Red 
S) when the CES adsorbent dosage increased from 
50 mg to 200 mg. The adsorption saturation was 
reached at CES adsorbent dosage above 200 mg, 
and this amount of adsorbent was chosen for further 
studies. The increase in R % is due to increase in 
surface area and the availability of more binding 
sites for adsorption. The decrease in adsorption ca-
pacity with increasing adsorbent dosage might be 
due to interaction of adsorbent particles, like aggre-
gation or agglomeration, which resulted with a de-
crease in the specific surface area.

Effect of CES adsorbent particle size on dye 
removal

Adsorption of Rhodamine B and Alizarin Red 
S onto CES adsorbent was studied using three differ-
ent size fractions of adsorbent particles (75 – 100 µm, 

F i g .  5  – Effect of equilibrium concentration of each dye on 
adsorption capacity (γ0 = 40 mg L–1, adsorbent dos
age: 150 mg, temperature: 25 °C, contact time 3 h)

F i g .  6  – Effect of pH on the dye removal onto CES adsorbent 
(γ0 = 40 mg L–1, adsorbent dosage: 500 mg, tem
perature: 25 °C)

F i g .  7  – Determination of pHZPC of CES adsorbent
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100 – 250 µm, and 250 – 500 µm). Fig. 9 shows the 
effect of particle size on the removal efficiency of 
Rhodamine and Alizarin Red S. As illustrated in 
Fig. 9, whatever the nature of the dye, the removal 
efficiency decreased with increasing particle size. 
For Rhodamine B, removal efficiency decreased 
from 93 % to 75 % when increasing particle size 
range. Furthermore, for Alizarin Red S, it decreased 
from 88 % to 72 %. This is because smaller particle 
size provides large specific surface area for adsorp-
tion, which results in higher dye removal. In this 
case, we chose the range 75 – 100 µm particle size 
of CES adsorbent for further study.

Adsorption kinetics study

The adsorption process of Rhodamine B and 
Alizarin Red S onto CES adsorbent was tested 
against the pseudo-first-order, pseudo-second-order, 
and intra-particle diffusion kinetic model.

The pseudo-first-order kinetic model was wide-
ly used to predict the sorption kinetics25,26 and was 
expressed as:

 ( )e e 1log  logtq q q k t− = −  (3)

where, qe and qt (mg g–1) are the amounts adsorbed 
at equilibrium and at any time, respectively, t (min) 
is time, and k1 (min–1) is the adsorption rate con-
stant. The linear plot of log(qe – qt) versus t gives a 
slope of k1 and intercept of logqe.

The values of k1 and R2 obtained from the plots 
for adsorption of Rhodamine B and Alizarin Red S 
dyes onto CES adsorbent are reported in Table 3. It 
was observed that the R2 values obtained for the 
pseudo-first-order model showed no consistent 
trend. However, the experimental qe values did not 
match the calculated values obtained from the linear 
plots. This showed that the adsorption of Rhodamine 
B and Alizarin Red S dyes onto the adsorbent did 
not follow a pseudo-first-order kinetic model.

The pseudo-second-order equation established 
by Ho and McKay27 predicts the behavior over the 
whole range of adsorption, and is expressed as fol-
lows:

 
 

2
2 e e

1 1   
t

t t
q k q q
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The adsorption rate constant is k2 (g mg–1 min–1), 
and the linear plot of t/qt vs t gave 1/qe as the  
 
slope, and 2

2 e

1
k q  as the intercept. As illustrated in  

 
Table 3, all the R2 values obtained from the pseu-
do-second-order model (see Fig. 10) were close to 
one, and the agreement between the calculated and 
experimental qe values for Rhodamine B and Aliza-
rin Red S dyes was quite good. This showed that 
the model could be applied for the entire adsorption 
process, and confirmed that the sorption of Rho-
damine B and Alizarin Red S onto CES adsorbent 
followed the pseudo-second-order kinetic model.

The kinetics of diffusion was also tested against 
the intraparticle diffusion model28 using the follow-
ing equation:

 p  t i iq k t C= +  (5)

where, kpi (mg g–1 min–1/2), the rate parameter of 
stage i, is obtained from the slope (straight line) of 
qt versus t1/2. Ci represents the boundary layer effect, 
meaning that the larger the intercept, the greater the 

F i g .  8  – Effect of adsorbent dosage on the removal % and 
adsorption capacity (γ0 = 20 mg L–1, adsorbent dosage: 50 – 
200 mg, temperature: 25 °C, contact time 3 h)  – R % of 
Rhodamine B;  – R % of Alizarin Red S; ▲ – qe of Rhodamine 
B; ■ – qe of Alizarin Red S

F i g .  9  – Effect of CES adsorbent particle size on dye removal 
efficiency (γ0 = 20 mg L–1, adsorbent dose 150 mg, temperature 
25 °C, contact time 3 h)
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Ta b l e  3  – Kinetic data for the adsorption of Rhodamine B and Alizarin Red S onto CES adsorbent

Dye γ0 (mg L–1)
qe,exp

(mg g–1)

Pseudo-first-order Pseudo-second-order

k1

(min–1)
qe,cal 

(mg g–1)
R2 k2

(g mg–1 min–1)
qe,cal

(mg g–1)
R2

Rhodamine B

20 16.58 0.014 9.54 0.865 0.023 15.98 0.996

30 27.36 0.018 15.26 0.921 0.034 26.45 0.998

40 35.42 0.021 22.54 0.897 0.068 35.18 0.999

50 48.36 0.023 32.41 0.915 0.078 49.23 0.999

Alizarin Red S

20 18.56 0.017 10.12 0.894 0.021 17.56 0.998

30 28.54 0.019 15.12 0.875 0.054 27.69 0.999

40 37.25 0.022 23.58 0.854 0.082 37.98 0.998

50 49.05 0.025 29.58 0.912 0.095 49.56 0.999

Ta b l e  4  – Data of intraparticle diffusion model for the adsorption of dye onto CES adsorbent

Dye
γ0 

(mg L–1)

Intraparticle diffusion model

kp1

(mg g–1 min–1/2)
kp2

(mg g–1 min–1/2)
kp3

(mg g–1 min–1/2)
C1 C2 C3 (R1)

2 (R2)
2 (R3)

2

Rhodamine B

20 1.82 0.87 0.12 0 0.40 0.18 0.958 0.995 0.975

30 2.52 0.94 0.18 0 1.20 0.24 0.987 0.992 0.994

40 3.86 1.31 0.86 0 1.35 0.38 0.926 0.996 0.996

50 5.15 2.34 1.05 0 2.14 0.75 0.9475 0.994 0.995

Alizarin Red S

20 1.45 0.78 0.09 0 0.31 0.15 0.921 0.992 0.992

30 2.34 0.88 0.11 0 1.14 0.18 0.963 0.991 0.994

40 3.76 1.15 0.75 0 1.22 0.32 0.985 0.998 0.997

50 4.87 1.98 0.88 0 1.75 0.65 0.9141 0.994 0.994

F i g .  1 0  – Plot of curves corresponding to equation of pseudo–second–order kinetics for the adsorption of Rhodamine B and Aliz
arin Red S onto CES adsorbent

20 mg L–1

30 mg L–1

40 mg L–1

50 mg L–1

20 mg L–1

30 mg L–1

40 mg L–1

50 mg L–1



R. Slimani et al., Removal Efficiency of Textile Dyes from Aqueous Solutions…, Chem. Biochem. Eng. Q., 35 (1) 43–56 (2021) 51

contribution of the surface sorption in the rate-con-
trolling step. The linearity of qt versus t1/2 confirms 
that the intraparticle diffusion is occurring, and the 
rate-limiting process is only due to the intraparticle 
diffusion if the plot passes through origin.

The values of kpi, Ci and R2 obtained for the 
three regions from the plots are given in Table 4, 
which shows that the kp values for the three regions 
increase with increase in dye initial concentration. 
The result revealed that an increase in adsorbate 
concentration resulted in an increase in the driving 
force, which led to an increase in every dye diffu-
sion rate. It was observed that the values of inter-
cept increase are correlated to the increase in initial 
dye concentration from 20 to 50 mg L–1, indicating 
the increase in the thickness of the boundary layer.

Adsorption isotherms study

In order to optimize the adsorption process, it 
is essential to describe the quantity adsorbed by a 
given amount of adsorbent. The equilibrium data 
was analyzed using Langmuir, Freundlich, Temkin 
and Dubinin-Radushkevich isotherms.

If the sorption takes place at specific homoge-
neous sites within the adsorbent, the Langmuir iso-
therm29 may be considered, as expressed by the fol-
lowing formula:

 e e

e m L m

1  
q C K C
γ γ

= +  (6)

where, γe (mg L–1) is the equilibrium concentration 
of the adsorbent, and qe (mg g–1) is the amount ad-
sorbed at equilibrium, Cm (mg g–1) and KL (L mg–1) 
are constants related to adsorption capacity and 

 energy of adsorption, respectively. The value of  
Cm and KL can be determined from the slope and the 
intercept of the γe/qe vs γe linear plot. Langmuir con-
stants KL and Cm are calculated from plots and are 
given in Table 5.

For Rhodamine B and Alizarin Red S dyes, 
values of Cm decreases with increase in tempera-
ture, suggesting the exothermic nature of adsorption 
processes.

The essential characteristic of the Langmuir 
isotherm can be expressed in terms of dimension-
less equilibrium parameter30 such as separation fac-
tor (RL) used in the following equation:

 L
L 0

1 
1

R
K γ

=
+

 (7)

where γ0 (mg L–1) is the initial dye concentration. 
The value of the parameter RL indicates the nature 
of the adsorption processes. RL > 1 for unfavorable 
adsorption, RL = 1 for linear adsorption, 0 < RL< 1 
for favorable adsorption, and RL = 0 for favorable 
and irreversible adsorption.

Fig. 11 represents all calculated values of RL 
versus temperature (303, 313, and 323 K) and 
Rhodamine B and Alizarin Red S dye concentra-
tions (20, 30, 40, and 50 mg L–1). Thus, all values of 
RL were found between 0 and 1, suggesting that the 
adsorption of Rhodamine B and Alizarin Red S 
dyes onto CES adsorbent was favorable.

Freundlich isotherm is derived by assuming a 
heterogeneous surface with a non-uniform distribu-
tion of adsorption enthalpy over the surface. The 
linear form of Freundlich equation can be expressed 
as:

Ta b l e  5  – Isotherms data for the adsorption of Rhodamine B and Alizarin Red S dyes onto CES adsorbent at different temperatures

Equations Parameters
Rhodamine B Alizarin Red S

303 K 313 K 323 K 303 K 313 K 323 K

Langmuir

KL (L mg–1) 0.075 0.061 0.047 0.055 0.052 0.042

Cm (mg g–1) 175.58 168.25 159.74 156.56 157.06 152.75

R2 0.997 0.999 0.997 0.999 0.998 0.998

Freundlich

KF (mg g–1) (L mg–1)1/n 12.23 9.89 8.52 8.57 8.67 8.12

n 2.45 2.32 2.18 1.78 1.68 1.57

R2 0.989 0.979 0.991 0.978 0.969 0.985

Temkin

KT (L mg–1) 0.854 0.715 0.597 0.725 0.635 0.546

B 17.12 17.34 17.76 15.24 15.45 15.78

bT (kJ mol–1) 0.147 0.150 0.151 0.165 0.168 0.170

R2 0.996 0.998 0.996 0.998 0.997 0.995

Dubinin-Radushkevich

qS (mg g–1) 75.25 68.56 55.26 45.23 47.58 52.64

E (kJ mol–1) 0.56 0.45 0.38 0.85 0.95 0.78

R2 0.895 0.799 0.892 0.875 0.759 0.854
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 e F e
1log  log  logq K
n

γ= +  (8)

where, qe is the amount adsorbed (mg g–1), γe is the 
equilibrium concentration of the adsorbate (mg L–1). 
KF (mg g–1) (L g–1)1/n and n, the Freundlich con-
stants, are related to adsorption capacity and ad-
sorption intensity, respectively. Freundlich constant 
n is a measure of the deviation from linearity of the 
adsorption, and if a value for n is equal to unity, the 
adsorption is linear. Value of n below unity implies 
that adsorption process is chemical, but if a value 
for n is above unity, adsorption is a favorable phys-
ical process31.

Values of KF and n, obtained from the slope and 
intercept of plot logqe vs. logγe, are shown in Table 
5. Values of KF decreased with the increase in tem-
perature, showing the exothermic nature of adsorp-
tion process.

Temkin isotherm is derived by assuming that 
the heat of the adsorption of all molecules in the 
layer decreases linearly with coverage due to adsor-
bent-adsorbate interactions, and that the adsorption 
is characterized by uniform distribution of the bind-
ing energies, up to some maximum binding ener-
gy32. The linear form of Temkin isotherm can be 
expressed with the following formula:

 e T e ln   lnq B K B γ= +  (9)

where, γe (mg L–1) is the concentration of the adsor-
bate at equilibrium, qe (mg g–1) is the amount of ad-
sorbate adsorbed at equilibrium. The constant B can 
be expressed as follows:

 
T

 RTB
b

=  (10)

where, T is the temperature (K), and R is the ideal 
gas constant (8.314 J mol–1 K–1), KT and bT are the 
constants. A linear plot of qe versus lnγe enables the 
determination of constants KT and B. The constant 
bT (kJ mol–1) is related to the adsorption enthalpy, 
and KT is the equilibrium binding constant (L mg–1) 
corresponding to the maximum binding energy. The 
experiments on the adsorption of Rhodamine B and 
Alizarin Red S onto CES allowed for finding all the 
characteristic values of KT, bT and B, as shown in 
Table 5. In light of the results presented, low values 
of bT for both dyes pointed to very weak interac-
tions between Rhodamine B and Alizarin Red S and 
CES adsorbent, meaning that the adsorption of the 
studied dyes occurredby a physical process.

The Dubinin-Radushkevich (DR) isotherm is 
more general than the Langmuir isotherm because it 
does not consider a homogeneous surface or con-
stant adsorption potential. It is used to distinguish 
between physical and chemical adsorption33. The 
linear equation for this isotherm is given as follows:

 2
e Sln  ln   q q Bε= −  (11)

where:

  ln 1  RT
 

= + 
   (12)

where, qS (mg g–1) is the maximum amount ad-
sorbed and is considered as DR constant, B is a con-
stant giving the mean free energy E of the sorption 
per molecule of sorbate, and it is calculated by the 
following relation:

 
1 
2

E
B

=  (13)

Values of E less than 8 kJ mol–1 are character-
istic for physisorption, and values of E between 8 
and 16 kJ mol–1 are found for chemisorption. As 
maybe seen in Table 5, all the calculated values of 
E are below 8 kJ mol–1, so it can be concluded that 

F i g .  11  – Effect of dye concentration and temperature on 
separation factor RL
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the adsorption of both dyes occurs by physical pro-
cesses. However, the relatively low values of R2 
point to the failure of DR isotherm to fairly describe 
the investigated adsorption phenomena.

Thermodynamics of adsorption

The values of the standard Gibbs free energy 
(ΔG0) of adsorption for each temperature were cal-
culated from the following equation:

 0
C  lnG RT K∆ =−  (14)

where, R is the universal gas constant (8.314 J mol–1 K–1), 
T is temperature, and KC is the equilibrium constant 
that was calculated at each temperature using the 
following expression:

 S
C

e

 K γ
γ

=  (15)

where, γS and γe are the equilibrium concentrations 
on the adsorbent and the aqueous phase, respectively.

The enthalpy change (ΔH0) and entropy change 
(ΔS0) were calculated from the slope and intercept 
of the lnKC versus 1/T based on the Van’t Hoff 
equation:

 
0 0

C
1ln   S HK

R R T
∆ ∆   

= −   
   

 (16)

Table 6 depicts the thermodynamic data at tem-
peratures and initial concentrations for the adsorp-
tive removal of Rhodamine B and Alizarin Red S 
from aqueous solutions onto CES adsorbent. From 
Table 6, the negative values of ΔG0 indicate a spon-
taneous and favorable adsorption process at all 
studied temperatures and initial concentrations of 
both dyes Rhodamine B and Alizarin Red S, sug-
gesting that the system required no energy input 
from outside. For a given concentration of 
Rhodamine B or Alizarin Red S, ΔG0 values in-
creased with increasing temperature. Furthermore, 
values of ΔG0 increased slightly as the initial 
Rhodamine B or Alizarin Red S concentration in-

creased from 20 to 50 mg L–1, indicating a more 
favorable adsorption of both dyes at lower dye con-
centration. The low negative values of ΔG0 ranging 
from –20 to 0 kJ mol–1 suggest that the dominant 
adsorption mechanism was physisorption for the re-
moval of Rhodamine B and Alizarin Red S onto 
CES adsorbent from aqueous solutions. As for the 
Van’t Hoff plot, shown in Fig. 12, the regression 

Ta b l e  6  – Thermodynamic data for the adsorption of Rhodamine B and Alizarin Red S onto CES adsorbent at different temperatures

Dye
γ0 KC ΔG0 (kJ mol–1)

ΔH0

(kJ mol–1)
ΔS0

(J mol–1 K–1)(mg L–1) 303 (K) 313 
(K) 323 (K)

303
(K)

313
(K)

323
(K)

Rhodamine B

20 120 85 65 –12.06 –11.56 –11.21 –24.97 –42.68

30 100 65 45 –11.60 –10.86 –10.22 –32.50 –69.03

50 80 45 25 –11.04 –9.91 –8.64 –47.31 –119.61

Alizarin Red S

20 150 115 95 –12.62 –12.35 –12.23 –18.61 –19.84

30 130 95 75 –12.26 –11.85 –11.59 –22.40 –33.55

50 110 75 55 –11.84 –11.23 –10.76 –28.22 –54.13

F i g .  1 2  – Plots of ln(KC) versus 1/T for the adsorption of 
Rhodamine B and Alizarin Red S onto CES adsorbent
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coefficient (R2) of the plots of lnKC versus 1/T were 
close to one for all initial Rhodamine B and Aliza-
rin Red S concentrations, indicating that the esti-
mated values of ΔH0 and ΔS0 were reliable. As may-
be seen in Table 6, the negative values of ΔH0 are 
due to the exothermic nature of the adsorption of 
Rhodamine B and Alizarin Red S onto CES adsor-
bent. Please note that similar results with negative 
ΔH0 values were obtained by other studies, and 
were interpreted in terms of exothermic adsorption 
for anionic and cationic dyes34,35.

The magnitude of enthalpy change can be used 
to classify the type of adsorbent-adsorbate interac-
tion, and according to ΔH0 values for Rhodamine B 
and Alizarin Red S obtained in this study, the ad-
sorption of both dyes onto CES adsorbent was due 
to physical adsorption, suggesting weak interactions 
between CES adsorbent and chosen dye.

The negative values of ΔS0 were very low, and 
pointed to increased ordering at the solid-liquid in-
terface during the adsorption of dye onto CES ad-
sorbent (see Table 6); the extent or ordering was 
larger for higher dye concentrations. The results 
also suggested that the enthalpy change ΔH0 con-
tributed more to the negative values of ΔG0 than the 
corresponding entropy change ΔS0. This suggested 
that the adsorption of dyes onto CES adsorbent was 
an enthalpy-controlled process.

Desorption, adsorbent regeneration, and 
adsorbent comparison

In order to regenerate the CES adsorbent for 
further use, it is important to study the desorption 
process as well. In this case, two different desorp-
tion agents were selected: NaOH 0.1 M and HCl 0.1 
M. The results of this study are shown in Fig. 13. 
The results show that NaOH 0.1 M is a better de-

sorption agent for Rhodamine B (giving 99 % de-
sorption), and HCl 0.1 M is a better desorption 
agent for Alizarin Red S (giving desorption near 98 
%). As shown in Fig. 14, the removal efficiency % 
decreased for each new cycle after regeneration, 
and after a sequence of six cycles, the Rhodamine B 
desorption efficiency decreased from 95 % to 85 %, 
and that of Alizarin Red S from 94 % to 82 %. The 
overall loss in removal efficiency for Rhodamine B 
was below10 % and for Alizarin Red S below 13 %. 
Therefore, CES adsorbent could be used for five cy-
cles of adsorption of Rhodamine B and Alizarin 
Red S.

F i g .  1 3  – Desorption study of Rhodamine B and Alizarin 
Red S onto CES adsorbent

F i g .  1 4  – Effect of number of cycle runs for the reusability 
of CES adsorbent

Ta b l e  7  – Comparison of adsorption capacities for Rhoda 
mine B and Alizarin Red S on various adsorbents

Dye Adsorbent qe (mg g–1) Reference

Rhodamine B

Coconut coir pith 14.9 36

Rice husk 185.9 42

Baker’s yeast 25 43

Scrap tires 307.2 41

Tannery waste 250 40

Bagasse pith 198.6 37

Jute stick 87.7 39

Eggshells 175.58 This study

Alizarin Red S

Olive stone 16 21

Gold nanoparticles 123.4 22

Mustard husk 6.4 20

Chitosan 43.08 38

Mussel shells 39.65 10

Eggshells 156.56 This study
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Table 7 summarizes the adsorbents applied for 
the removal of Rhodamine B and Alizarin Red S 
from aqueous solution. According to the results of 
this study, CES adsorbent can be used for the re-
moval of dies with satisfactory results in compari-
son to adsorbents studied earlier.

Conclusion

Removal of Rhodamine and Alizarin Red S 
dyes was successfully achieved using treated egg-
shell waste. Kinetic study showed that adsorption of 
the two dyes followed pseudo-second-order kinet-
ics. Furthermore, adsorption was best described by 
Langmuir isotherm. In addition, thermodynamic 
study showed that adsorption of Rhodamine B and 
Alizarin Red S was feasible, spontaneous, and exo-
thermic in nature.

As a result, it may be concluded that CES ad-
sorbent is an effective adsorbent for the removal of 
Rhodamine B and Alizarin Red S from aqueous 
solution. Moreover, CES adsorbent is cheap and 
widely available. Taking into consideration that it is 
a waste product, its usage can resolve some waste 
management issues as well.
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