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a b s t r a c t
This study investigated the potential of eggshell powder (EGP) on the removal of two import-
ant cationic dyes namely: Methylene Blue (MB) and Crystal Violet (CV), by batch adsorption 
experiments. Characterization of eggshell functional groups was investigated using Fourier-
transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM) and X-ray diffrac-
tion (XRD). The experiments were carried out by varying the adsorbent dosage, pH, contact time, 
temperature and initial dye concentrations. The study showed that all parameters affected the 
removal of the dyes by the adsorbent. Pseudo-second-order kinetics model best represented 
the experimental data for EGP-MB, while pseudo-first-order best explained EGP-CV system. 
The Langmuir, Freundlich, Temkin and Dubinin–Radushkevich isotherm models were used to 
describe the adsorption process and of all these isotherm models, the Langmuir model best rep-
resented both adsorbate–adsorbent systems (EGP-MB and EGP-CV) giving maximum adsorption 
capacities (Qmax) of 122.510 and 118.610 mg g−1 respectively at 35°C. Thermodynamics studies 
showed that both adsorption systems are spontaneous and endothermic.
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1. Introduction

Dyes are mainly used in textile, food, pharmaceutical 
and other chemical industries. Wastewater containing dyes 
are highly colored and noticeable even at a low concentra-
tion with large volume of synthetic dyes being disposed into 
the environment and water bodies [1,2].

When dye is present in water bodies at high concen-
trations, the reoxygenation potential of the receiving 
water and sunlight penetration will be limited, and bio-
logical activity in aquatic systems are also disrupted [3,4]. 
Synthetic dyes have carcinogenic and mutagenic properties; 
they remain persistent in the environment and are resistant 

to biodegradation [2,3]. Their presence results in environ-
mental pollution and health problems such as asthma, der-
matitis, skin inflammation and sometimes their effect could 
be deadly [1,5,6]. Methylene blue (MB) (3,7-bis(dimethyl-
amino)-phenothiazin-5-ium chloride) is a commonly used 
cationic dye that is highly soluble in water at room tem-
perature [7,8]. It is extensively used to dye textiles, such as 
cotton, cellulose, wood, and silk [9]. It is harmful to human 
health above a certain concentration due to its strong tox-
icity, predominantly to the central nervous system [10]. 
Crystal violet (CV) on the other hand is popularly known 
as gentian violet, is a triarylmethane dye. The dye is used as 
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an antiseptic medically especially on Gram-positive organ-
isms. Burns, boils, carbuncles, and other skin infections are 
treated with CV [9,11]. Since these dyes are not environ-
mentally friendly, there is therefore an urgent need for the 
decontamination of these pollutants from the environment.

Among all the common techniques for residual dye 
removal from waste and industrial effluent such as bio-
logical treatment, coagulation, flocculation, ion exchange, 
membrane filtration and advanced oxidation processes 
[9–14], adsorption is considered and proven to be suitable 
for the removal of dyes from wastewater. Adsorption as a 
remediation technique is viable because of its ease of oper-
ation, flexibility, adaptability, simplicity of design, cost-ef-
fectiveness, efficiency, efficacy, insensitivity to toxic pollut-
ants and eco-friendliness [15–17] and adsorbent/adsorbent 
regeneration [18]. In adsorption process, the widely used 
adsorbent is activated carbon; however, its high cost of 
production and level of purity has limited its application. 
There is therefore the urge for cheaper and effective adsor-
bents which can readily be deployed in dye remediation. 
Several adsorbents such as natural clay mineral [9], surfac-
tant-modified laterite [13], adsorbent-ultrasonic spray [14], 
magnetite/pectin NPs [19], magnetite/silica/pectin NPs [19], 
N-benzyl-O-carboxymethyl chitosan magnetic nanoparti-
cles [20], polymer-modified magnetic nanoparticles [21], 
coal [22], and anionic surfactant with silica [23] have all 
been documented for their ability to remove MB and CV 
dyes from aqueous solution.

In this work, we prepared low-cost adsorbents from 
waste eggshell and applied it for the removal of MB and 
CV dyes. Chicken eggshell is waste from homes and poul-
try farms which can cause nuisance to the environment 
and its presence could cause diseases because of its high 
organic matter which could harbor fungi and bacteria 
when disposed indiscriminately. Thus, processes like this 
where waste chicken eggshell can be utilized to prepare 
adsorbent which could be deployed in dye wastewater 
treatment would prove useful and the utilization of waste 
resources could as well be achieved as a means of envi-
ronmental sustainability. Thus, the application of waste 
chicken eggshell in wastewater treatment is not only seen as 
an adsorbent but also a way of adding values to the waste 
product. Thus, experiments were performed to evaluate the 
impact of contact time, initial dye concentrations, eggshell 
dosage, temperature, and pH solution on the uptake of 
MB and CV dyes in a batch process from aqueous solution. 
Different kinetics and isotherm models were deployed to 
further provide lucid understanding about the adsorption 
data. Fourier transform infrared spectroscopy (FT-IR), X-ray 
diffraction (XRD) and scanning electron microscope (SEM) 
were used for the structural investigation of the adsorbent.

2. Materials and methods

2.1. Materials

Methylene Blue (MB, chemical formula – C16H18ClN3 
S2H2O, molecular weight: 355.5 g/mol, 98% dye content. 
Crystal violet (CV, chemical formula – C25H30ClN3, molec-
ular weight: 407.99 g/mol, 98% dye content) and other 
reagents were purchased from Zayo-Sigma Chemicals Ltd, 

Jos, Nigeria and were used without further purification. 
All reagents used were of analytical grade.

2.2. Preparation of the adsorbate solutions

A suitable quantity of MB and CV were added to deion-
ized water to prepare a stock solution of 1,000 mg L−1 respec-
tively in a 1,000 mL volumetric flask. The standard series 
solutions were prepared from the previously prepared 
stock solution by using the dilution method. UV-VIS spec-
trometer (Hitachi, U3210, Japan) was used to measure the 
concentrations of MB and CV dyes. The absorbances were 
measured at λmax 664 and 590 nm for MB and CV, respec-
tively. The pH values of the prepared MB dye solution were 
measured by using a pH meter of pH 21 Hanna instrument.

2.3. Preparation of adsorbent

Eggshell waste was collected from a cafeteria at Ijebu 
Ode. Eggshell collected was washed under tap water to 
remove dirt and dust. After that, eggshells were washed 
with hot water to remove stubborn dirt and then with dis-
tilled water and dried at 105°C in an oven to remove the 
moisture. The dried eggshell was crushed into smaller sizes 
using a mortar and pestle after which it was pulverized into 
powder and sieved through 60 mesh to obtain fine homog-
enous particle size. Finally, the eggshell powder was taken 
as the adsorbent without any treatment.

2.4. Adsorbent characterization

The adsorbent surface functional groups present were 
investigated using FT-IR, XRD and SEM before being used 
and after the adsorption process. The FT-IR spectrum of 
eggshell was recorded using the KBr disc method at room 
temperature in the wavenumber range 400–4,000 cm–1. XRD 
were done using PANalytical (X’Pert Pro, the Netherlands) 
coupled with Cu Kα (γ = 1.54178 Å) radiation at room 
temperature and the peaks obtained were matched with 
standard files. Surface morphology characterization 
was done by SEM using a Hitachi (Japan) S-3000H elec-
tron microscope which contain an accelerating voltage of 
15 kV. The surface charge of the biomass (also known as 
zero point charge) was performed using 0.2 g of the adsor-
bent in 20 mL of the dye solution. The pH solution was 
adjusted with either 0.1 M HCl or NaOH and measurements 
done with Zetasizer Nano ZS instrument (Malvern, UK) 
for the analysis of the zeta potential of the adsorbent.

2.5. Batch experimental studies

The experiments were carried out in Erlenmeyer flasks 
(100 mL) containing 10 mL of the desired concentration of 
dyes and the required amount of the adsorbent. The flasks 
were shaken for pre-determined time and speed using an 
orbital shaker, at 35°C unless otherwise indicated. The fac-
tors affecting the adsorption process such as contact time 
(0–160 min), initial dyes concentration (100–500 mg/L), 
adsorbent dosage (5–25 mg/10 mL), solution temperature 
(25°C–45°C) and initial solution pH (2.0–8.0) were investi-
gated for both MB and CV dyes. The dye solutions’ initial 
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pH was adjusted to the desired value using a solution of 
either NaOH or HCl (0.1 M). The experiments were con-
ducted in triplicate. After each adsorption experiment, the 
adsorbent was separated by centrifugation at 2,500 rpm 
for 5 min. A UV-Vis spectrophotometer (Hitachi, U3210, 
Japan) at a maximum wavelength (λmax) of 662 nm for 
MB and 590 nm CV respectively was used to estimate the 
initial and residual MB and CV concentrations. The per-
centage removal of the dyes (%R) and amount (qe) of dye 
adsorbed were estimated using Eqs. (1) and (2):
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Adsorption capacity at equilibrium, q
V C C

me
e�

�� �0  (2) 

where V (L), Ce (mg/L), C0 (mg/L), Ct (mg/L) and Ce m(g) 
represent volume of dye solutions, concentrations at equi-
librium, the initial concentration and the final concentra-
tions at any time t and at equilibrium of MB and CV dye 
solutions respectively.

2.6. Kinetics and equilibrium studies

Kinetic studies are required in order to determine the 
various mechanisms which governed the adsorption pro-
cess. The kinetic of the dye adsorption on eggshell was 
investigated and interpreted by applying the pseudo-first- 
order (PFO) [Eq. (3)], pseudo-second-order (PSO) [Eq. (4)], 
Elovich [Eq. (5)] and intraparticle diffusion [Eq. (6)] kinetic 
models [2,4,5,24]:
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where k1 (min–1) and Qe (mg/g) represent the PFO kinetic 
model rate constant and the calculated adsorbent capacity, 
k2 (g/mg min) denotes the PSO kinetic model rate constant. 
The Elovich rates of adsorption and desorption can be rep-
resented as α and β in mg/g min, respectively. Whereas, 
Kid denotes the intraparticle diffusion rate constant in 
mg/g min0.5 and Ci stands for the intercept and measures the 
surface thickness of the adsorbent. The plots of Qt vs. t were 
used to estimate all the constants using scientist software.

2.7. Test of kinetic fitness

The comparison between the PFO and PSO were 
examined via the sum of error squares (SSE, %) [4,5]:
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The data point’s number is given as N.
The equilibrium isotherm data were designed using the 

Langmuir, Freundlich, Temkin and Dubinin−Radushkevic 
(D-R) isotherm models.

From the Langmuir, the non-linear form is given as [6,15]:

Q
Q bC
bCe

e

e

�
�
0

1
 (8)

where Qmax (mg/g) represent the maximum adsorbed amount 
of MB and CV respectively and b is the Langmuir isotherm 
model constant.

Fig. 1. SEM images of eggshell (a) before and (b) after adsorption of the pollutant.
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For the Freundlich isotherm, the non-linear form is 
expressed as [2]:

Q K CF e
n

eq =
1/  (9)

where KF stands for the Freundlich constant (mg/g (L/mg)1/n), 
n denotes the Freundlich intensity which is dimension-
less and account for the magnitude of heterogeneity on the 
adsorbent surface.

The Temkin’s expression is given as [5,24,25]:

Q RT
b

a Ce
T

T e= ln  (10)

with R standing for the universal constant (8.314 J/
mol K), b denotes Temkin’s constant, and T is absolute 
temperature in K.

The D-R expression is given as [24,25]:

Q Q ee m� ���2  (11)

Details about the parameters in the equation are 
described by Ofudje et al. [4] and Adeogun et al. [25]. The 
mean free energy of adsorption per mole of the adsorbate can 
be obtained from the relation:

E � � ��2
0 5

�
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If E is in the range of 8 to 16 kJ/mol, the process is 
chemisorption, while value of E below 8 kJ/mol depicts phys-
ical adsorption process [4].

3. Results and discussion

3.1. Characterization of the eggshell

SEM was performed to examine the morphology of the 
waste eggshell before and after the adsorption of pollutant 
as depicted in Fig. 1a and b. Natural waste eggshell exhib-
ited irregular structures. After the adsorption process, not 

much difference was observed as shown in Fig. 1b. The 
waste eggshell’s XRD pattern fits well with Joint Committee 
on Powder Diffraction Society (JCPDS)  standard data of 
Aragonite (JCPDS no. 411475) which is an indication that the 
waste biomass is made up of crystalline structure of arago-
nite (CaCO3) system as depicts in Fig. 2. Important peaks cor-
responding to aragonite crystalline structure were deduced. 
However, after the adsorption of organic pollutant, shift 
in peak positions coupled with decrease in intensity were 
observed and this confirm the adsorption of the pollutant 
onto the surface of the biomass [4].

FT-IR investigations of the waste biomass before and 
after organic pollutant adsorption as presented in Fig. 3 
shows that the eggshell consisted mainly of carbonate func-
tional groups of CaCO3. The absorption bands noticed at 
1,435; 1,125; 884 and 715 cm−1 are the main component of the 
eggshell (CaCO3). The broad band noticed between 3,498 to 
3,663 cm−1 are attributed to hydroxyl stretching which could 
be ascribe to humidity absorption [26]. Peaks noticed at 1,120 
and 1,457 cm–1 were assigned to C–O bond. Nevertheless, 
most of the peaks in the raw biomass before adsorption 
process were observed to have shifted to 1,125; 1,488; 3,562 
and 3,669 cm−1 after the adsorption of the pollutant. These 
changes are indications of interaction between the sorption 
groups available on the surface of the eggshells and the pol-
lutants, thus implying electrostatic adsorption mechanism.

3.2. Effects of initial dye concentration and contact time

The result of the interactions between initial dye con-
centrations and contact time on adsorption of MB and CV 
by the eggshell are shown in Figs. 4 and 5, respectively. 
From these plots, it was observed that the adsorption of 
the dye increases with the increase in the contact time to 
some extent and beyond this, increasing the contact time 
further does not increase the dye uptake process due to 
deposit of dyes on the available binding sites of the adsor-
bent material [4,5]. The dye uptake was rapid at the ini-
tial process until it reached equilibrium at a contact time 
of 120 min for MB and 100 min for CV respectively. It was 
equally established from these plots that the amount of dye 

10 20 30 40 50 60

Eggshell after adsorption

Eggshell before adsorption

In
te

ns
it

y/
a.

u

2 theta/degree

Fig. 2. XRD pattern of eggshell before and after the adsorption of the pollutant.
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uptake increased as the concentrations of the dye increases 
which is due to the enhancement of driving force available 
in the aqueous solution which enables the dye particles 
to diffuse faster onto the surface of the adsorbent [4].

3.3. Effect of pH on the adsorption of the dyes

In adsorption process, pH is an important parameter 
due to its effect on the charge on the adsorbent surface and 
ionization of its molecules. Over the range of pH 2.0–8.0, 
the effect of pH of dye solution on the adsorption was stud-
ied. A plot of percent removal against pH is presented in 
Fig. 6 and it shows that the percentage removal of both dyes 

increased as the pH increases from 2.0–5.0 with optimum 
adsorption pH of 5.0 for both dyes. Maximum percentage 
removal of 78.4% and 73.2% were achieved for CV and 
MB at pH 5.0. The pHZPC of the biomass obtained 4.2 and 
above this value, the surface of the eggshell is expected to 
be negatively charged. Since the two dyes are cationic spe-
cies, this will enhance their adsorption onto the negatively 
charged surface of the biomass and this explains the reason 
why the adsorption of the dyes was favored at a pH 5.0 [5]. 
However, at basic pH, the anionic forms of the dyes dom-
inate the medium with excess of hydroxyl groups which 
causes precipitation of the solution and thereby causing 
reduction the uptake process. The surface of the eggshell is 
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Fig. 3. FT-IR analysis of eggshell before and after the adsorption of pollutant.
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the removal of CV MB at adsorbent: 15 mg, temperature: 35°C  
and pH: 5.0.
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composed of carboxylic and hydroxyl groups and present 
at different forms depending on the solution pH. The pHzpc 
of the adsorbent has been determined to 4.2 and above 
this value, the surface charge of the adsorbent is expected 
to be negatively charged, and cation adsorption occurs. 
This phenomenon was noticed with the two cationic dyes 
tested in this study. As the pH of the solution increased, 
an increase in the adsorption process is due to deproton-
ation of carboxyl and hydroxyl groups on the adsorbent 
surface and this resulted in electrostatic attraction that 
exist between negatively charged sites of the eggshell sur-
face and cationic dye. At higher pH (basic medium), there 
exists excess of OH– of the dyes in solution which eventu-
ally resulted in the precipitation of the solution and subse-
quent low adsorption at higher pH. Thus, the mechanism 
of both pollutants could be as a result of the electrostatic 

attraction between negative surface charged of the egg-
shell and cationic dyes [4,5,19]. The ionic nature of the 
two basic dyes (MB and CV) could have played a role in 
retaining the dye species on the surface of the adsorbents.

3.4. Effect of adsorbent dosage

From the plot of effect of adsorbent dosage on the 
removal of the dyes shown in Fig. 7, it is evident that the 
percent removal of the dyes increased as the adsorbent 
dosage was increased. The percentage removal increased 
from 51.2% to 73.5% for MB and from 54.1% to 76.7% for 
CV when the adsorbent dosage was adjusted from 5 to 
15 mg. This could be due to the availability of high num-
ber of binding sites on the adsorbent surface as provided 
by the increase in the amount of adsorbent used. Optimum 
percentage removal of 73.5% and 76.7% was attained at a 
dosage of 15 mg. The reduction in the removal of the dyes 
at a higher biomass dosage may be due to agglomeration 
of the adsorbent as the dosage increases [24–27].

3.5. Kinetics evaluations

The kinetics of the study was explained using pseu-
do-first-order (PFO), pseudo-second-order (PSO), Elovich 
and intraparticle diffusion kinetic models as described in 
Eqs. (4)–(7). Fig. 8 shows the non-linear plots for the models 
using scientist software and Table 1 shows the parameters 
calculated from the plots. On comparing the kinetic mod-
els based on the correlation coefficients (R2) and the values 
of %SSE, it was observed that while the pseudo- second-
order kinetics model best represented the experimental 
data for EGP-MB, whereas that of the pseudo-first-order 
best explained EGP-CV system. The results suggest the 
mechanism of MB removal by eggshell to be chemisorption, 
while that of CV removal by eggshell is physisorption [28].

3.6. Isotherm studies

The representations of the isotherm models are given in 
Fig. 9, and the equilibrium parameters obtained are shown 
in Table 2. While the adsorption of MB fitted well with the 
Freundlich isotherm, Langmuir isotherm best described 
the adsorption parameters of CV as indicated by higher 
values of the correlation coefficient (R2) when compared 
with that of the other isotherms. The assumption of the 
Langmuir isotherm model is such that the homogeneous 
active site available on the adsorbent structure provides a 
monolayer adsorption; on the hand, the Freundlich model 
assumed that the surface of the adsorbent is heterogeneous 
and therefore provides a non-uniform adsorption process. 
In addition, the RL values for both dyes are less than 1 
which indicates that the adsorption of the dyes by eggshell 
is favorable. The maximum adsorption capacity as obtained 
from the Langmuir isotherm is 122.510 and 118.610 mg/g for 
AGP-MG and AGP-CV respectively, whereas, the KF param-
eter from Freundlich isotherm for AGP-MG and AGP-CV 
are 65.180 and 57.660 (mol/g)(mol/L)1/n, respectively indicat-
ing that the affinity between the MG dye and the adsorbent 
surface is superior when compared to CV dye. From D-R 
analysis, the values of E determined from AGP-MG and 
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Fig. 6. Effect of pH on the adsorption process at adsorbent: 
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AGP-CV are 0.520 and 0.835 kJ/mol respectively, and this 
inferred that the process of adsorption process is physical 
since E < 8 kJ/mol [29,30].

The maximum adsorption capacities of other studies 
carried out on the adsorption of MB and CV using different 
kinds of adsorbent are presented in Table 3. Comparing the 
adsorption capacity of eggshell powder with those of other 
adsorbent showed that the adsorbent of the present study 
is also a promising adsorbent for the removal of dyes from 
industrial wastewater.

3.7. Thermodynamic studies

The impact of temperature on the adsorption process 
was investigated. The Gibb’s free energy change was evalu-
ated using the Eq. (13) [25]:

� � �G RT KCln  (13)

where T stands for the equilibrium temperature in Kelvin, 
R is the ideal gas constant with a value of 8.314 J/mol K and 
Kc stands for the thermodynamic equilibrium constant which 
can be obtained as follows:

K
C
CC
a

e

=  (14)

where Ca denotes the amount of dyes per litre and Ce is as 
previously defined in mg/L. The Van’t Hoff equation was 
used to describe the enthalpy change (ΔH°), equilibrium 
constant and the entropy change (ΔS°) at constant tempera-
ture [15]:

lnK S
R

H
RTC �

�
�
�� �

 (15)

The slope and intercept from the plot of lnKc against 
1/T (Fig. 10) were used to determine the values of ΔH° and 
ΔS° while their values are listed in Table 4. The adsorption 

process is found to be endothermic in nature and random 
as confirmed from the positive values of ΔH° and ΔS° 
respectively. The spontaneity and feasibility of the adsorp-
tion process was ascertained from the negative values of 
ΔG° obtained. Also, the values of ΔG° were observed to be 
increasing as temperature increases for the two dyes studied.

4. Conclusion

Eggshell powder was investigated for its potency of 
being an efficient adsorbent for the removal of two cationic 
dyes from aqueous solution in batch process. The adsorp-
tion process was confirmed to be depended on parameters 
such as contact time, initial dye concentration, pH solu-
tion, temperature and adsorbent dosage. The optimum 
adsorption capacities of 122.510 and 118.610 mg g−1 were 
obtained for CV and MB respectively at adsorbent dosage 

Table 2
Isotherm parameters for the adsorption of MB and CV onto EGP

Isotherms Parameter EGP-MB EGP-CV

Langmuir 

(mg/g) 122.510 118.610
b (L/mg) 0.029 0.063

RL
0.064 0.0306

R2 0.989 0.998

Freundlich
KF × 102 (mol/g)(mol/L)1/n 65.180 57.660

1/n 0.224 0.546

R2 0.997 0.778

Temkin
aT (L/mg) 0.338 0.896

bT
76.568 58.361

R2 0.894 0.887

Dubinin–Radushkevich

Qs (mg/g) 102.538 47.200

Β × 106 (mol/J)2 2.112 4.231

E (kJ/mol) 0.520 0.835

R2 0.843 0.915

0.00310 0.00315 0.00320 0.00325 0.00330

0.0
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Fig. 10. Plot of thermodynamic parameters.
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of 1.5 g, contact time of 120 min for MB and 100 min for CV  
respectively, and pH 5.0. The pseudo-second-order kinetic 
model best described MB, while pseudo-first-order 
kinetic model gave good fitting with the adsorption data 
of CV. It was demonstrated that EGP is a promising and 
low-cost adsorbent to eliminate cationic dyes of MB and 
CV in contaminated environment.
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