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a b s t r a c t
This research study aimed to remove chromium (Cr6+) from aqueous and industrial effluent by 
natural Gallus gallus domesticus eggshell waste magnetized with Fe3O4 nanoparticles (MES). A lit-
erature survey showed that the sorption of Cr on the modified magnetite form of this biomass had 
not been explored before. Structure, morphology, functional groups, and thermal stability of the 
prepared modified biosorbent were characterized by scanning electron microscopy, X-ray diffrac-
tion pattern, Fourier transform infrared spectroscopy, and thermogravimetric analysis. The results 
of the characterization study confirmed the suitability of Cr adsorption on the proposed adsorbent. 
The optimization studies were performed to measure the suitable conditions for the adsorption 
process. The most suitable pH for maximum chromium adsorption by MES was 2. The contact time 
for maximum adsorption was noted to be 30 min, and the most suitable temperature was found 
to be 20°C. It was observed that MES showed 95% removal of Cr. The kinetics data for MES fol-
lowed the pseudo-first-order kinetic model, while the intraparticle diffusion played a significant 
part in the rate-controlling step. The results described the pseudo-first-order kinetic model for Cr 
adsorption by MES, with the highest value of correlation coefficient R2 = 0.864. The equilibrium for 
adsorption data was best described by Langmuir isotherm. For the thermodynamic process, ΔG°, 
ΔH°, and ΔS° were calculated, the value of ΔH and ΔS was –34.622 and –0.11 kJ/mol K, respectively, 
and found that adsorption of Cr was spontaneous and exothermic. The suitability of MES in 
industrial effluent was also carried out that offers a green, sustainable, cost-effective, and real-world 
water treatment solution for water purification having Cr from wastewater/industrial effluent.
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1. Introduction

Hasty industrial expansion is the main reason for heavy 
metals pollution in an environment, especially in the water 
bodies worldwide [1]. The heavy metal contamination of 
aqueous streams is becoming a severe threat to the aquatic 
ecosystem because of their high toxicity. Heavy metals are 
not susceptible to biological degradation and usually accu-
mulated in living tissues after entering through the food 
chain [2]. Cr is considered as one of the top sixteen toxic pol-
lutants because of its carcinogenic characteristics for humans. 
Oxidation states of Cr such as trivalent and hexavalent are 
comparatively stable and mostly predominant [3]. These 
oxidation states influence the Cr toxicity and chemical prop-
erties in aqua. Although Cr(III) is less toxic than Cr(VI), but 
Cr(III) is the reason for structural disorders in erythrocyte 
membranes [4]. In alkaline media, Cr(III) can quickly oxidize 
into harmful Cr(IV) due to the presence of strong oxidants in 
water and soil [5].

Numerous medical studies have verified the ability of 
Cr(VI) to cause respiratory effects, carcinogenic effects, skin 
effects, gastrointestinal effects, renal and hepatic effects, hae-
matological effects, cardiovascular effects, genotoxic and 
mutagenic effects, reproductive and developmental effects 
[6]. The maximum acceptable level for Cr in drinking water 
is 0.1 mg/L, which is set by the US EPA [7].

The industries that released Cr into the water are tan-
neries, battery industry, metallurgical and electroplating 
industry, steel, agrochemicals, paper and pulp, and fertilizer 
industries [8]. Numerous techniques are offered to eliminate 
chromium species from wastewater, such as ion exchange, 
percolation, chemical precipitation, electro-coagulation, 
membrane filtration, infiltration and phytoremediation [9]. 
Amid these approaches, biosorption advantages a special 
consideration for its comparative ease and low cost [10].

Modified bio sorbents are excellent scavengers among 
economic adsorbents such as agricultural by-products, waste 
from industries, ion exchangers’ carbons, nano-materials, 
metal oxides, composites, magnetic nanocomposites, etc. 
[11]. Among biosorbents, Gallus gallus domesticus eggshells 
(ESs) have been reconnoitered for various practices including 
polishing or cleansing agent for various surfaces (abrasives) 
to adsorbents for many metal ions [12]. Studies have been 
accompanied to conclude the aptness of the ESs as adsor-
bents for heavy metals and dyes [13]. Marked surveys and 
breakdowns have been carried out to discover the likelihood 
of essential applications of ESs, mainly for wastewater. The 
nature of ESs, that is, porous, creates an eye-catching sub-
stance to be recycled as an adsorbent. Each ES is valued for 
possessing in the range of 7,000 to 17,000 [14]. The chemi-
cal composition of Gallus gallus domesticus eggshell has 
been reported as follows: calcium carbonate (94%), organic 
matter (4%), magnesium carbonate (1%) and calcium phos-
phate (1%). The eggshell has high surface area and owns an 
intricate lattice network of even and water-insoluble fibers 
ensuing in various applications such as adsorbent and 
immobilization support.

The nano sized materials are now a day’s extensively 
applied for wastewater treatment owing to their high 
adsorption capacity [15]. Nanocomposites, due to their 
large surface area and better reactivity, are highly efficient 

adsorbents, catalysts and sensors. High surface area to-mass 
ratio of nanocomposites can significantly enhance the 
adsorption capability [16].

The magnetic nanoparticles have been utilized as com-
ponents with other adsorbents to help in separation of 
adsorbents as well as to increase the removal of chromium 
(Cr) [17]. In this context, the scientists have already used 
bentonite clay modified with Fe3O4 magnetic nanoparticles 
for the adsorption of Cr [18].

In an aqueous medium, the oxidation of Cr(III) results 
in more carcinogenic and highly toxic Cr(VI). Trivalent Cr 
forms hexaaquachromium(III) complex in distilled water. 
This complex solution is green in color. This complex 
ion is fairly acidic with a pH range of 2–3. After 24 h, the 
green color solution changes to violet color complex by the 
loss of proton from one of the ligand water molecules in 
aqueous solution and becomes acidic in nature.

The reaction is as follows:

[Cr(H2O)6]3+ ––→ [Cr(H2O)5(OH)]2+ + H+ (1)

The absorbance of Cr is unstable as in less concentrated 
solution it is colorless. So in order to overcome this prob-
lem, trivalent Cr is converted to hexavalent Cr by oxida-
tion method. This oxidation is carried out by using 1 molar 
NaOH solution and 3%–4% H2O2. By this method, the intense 
yellow color of hexavalent Cr is obtained. The reaction of Cr 
with sodium hydroxide and hydrogen peroxide is given as:

[Cr(H2O)6]3+ + 6OH– ––→ [Cr(OH)6]3– + 6H+ (2)

[Cr(OH)6]3– + H2O2
 ––→ 2CrO4

2– + 2OH– + 8H2O (3)

For oxidation of 20 mg/L Cr solution, only 5 mL of 1 molar 
NaOH solution and 1 drop of H2O2 is required [19].

As trivalent Cr is changed to hexavalent Cr so its max-
imum absorbance was measured spectrophotometrically, 
which is 374 nm and absorbance of other standard solutions 
was measured at this wavelength. The present study was 
designed to remove Cr using modified magnetite-ES bio-
sorbents. These aim to develop more efficient, inexpensive, 
and eco-friendly adsorbents to remove them initially before 
being discharged into water bodies. Moreover, the modi-
fication of Gallus gallus domesticus eggshells with magnetic 
nanoparticles will also assist in the separation of adsorbents 
and enhance the removal of Cr from actual world samples. 
Besides waste management, wastewater remediation and 
conversion of waste material into the valued product would 
be an additional benefit by utilizing ES waste to clean the 
environment. A literature survey showed that the sorption of 
Cr on the modified magnetite form of this biomass had not 
been explored before.

In this study, nanoparticle magnetic iron oxide compos-
ites of ESs were manufactured and latterly characterized by 
X-ray diffraction (XRD), scanning electron microscopy (SEM), 
thermo-gravimetric analysis (TGA), and Fourier transform 
infrared spectroscopy (FTIR). We also investigate the rate of 
Cr(VI) adsorption on modified composites and desorption 
and undergo optimization study concerning pH, tempera-
ture, contact time, metal concentration, and adsorbent dose. 
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The kinetics, equilibrium constants, and thermodynamic 
parameters were also examined.

2. Materials and methods

Chromium chloride, 3%–4% hydrogen peroxide, iron 
sulphate (FeSO4·7H2O), hydrochloric acid (HCl), and iron 
chloride (FeCl3·6H2O) were purchased from Sigma-Aldrich 
(Germany). The sodium chloride (NaCl) and sodium hydrox-
ide (NaOH) were purchased from DAEJUNG (Korea).

The eggshell waste of Gallus gallus domesticus from bak-
ery was gathered from the local market. The washed Gallus 
gallus domesticus eggshells were overnight oven-dried at 
20°C. For granulation of Gallus gallus domesticus eggshells, a 
mechanical crusher was used, sieved and then dried in the 
desiccator. The magnetization of biosorbents was carried 
out by co-precipitation method [20].

The biosorbents were impregnated with Fe3O4 nanopar-
ticles. This modification was carried out by dissolving 3.1 g 
of FeCl3·6H2O and 2.1 g of FeSO4·7H2O in 40 mL of distilled 
water each. The solutions were then mixed with fast stirring 
and heating (up to 80°C). pH of the solution was raised by 
adding 10 mL of NaOH. To this solution, 10 g of eggshell 
was added and stirred for about 30 min. The solution was 
then cooled and filtered (Whatman cellulose filters (0.45 µm, 
25 mm)). The residue was washed for number of times 
with distilled water, which was then dried in an oven for 
24 h at 102°C. K. Roy’s (India) electronic balance was used 
for weighing purpose.

2.1. Characterization

An X-ray diffractometer (JDX-3532, JEOL) was used 
to get the X-ray diffraction patterns. SEM (JSM 5910, JEOL 
Japan) was used to obtain the surface studies of biosor-
bents. Five kilovolt with different magnification times was 
applied for the enlargement of the surface. The presence of 
various functional groups was confirmed with the help of 
FTIR analysis (PerkinElmer, UK). The thermal stability of 
the modified eggshell (MES) was conducted through the 
thermogravimetric analyzer (STA-6000 PerkinElmer, UK).

2.1.1. Point of zero charge

The PZC of magnetically modified biosorbents was 
found by adding 20 mL of 0.1 mol/dm3 NaCl [21]. The pH 
was set from 2 to 10 by adding 0.05 M HCl and 0.05 M NaOH, 
followed by adding 0.1 g of adsorbent (MES) in each flask. 
After 60 min shaking, the final pH was noted and (ΔpH) 
was calculated.

2.2. Preparation of Cr solution and batch adsorption test

1,000 mg/L of stock solution of CrCl3 was prepared in 
deionized water. The calibration curve for Cr was obtained 
at a wavelength of λmax 374 nm by using a UV-visible spec-
trophotometer (T80+UV/VIS Spectrometer, PG Instruments 
Ltd., UK). R2 value was 0.9943.

The Cr solutions ranging from 5 to 30 mg/L were pre-
pared from 100 mg/L solutions. Each titration flask was filled 
with 20 mL of each solution. Then 0.1 g of each magnetically 

modified biosorbent was taken in these flasks followed 
by 60 min orbital shaking (Mac Mini rotator flask shaker, 
MSW 303) at room temperature. After 60 min, a magnetic 
field was applied, and a magnetically modified biosorbent 
was separated from the solution. The supernatant was col-
lected, and the final concentration of Cr was measured at 
374 nm using a UV/visible spectrophotometer. The removal 
of Cr was calculated in percentage by using Eq. (4):

% removal =
−

×
C C
C
i e

i

100  (4)

where Ce and Ci (mg/L) are the final and initial concentration 
of Cr at time t (min). These experiments were carried out in 
triplicate: and the averages were calculated with standard 
deviation (SD) values.

2.2.1. Effects of MES biosorbent dosage, pH, and temperature

The biosorbent dosage effect was studied from 0.05 
to 0.3 g on the metal adsorption on an orbital shaker at 
room temperature for 60 min. The rate of adsorption was 

 
(a) 

 
(b) 

Fig. 1. SEM images of ES (a) before modification and (b) after 
modification.
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determined concerning changing pH values from 2 to 10 
and adjusted 0.05 M HCl and 0.05 M NaOH by a pH meter 
(Adwa, AD1020, Hungary). The effect of temperature was 
investigated from 20°C to 60°C adjusted by the water bath 
(DIAHAN Scientific, Korea) for 30 min.

2.2.2. Kinetic, equilibrium, and thermodynamic studies

From the conditions that were developed in the pre-
vious experiments, the thermodynamic, equilibrium, and 
kinetic studies were established. In the current study, we 
fitted the adsorption data to different isotherm models 
such as Langmuir, Temkin, and Freundlich isotherms in 
order to calculate the data of the process. 5–60 ppm range 
of solutions was used to study the adsorption of Cr on 
magnetically MES at room temperature. The kinetics of 
Cr on MES was determined by measuring the absorbance 
of Cr after interaction with (0.1 g) of adsorbent at differ-
ent time intervals, and adsorption at each time was mea-
sured using a UV-visible spectrophotometer. The kinetic 
study data were tested using various kinetic rate models, 
including pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion models. The thermodynamic param-
eters, including the entropy (ΔS (kJ/mol)), free energy (ΔG 
(kJ/mol)), and changes in enthalpy (ΔH (kJ/mol)), were 
calculated to describe the adsorption process onto MES.

2.2.3. Batch recovery experiment

0.1 M NaOH and 0.1 M HCl solutions were prepared in 
distilled water, and we took 50 mL of each solution in dif-
ferent flasks. To these solutions, 30 mg of metal-laden bio-
sorbent (MES) was added. Each of these flasks was shaken 
at room temperature using an orbital shaker for different 
time intervals. For each time interval, different recovery 
equilibrium experiments were carried out. These solutions 
were digested by 10 mL of 1 M HNO3 solution, and metal 
ions desorbed were calculated by UV spectrophotometer.

3. Results and discussions

3.1. Adsorbent characteristic

Figs. 1a and b represent ES (before adsorption) and 
MES (after modification). Before modification, the images 
showed an irregular, porous pattern and crystalline struc-
ture of eggshell particles. This material is spongy with a 
vast surface having heterogeneous pores, a non-adhesive 
appearance, and agglomerates. The results are in strong 
agreement with the study by Tizo et al. [22]. The porous 
and abundant layering structures with cavities of the egg-
shell are indeed responsible for its good adsorbing capac-
ity [23]. After reinforcement with Fe3O4 MNPs (modified 
nanoparticles), the porous structure reflects a narrow size 
distribution of nanoparticles. The crosslink between ES and 
Fe3O4 results in the change in morphology and, for that rea-
son increasing the vacant sorption sites and assisting the 
adsorption aptitudes of Cr. Because of Fe3O4NPs even coat-
ing, the protein fibers of underneath membrane eggshell 
were adequately covered, which results in providing an 
even and stable platform for the adsorption of Cr [24].

Fig. 2 shows the crystalline phases of the MES, which 
were identified with XRD. The diffraction peaks were 
compared with Joint Committee on Powder Diffraction 
Standards (JCPDS) and International Center for Diffraction 
Data (ICDD-PDF-2) database to explore the phases of 
preliminary and adsorbed materials. It was observed that 
the nature of the material is crystalline. In Fig. 2, the peak 
intensity confirms the incorporation of nanoparticles. The 
characteristic diffraction peaks at 2θ = 29.45°, 33.9°, 36.9°, 
48.43°, and 57.62°, corresponded with the planes at (220), 
(311), (222), (440), and (511), respectively, which is in strong 
accordance with Fe3O4 nano-particles (Reference code 
00-001-11111). Based on XRD analysis, one can describe 
the formation of composite by Fe3O4 and biosorbents.

Fig. 3 shows the bending and stretching vibrations of 
the functional groups on MES responsible for the adsorp-
tion of the Cr molecules. Similarly, the spectral charac-
teristic of both original and loaded biomass, that is, MES 
before and after adsorption, are presented in Table 1. 
The bands shifting and the fluctuations in the intensity of 
signal sanction the identification of the functional groups 
responsible for metal sorption. Different chemical groups 
such as carbonates, hydroxyl, carbonyl, carbonates, etc. 
have been recognized for the biosorption of heavy met-
als. Strong peaks at 1,417 and 1,411 cm−1 in unloaded and 
loaded biomass can be strictly related to the existence 
of carbonate minerals inside the matrix of the eggshell. 
Two peaks at 710 and 871 cm−1 (Fig. 3a), 670 and 865 cm−1 
(Fig. 3b) were also observed, which are allied by means of 
in- and out-plane distortion, correspondingly signifying 
the existence of calcium carbonate (CaCO3). The purposes 
of the eggshell as an adsorbent possibly will interact with 
Cr in an aqueous solution since the spectrum of carbon-
ate groups are present. The peak observed at 3,415 and 
3,339 cm−1 must be assigned to the occurrence of an alcohol 
hydroxyl group. The bands at 2,929 and 2,532 cm−1 signify 
C–H vibrations, representing the existence of the organic 
layers, fabricated from amino acids present in the Gallus 
gallus domesticus eggshells. Bands at 1,631 and 1,611 cm−1 
assign to (C=O) carbonyl group stretching and amide, 
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Fig. 2. X-ray diffraction of MES.
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respectively [25]. The decrease in peak intensity and 
peak frequency confirmed the adsorption of Cr by MES. 
Furthermore, the Fe–O peak at 570 and 568 cm–1 confirmed 
the incorporation of Fe3O4 on biosorbents [26]. Whereas in 
comparison of the original biomass and with the biomass 

residue of Cr-loaded, the shifting of some functional group 
peaks en route for the low energy level was observed. 
Metallic ion confers to have organic functional groups, 
increase the bond length and decrease of electron density 
due to the attraction of the negatively charged electrons 
cloud from the functional group, so that the absorption 
peaks which are present in the Cr-loaded biomass residue 
scrutinized to the lesser energy level [27]. From the FTIR 
spectra results, it is confirmed that the proposed adsor-
bent has the features to be utilized as potential biosorbent.

Thermo-gravimetric analysis (TGA) is practiced to mea-
sure the weight/mass change and the rate of weight change 
as a function of temperature, time, and atmosphere [28]. 
The measurements are practiced mainly to find the compo-
sition and thermal stability of materials. The weight loss of 
MES at a temperature range from 0°C to 700°C is revealed in 
Fig. 4. That can be observed the loss of weight reduced grad-
ually from 0°C to 200°C and declined rapidly from 200°C to 
600°C. The weight loss in the temperature range of 100°C to 
600°C is owed to slight disintegration of the organic mate-
rial proteins into small molecules such as CO2, CO (com-
mencing from organic fraction), and H2O molecules [29]. 
While a significant weight loss in the temperature range 
of 600°C–700°C is due to the loss of carbon dioxide from 
the carbonate present in Gallus gallus domesticus eggshells 
[30]. The decrease in the weight of the material was noted 
after heating it to 700°C with an increasing temperature 
of 5°C/min.

3.2. Adsorption of Cr on MES

3.2.1. Point of zero charge

The PZC value defines the condition when the density of 
an electrical charge present on the adsorbent surface equal 
to zero [31]. It describes the type of adsorbate and adsor-
bent interface. The surface of the adsorbent is positively 
charged, which attracts the anions below the PZC while at 
above PZC, the surface is negatively charged, which attracts 
cations [32]. The PZC plot (Fig. 5) shows that the point of 
zero value of eggshell approximately falls at pH 8.

3.2.2. Effect of pH

In adsorption studies, the pH is a significant factor 
because it is involved in metal speciation and protonation 
of binding sites of metals [33] and therefore intensely affects 

Fig. 3. Fourier transform infrared spectroscopy spectrum of MES 
before Cr adsorption (a) and MES after Cr adsorption (b).

Table 1
Fourier transform infrared spectroscopy frequency analysis of magnetized eggshells of Gallus gallus domesticus before and after the 
absorption of chromium

Frequency before  
adsorption (cm–1)

Frequency  
after adsorption (cm–1)

Possible functional group

3,415 3,339 Hydroxyl group stretching
2,929 2,532 C–H bending vibration
1,417 1,411 Carbonate groups of stretching
570 568 Fe–O bond
1,631 1,611 Carbonyl group stretching
710–871 670–865 C–H bending vibration
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the adsorption rate of various metals on the surface of bio-
sorbents in an aqueous medium. It has been found from 
the literature that at pH below 2, Cr(III) is the predominant 
species while Cr(OH)3 is the predominant specie between 
pH 6.5 and 10 [34]. While at pH 4, the Cr(III) and Cr(OH)2+ 
species are existing nearly 40% and 60% dissemination, 
respectively. At pH 5, the Cr(OH)2+ species present 70% of 
the Cr with 20% other forms as Cr3(OH)4

5+. At pH 6, Cr(OH)2+ 
and Cr3(OH)4

5+ species signify 40%, 35%, and 25% approxi-
mate of the aqueous Cr. The effect of pH on the rate of Cr 
adsorption by modified biosorbent was studied, as shown 
in Fig. 6a. The results showed that the maximum adsorption 
of Cr by ES was at pH 2, which is about 86%. Adsorption 
of Cr by MES may involve the electrostatic interaction, 
hydrogen bonding, and ion exchange mechanism [35].

The effect of pH is described by PZC value of mod-
ified ES. Cr metal in solution exists in the form of nega-
tively charged ions such as Cr2O7

2−, HCrO4
−, and CrO4

2− [36]. 
Thus, the more percentage removal will be at pH below 
PZC. Another study also reported that functional groups 
become negatively charged as the pH increases. When 

pH is below 4, Fe2+ existed mainly in the form of ion, and 
when pH is above 4, Fe2+ existed as Fe(OH) and Fe(OH)2 
[37]. At pH below PZC, the surface of the adsorbent 
became positively charged due to the formation of Fe−OH2+ 

[38]. So, the Cr anions adsorption occurred, and hereaf-
ter, the pH study showed that the percentage removal 
of Cr at acidic pH was significantly high. So, acidic pH 
favored the maximum adsorption of Cr, and the rate of 
adsorption decreases towards alkaline pH.

3.2.3. Effect of MES biosorbent dosage

Adsorption of Cr dramatically depends upon the 
dose of adsorbent. The results showed that the percent-
age removal of Cr enhances with the increase in adsor-
bent dose up to 75%, but on further increase in adsorbent 
dosage, the decrease in adsorption rate was observed. 
The results of the effect of adsorbent dosage have been 
displayed in Fig. 6b.

Dose-dependent adsorption of Cr different amounts of 
biosorbent (0.05–0.3 g) was studied. It was found that ini-
tially, the Cr removal for modified MES increased up to 0.25 g 
of adsorbent dose because of the presence of a large num-
ber of adsorption sites, and then a decrease in adsorption 
rate was observed due to overlapping of adsorption sites.

3.2.4. Effect of initial concentration of Cr

The initial metal ion concentration influences the metal 
uptake process significantly in aqueous solutions. The 
particular sites in the biosorbents adsorb the metal ions. 
These specific sites get saturated with increasing metal 
ion concentration. Equilibrium adsorption data at differ-
ent concentrations of metal ions in solutions are necessary 
to establish the efficiency of an adsorbent. Different con-
centrations of Cr were selected, ranging from 5 to 60 ppm, 
to determine the efficiency of modified adsorbents for the 
Cr metal removal from wastewater. For MES, up to a cer-
tain point, the increase in adsorption with the increase in 
metal concentration was observed, and then a decrease 
in percentage removal was measured. The increase in 
percentage removal is due to the faster diffusion rate of 
Cr on active pores of modified ES but the reason for the 
decrease in adsorption rate could be that a finite number 
of adsorption sites are present for a given mass of adsor-
bent [39]. These sites became saturated up to certain 
metal ion concentrations; thus, adding more metal con-
centration cannot increase the adsorption rate as all sites 
were occupied [40]. The adsorption of Cr on magnetically 
modified ES was studied at room temperature. The solu-
tions used were in the range of 5–60 ppm. Fig. 6c shows 
that the rate of adsorption of Cr first increased and then 
decreased when the concentration of the solution was 
increased. Fig. 7 shows the effect of contact time and initial 
Cr concentration on adsorption capacity (qe).

3.2.4.1. Equilibrium study

The adsorption process is described by different iso-
therms. Adsorption isotherms are the plots that represent the 
interaction among adsorbents and adsorbate. The sorption 
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 Fig. 6. Effect of pH (a), adsorbent dose (b), concentration (c), time (d), temperature, (e) on adsorption of Cr on MES and desorption 
study (f).
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capacity of an adsorption catalyst depends on the concen-
tration of pollutants. The sharper and steeper rise of the 
isotherm indicates the more effective adsorption capacity 
[41]. The adsorption data fitted to different isotherm models 
(Langmuir, Freundlich, and Temkin isotherms) as shown in 
Figs. 8a–c. The values of isotherm constants besides R2 val-
ues are given in Table 2. The linear form of Langmuir and 
Freundlich and Temkin isotherm models are presented in 
Eqs. (5)–(7), respectively.

1 1 1 1
q q K C qe m L e m

= +





  (5)

ln ln lnq K
n
Ce f e= +

1
 (6)

q B K B Ce t e= +ln ln  (7)

where Kf
 = adsorption capacity, n = heterogeneity factor, 

Kt = equilibrium binding constant, B = heat of adsorption, 
qe = amount of adsorbate adsorbed per unit mass of adsor-
bent, Ce = equilibrium concentration, qm = maximum mono-
layer adsorption capacity.

According to the present study, the linearity was achieved 
for all three models, but the Langmuir model showed very 
good fitting in terms of regression coefficient (R2 = 0.947). 
Therefore, in contrast to tested models (Table 2) for the 
description of Cr(VI) adsorption equilibrium isotherms 
on MES is as follows: Langmuir > Temkin > Freundlich. 
This indicated homogenous distribution of active sites 
on MES biosorbent and the formation of Cr monolayer in 
these sites. The Langmuir model evaluates the maximum 
adsorption capacity build on the assumption of a homoge-
neous and monolayer exposure of adsorbate onto an indis-
tinguishable set of well-defined confined biosorption sites 
starved of lateral interface and steric interruption among 
biosorbed molecules [42].

3.2.5. Effect of contact time

The effect of contact time on sorption can be evalu-
ated for the possible rapidness of binding, and metal ions 

Table 2
Different adsorption isotherm of Cr using magnetized eggshells 
of Gallus gallus domesticus

Models Parameters Value

Langmuir adsorption isotherm
qm (mg/g) 10.54
KL (L/mg) 0.041
R2 0.947

Freundlich adsorption isotherm
KF (mg/g) 18.35
R2 0.843
n 2.37

Temkin adsorption isotherm
KT 1.02
R2 0.911
B 8.37

 

Fig. 7. Effect of time and initial Cr concentration on adsorption 
capacity (qe) by ES.

 

Fig. 8. Linear Langmuir (a) Freundlich, (b) and Temkin (c) plot 
for Cr adsorption on MES.
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removal by the adsorbent. The sorption contact time of Cr 
on modified ES is shown in Fig. 6d. The quick and rapid 
sorption rate for the initial period is principally based on 
the availability of active sites on the biosorbent surface 
responsible for facilitating the accumulation of Cr ions on 
the eggshell. For ES, the metal uptake was continuously 
increasing with time from 40% to 90%. At first, the sol-
ute concentration was high as all the adsorbent sites were 
vacant, which results in an increased rate of metal uptake. 
Finally, the adsorption equilibrium stage was approached, 
wherever the adsorption and desorption rates were found 
equal, and no further apparent rise in percentage removal 
was noticed. The percentage removal with time indicated 
the transfer of ions of metal from the liquid phase to the 
adsorbent surface.

3.2.5.1. Kinetic study

The biosorption kinetic is one of the most imperative 
properties while describing the rate and mechanism of 
biosorption and able to be used to aid design suitable bio-
sorption technologies. It is appropriate for any designated 
biosorption system to reveal high sorption capacity and 
fast sorption rate [43]. The kinetic study data fitted to dif-
ferent kinetic rate equations such as pseudo-first-order, 
pseudo-second-order, and intra-particle diffusion model 
and the following equations represent these models:

log log q q q
k

te t e− =( ) −






1

2 303.
 (8)

t
q k q q

t
t e e

= +






1 1

2
2  (9)

Adsorption capacity qe (mg/g) is at equilibrium and 
adsorption capacity is qt at time t (min), K1 (min–1), and K2 
(g/mg min) are rate constants of pseudo-first-order and 
pseudo-second-order kinetics correspondingly. Figs. 9a–c 
and Table 3 encapsulate the values of kinetic coefficients 
achieved for these kinetic models along with regres-
sion coefficients (R2). It was found that the pseudo-first- 
order model is more suitable for the description of the 
kinetic behavior of adsorption with the highest value of 
R2 = 0.864 (correlation coefficient), showing that the reac-
tion rate was adsorbate and adsorbent dependent. The 
pseudo-second-order has lower values of R2 and, there-
fore, is not suitable to explain the kinetics of Cr adsorp-
tion on MES. The adsorption capacity at equilibrium (qe) 
value calculated from slopes and intercepts of graph 
plotted was in good agreement by experimental (qe) value 
in case of pseudo-first-order model.

The Weber and Morris plot, which is also known as 
intra-particle pore diffusion, is also commonly used to 
describe the sorption data. According to this model, the 
rate-limiting step is the one in which diffusion of adsor-
bate takes place inside the pores of adsorbent particle, that 
is, intraparticle diffusion, a plot of qt against t1/2 should be a 
straight line using slope ki and intercept C when adsorption 
mechanism follows the intra-particle diffusion process [44]. 
The parameters of the intra-particle diffusion model in the 

 
Fig. 9. Pseudo-second order model (a) pseudo-first-order 
model (b) and intraparticle diffusion model (c) of Cr adsorption 
on MES.
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present study showed relatively good interaction and diffu-
sion rate in the adsorption system, and the equation is given 
as follows:

q k t Ct p= +1 2/  (10)

where kp = diffusion rate constant; C = intercept of the 
linearity plot.

3.2.6. Effect of temperature

Temperature plays a vital role in optimizing the 
adsorption process as it impacts the rate of adsorption 
by varying the solubility potential and adsorbate molec-
ular interactions. TThe influence of the temperature by 
MES was examined with the was examined with the ini-
tial Cr concentration of 30 ppm using the range of tem-
perature from 20°C to 60°C. For MES, the results showed 
that an increase in temperature negatively influenced the 
decrease in percentage removal, representing exothermic 
adsorption. It was due to increased solubility of calcium 
carbonate at elevated temperature as ES are composed 
of calcium carbonate. The skeleton of ES is made up of 
organic matter and carbonates. The calcium ions concen-
tration is bound through ion exchange and therefore can 
be replaced by other cations, which are Cr ions in this case. 
Thus at higher a temperature, the solubility of Cr increases 
and decrease biosorption capacity of ES [45]. The increase 
in temperature and the decrease in adsorption capacity 
might be owed to the breaking of internal bonds or due to 
weakening force among the active sites of the adsorbent 
and Cr. These results are a reasonable covenant with that 
reported by Alkan et al. [46]. The effect of temperature 
with percentage removal is given in Fig. 6e.

3.2.6.1. Thermodynamic study

To examine the spontaneity and thermodynamic fea-
sibility of adsorption of Cr on MES, different parame-
ters of thermodynamic such as enthalpy change (ΔH), 
Gibbs free energy change (ΔG) and entropy change (ΔS) 
were determined using the following thermodynamic  
equations.

∆ ∆ ∆G H T S= −  (11)

lnK S
R

H
RTd = −

∆ ∆  (12)

where K is the adsorption equilibrium constant, and R is 
the general gas constant. Slope and intercept of the plot 
of lnKd vs. 1/T were computed for enthalpy, and entropy 
changes as shown in Fig. 10 and Table 4 showing the 
value of ΔH, ΔS and ΔG. The values of ΔG were negative, 
increasing with temperature verified the spontaneity of 
adsorption process, and it reveals the positive influence of 
temperature on adsorption of Cr on Fe3O4-nanoparticles, 
which is identical with the exothermic nature of the 
process of adsorption [47].

The value of ΔH was also negative, which specifies 
the exothermic nature of the process, and accordingly, the 
absorption of energy while breaking the bond is lower 
as compared with the energy released in the formation 
of bonds and thus liberating energy in the form of heat. 
While the negative value of ΔS exposes the decline of the 
randomness of the solid–liquid interface, by no signifi-
cant variations in the inside structure of the adsorbents via 
adsorption process [48]. Parallel performance of getting 
negative values for thermodynamic parameters was noticed 
by Miraboutalebi et al. [49].

3.3. Desorption study

The desorption study of Cr on MES was performed by 
using 0.1 M NaOH and 0.1 M NaOH as shown in Fig. 6f. 
The highest desorption from the metal-laden MES was 
detected in acidic medium. As in an acidic medium, the metal 
ions were replaced by protons, and the functional groups of 
the biosorbents became protonated. Thus the release of metal 
ions from biosorbents occurred. While in basic medium, 
less desorption was observed due to deprotonating, hence 
metal ions find it hard to be separated from the surface of 
the biosorbents.

Table 3
Kinetics parameters of Cr using magnetized eggshells of Gallus 
gallus domesticus

Models Parameters Value

Pseudo-second-order kinetic model
qe (mg/g) 8.169
k2 0.0066
R2 0.787

Pseudo-first-order kinetic model
K1 (min–1) –0.09
qe (mg/g) 7.24
R2 0.864

Intra-particle diffusion model
Kint 0.976
R2 0.892
I 0.413

0.0030 0.0031 0.0032 0.0033 0.0034-1.0

-0.5

0.0

0.5

1.0

1.5

ln
 k d

1/T (K-1)

Equation y = a + 
Adj. R-Squ 0.91014

Value Standard Er
B Intercep -13.1592 2.07127
B Slope 4164.253 646.31965

 
 

Fig. 10. Plot of lnKd vs. 1/T for Cr adsorption on MES.
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3.4. Comparison study of MES with other 
adsorbents for Cr removal

Upon comparison of MES with other eggshell bio-
mass-based adsorbents for Cr removal, it was confirmed that 
the adsorption capacity of our MES is good enough in com-
parison with others results reported by different research-
ers, as set in Table 5. The present research study elucidated 
that the magnetically modified ES is a better and environ-
mental friendly adsorbent for wastewater treatment. This 
high % removal of MES is attributed to the porous nature 
and presence of a higher concentration of CaCO3 on ES 
coupled with large a surface area of magnetite nanoparti-
cles that is strongly supported by desorption study, making 
it a better and environmental friendly adsorbent for waste-
water treatment. Here it is valuable to say that the most 
commonly used activated carbon as an adsorbent is known 
for its effective removal due to its structural characteristics. 
Still, the problem is the same, it is not economically favor-
able and difficult to regenerate. Thus alternatively, locally 
available, eco-friendly and low-cost adsorbent such as MES 
could be better a alternative that can be further removed or 
separated from medium.

3.5. Application of MES for Cr removal from the effluent 
of leather tanning industry

On a laboratory scale, the removal of Cr by MES was 
very successful. For the actual sample application, the efflu-
ent from the leather tanning industry was collected. After 
removing suspended solids, the initial Cr concentration 
present in the effluent was 20 mg/L found by spectropho-
tometer. Then under optimum conditions, filtrate was 
treated with magnetically modified ES and the final con-
centration of Cr was measured with spectrophotometer. 

The results indicated that 72% Cr (5.6 ± 0.6 mg/L) was 
removed from the absolute sample. The overall study con-
cluded that the magnetically modified ES to be a suitable 
adsorbent to adsorb Cr from wastewater.

3.6. Proposed mechanism of adsorption by Gallus gallus 
domesticus, magnetized eggshells

The proposed mechanism can be illustrated by using 
SEM analysis for predicting modification, and the FTIR and 
PZC analysis as a confirmation of the electrostatic interac-
tion, and ion exchange mechanism for the adsorption of 
Cr anions.

SEM and XRD images of the biosorbents shows porous 
surface for supporting the incorporation of Fe3O4 nano-par-
ticles, which results in the magnetic modification of 
biosorbents to enhance Cr adsorption.

Chromium metal in solution exists in the form of neg-
atively charged ions such as Cr2O7

2−, HCrO4
−, and CrO4

2−, so 
an electrostatic interaction will occur between negatively 
charged Cr ions and the positively charged magnetized 
adsorbent. At pH below PZC, the surface of the adsorbent 
became positively charged due to the formation of Fe-(OH)2

+. 
So, chromium anions adsorption occurred as a result of 
electrostatic interaction.

The ion exchange equipment here will be porous mag-
netized Gallus gallus domesticus eggshells (which acts as a 
micro-porous exchange resin) supersaturated with Cr ions. 
The Fe-(OH)2

+ will act as charged beads on the surface of 
the proposed MES resin. As water passes through this resin 
bed, the Cr ion will attach to the MES resin beads releasing 
the solution from the toxic Cr ions. The exchange resins, 
that is, MES, are regenerated by stirring with a salt brine 
solution.

The electrostatic confirmation for the adsorption of 
Cr anions can be illustrated by band analysis of FTIR and 
the value of PZC. While the ion exchange mechanism is a 
subject to further studies.

The band of CO3
2– is observed at the wavenumbers 

of 712, 875 and 1,427 cm–1 that are common to CaCO3. 
The absorption bands due to stretching of water molecules 
are observed around 3,400–3,600 cm−1. The C–H stretching 
bands are observed at about 3,000–2,400 cm–1. The decrease 
in peak intensity and peak frequency confirmed the adsorp-
tion of Cr by magnetized adsorbents. Furthermore, the Fe–O 
peak at 570 cm–1 confirmed the incorporation of Fe3O4 on 
biosorbents.

The attraction of anions and cations occurs at the pH 
below and above the PZC value, respectively. The PZC 
value obtained for ES was at pH 8. The effect of pH on rate 
of Cr adsorption by modified biosorbents was studied, and 
the results showed that the maximum adsorption of Cr by 
ES occurred at pH 2, which depicts the adsorption of anions.

4. Conclusions

The surface-modified biomass was found to be wor-
thy for the adsorption of Cr from the solution. The adsorp-
tion capacity of MES (qe (mg/g)) was noted to be 12 mg/g. 
The point of zero charge was found to be 8, indicating that 
the functional groups became positively charged below this 

Table 4
Thermodynamic parameters of Cr adsorption on magnetized 
eggshells of Gallus gallus domesticus

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol)

293 –2.567

–34.622 –0.11
303 –1.473
313 –0.379
323 0.715
333 1.808

Table 5
Comparison table

Adsorbents Amount of Cr removal Reference

Eggshells 49% [47]
Eggshells 48.1% [48]
Eggshells membrane 81.4% [49]
Eggshells 25% [6]
Eggshells 30% [50]
Eggshell 59.46% [51]
MES 95% [Present study]
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pH, which favored anionic adsorption. The effect of different 
parameters on Cr uptake was studied, and it was found that 
the adsorption was increasing with increasing Cr concentra-
tion, time, and amount of adsorbents. The maximum adsorp-
tion was observed at pH 2 for MES. Upon characterization 
study, the MES revealed important characteristics such as 
porosity, functional groups, surface charge, and thermal 
stability, which can optimize the adsorption capacity. The 
feasibility of the process was confirmed by Langmuir model 
of isotherm. The kinetic data of the adsorption system for 
MES were best described by the pseudo-first-order model. 
The thermodynamic parameters such as ΔG and ΔH con-
firmed that the adsorption was feasible, spontaneous, and 
exothermic. At the same time, ΔS recommends a reduction 
on the disorder on the interface solid/solution through the 
adsorption of Cr on MES. This research exhibits the effective 
conversion of agricultural waste into a valuable biosorbent 
to apply Cr from wastewater/industrial effluent.
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