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a b s t r a c t
Chicken eggshells (ES) were used to remove cadmium ions from acid aqueous water. The presence of 
(Ca, Cd)CO3 crystals has been corroborated by scanning electron microscope with element mapping. 
Combining with the decreasing pH values as Cd2+ concentration increases, the removal process was 
dominated by precipitation and cation exchange. The cation exchange occurred at low concentrations, 
and precipitation dominated the removal mechanism at high concentrations. In binary metals compet-
itive experiment of Cd2+–Cu2+ and Cd2+–Pb2+, at low concentrations of Cu2+ and Pb2+, the removal capac-
ity of Cd2+ did not decrease obviously; while at high concentrations of Cu2+ and Pb2+, the Cd2+ ions were 
at a competitive disadvantage. The Langmuir model fitted equilibrium data better than Freundlich 
model. The certified endothermic and favorable sorption had maximum uptake of 2.40 mg g–1 for 
Cd2+ on ES at 298 K. The adsorption process better followed pseudo-second-order kinetics, and the 
activation energy was 23.67 kJ mol–1; both showed the chemical sorption being the rate-controlling 
step. The results indicated that the removal efficiency of cadmium ions had reached above 90% on ES 
of diameter 0.45–1.0 mm in solution of pH 4.5 and 7.6 mg L–1 Cd2+.
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1. Introduction

Heavy metal pollution is a serious environmental and 
health hazard. Cadmium, in particular, exhibits significant 
hazard in ecosystem especially in human health, because 
it accumulates easily through food chain [1]. Although 
several treatments such as chemical precipitation, ion 
exchange and solvent extraction have been used for cad-
mium removal, biomaterial adsorption possesses particular 
strengths because it is eco-friendly, abundant and low-cost 
[2,3]. The environmental applications of biomaterial can 
reduce the quantity of hazards caused by other materials 
effectively and have distinct advantages over conventional 

technologies, since the process does not produce chemical 
sludge, less secondary pollution [4]. Previous researchers 
have studied biological waste materials, such as green algae 
and rice hulls [5], crab shell [6], grape bagasse [7], wheat 
residue [8] and so on. However, the feasibility of utilizing 
chicken eggshells to remove cadmium ions in acid water is 
seldom reported.

The combination of low pH and high metal concentra-
tions has a significant negative impact on plant condition 
and epiphytes. However, significantly more metals were 
removed in the pH-adjusted treatment. Calcium carbonate, 
which is the major component of ES (up to 89.5% CaCO3) [9], 
could perform as a potential contributor to low acidity and 
act as a worthy material for immobilizing heavy metals in 
water and soil as well [10].



T. Zhang et al. / Desalination and Water Treatment 67 (2017) 215–222216

According to the National Bureau of Statistics of China, 
Chinese domestic eggs consumption reached 28,761 kilotons 
in 2013. Consequently, about 3,164 kilotons of ES (ES account 
for 11% of the total weight of eggs) were generated, which is 
a problem because the ES and the attached membrane attract 
vermin [11]. Despite several literature’s findings on the metal 
ions adsorption on ES [4,12–14], how the ES act on Cd2+ in 
acid aqueous solution remains to be elucidated forward.

On the above summary, the aims of this work are as fol-
lows: (1) to understand the removal process of Cd2+ in acid 
aqueous solution by using ES and (2) to seek possible reac-
tion mechanisms from adsorption isotherms, kinetics, sur-
faces and element analyses.

2. Materials and methods

2.1. ES preparation and characterization

Raw ES were provided by the canteen of the South China 
University of Technology, Guangzhou, China. The inner shell 
membranes were manually removed from the ES. Then the 
ES were washed three times with distilled water to remove 
impurities before being dried in a muffle furnace at 373 K 
for 24 h. The materials were ground into granules, and 
0.45–1.0 mm sizes were selected using sieves. The obtained ES 
granules were stored in a desiccator before the experiments.

X-ray fluorescence (XRF-1500, Shimadzu, Japan) was 
used for the qualitative and quantitative analyses of inor-
ganic compositions of ES. The functional groups of ES sur-
face were identified by Fourier transform infrared (FTIR) 
spectroscopy (Thermo Fisher Scientific, USA) and prepared 
ES with KBr discs. The crystallinity of ES was characterized 
using X-ray diffraction (XRD) (Empyrean, Netherlands) with 
2θ angle from 20° to 50°. The external surface morphology 
and element analyses of ES were examined by scanning elec-
tron microscope (SEM; Merlin, Germany) equipped with an 
energy-dispersive X-ray detector (EDX) for microanalysis.

2.2. Removal procedure

Batch removal experiments were performed using batch 
reactor systems. The synthetic water with heavy metals was 
prepared individually by dissolving appropriate amounts 
of CdCl2, CuCl2·2H2O and Pb(NO3)2 in distilled water. All 
regents were of analytical reagent grade obtained from 
Sigma-Aldrich Chemical Company (St. Louis, MO, USA).

The effect of Cd2+ concentration to solution pH was con-
ducted under different pH parameters (2.5, 3.5, 4.5, 5.5 and 
6.5) with different Cd2+ concentrations (0, 3.8, 7.6, 15.2, 38, 72, 
114 and 152 mg L–1), and 10 g L–1 ES in solution at 298 K. 
The solution with certain initial pH, the changes of pH with 
increasing Cd2+ concentration were recorded by pH analyzer.

Adsorption isotherm experiments were performed at 
150 rpm on an orbital shaker with 0.5 g adsorbent in conical 
flasks containing 50 mL Cd2+ solution at different concen-
trations (about 3.8 to 152 mg L–1) at three temperatures (288, 
298 and 308 K). ES and solution were contacted up to 3 d to 
reach equilibrium (the equilibrium time had been testified by 
pre-experiment).

Adsorption kinetics experiments were incubated at 
150 rpm on an orbital shaker with 10 g ES in conical flasks 

containing 1 L Cd2+ solution (7.6 mg L−1) at three tempera-
tures (288, 298 and 308 K). A fixed volume (5 mL) was with-
drawn at designated time points while the reactors were run 
continuously.

Binary metal competitive study of Cd2+–Cu2+ and Cd2+–
Pb2+ was conducted at 298 K. The dosage of ES was 10 g L–1, 
and the pH of the solutions was maintained constant of 4.5. 
Cu2+ and Pb2+ initial concentrations were the range from 8 
to 80 mg L–1, approximately. Cd2+ initial concentration was 
9.0 mg L–1 in solution with Cu2+ or Pb2+.

To study ES neutralization to acid aqueous solution, 
for all experiments (except the experiment of studying the 
effect of different pH), the pH of cadmium solutions were 
4.5 adjusted with HNO3 or NaOH. These experiments 
were conducted in duplicate, and all standard errors were 
within 5%.

2.3. Determination of heavy metals

The concentrations of three heavy metals were determined 
by a double-beam atomic absorption spectrophotometer, 
Varian, model SpectrAA-20. The measured concentrations 
of heavy metals were used to calculate adsorption capacity 
after equilibrium, qe (mg g−1), using the following mass bal-
ance equation:

q
c c V

me
e=

−( )0  (1)

where c0 and ce are the initial and equilibrium concentration, 
mg L–1; V is the initial volume of Cd2+ solution, L; m is the 
mass of ES, g.

3. Results and discussion

3.1. XRF, FTIR and XRD characterizations of raw ES

The results of chemical analysis by XRF indicated that 
ES had high amount of CaCO3 (97.56%) with less amount 
of impurities (1.37% MgCO3, 0.45% P2O5, 0.44% K2O and 
0.18% others). The phase composition structure of raw ES 
was also studied further by performing XRD analysis shown 
in Fig. 1(a). The distinctive peaks (q) were identified as the 
crystalline phase of calcium carbonate in the calcite form. 
The crystal structure of calcite was usually described with 
the trigonal space group [15].

The infrared spectrum of ES is graphed in Fig. 1(b). The 
strong adsorption peaks at 1,420, 874 and 712 cm–1, and 
slight peak at 1,790 cm–1, all confirmed the presence of bond 
C–O, strongly associated with the carbonate minerals, which 
involved or participated in the binding of heavy metals within 
ES matrix [16]. The 2,880 and 2,980 cm−1 peaks were assigned to 
bond C–H. The broad band range 3,100–3,500 cm−1 attributed 
to N–H stretching vibration, which is related to the amines and 
amides of ES membrane [9]. Ho et al. [17] have reported that 
ES and ES membrane can act as promising ‘green’ alternatives 
to remove heavy metals pollutants from wastewater, and there 
was no difference in the adsorbability of ES and ES with mem-
brane. Therefore, this study will no longer consider the influ-
ences of little residual membrane on ES.
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3.2. SEM characterization of raw ES and cadmium-laden ES

The SEM images of ES before and after saturated with 
Cd2+ ions (about 150 mg L–1) are displayed in Figs. 2(a) and 
(b), respectively. To realize the elements in the absorbent, the 
element mapping of cadmium-laden ES is shown in Fig. 2(c). 
EDX analyses of ES surfaces in Figs. 2(a) and (b) are per-
formed accordingly, and the resulting spectra are showed in 
Figs. 2(d) and (e), respectively.

In Fig. 2(a), it can be observed that raw ES had a consid-
erable number of 200–400 nm porosities, which are relatively 
homogeneous as evidenced by following isotherm studies. 
Flores-Cano et al. [9] have observed that several crystals 
with ditrigonal scalenohedral shape and acicular aspect were 
formed on the surface of ES during Cd2+ sorption. The similar 
crystals are also presented in Figs. 2(b) and (c). Therefore, it 
can be concluded that the surface precipitation of (Ca, Cd)
CO3 occurred because cadmium ions were incorporated to 
the trigonal structure of CaCO3 and hexagonal cerussite 
(CdCO3) formed as well. Xu et al. [18] also indicated that 
otavite (CdCO3), which yields the lowest lattice misfit with 
respect to calcite of all metal carbonates, was formed readily 

as a heteroepitaxial coating on calcite surfaces at ambient 
conditions. The results in Figs. 2(c) and (e) demonstrated the 
presence of cadmium element (89.22%) on ES surfaces, thus 
confirming Cd2+ ions precipitation.

3.3. Effect of pH on adsorption capacity

The pH value is a significant controlling parameter to 
adsorption process. The influence of initial pH (2.5, 3.5, 4.5, 
5.5 and 6.5) on ES adsorption capacity to Cd2+ is presented 
in Fig. 3. It can be noted that Cd2+ removal has no dramatic 
enhancement by increasing pH at concentration of 3.8 and 
7.6 mg L–1. At 15.2 mg L–1, the amount of Cd2+ adsorbed on 
ES increased at pH of 2.5–4.5 and was almost stable at pH of 
4.5‒6.5.

It can be explained that H+ ions competed with Cd2+ for 
the surface sites of adsorbent at lower pH values [19], which 
would hinder Cd2+ ions from reaching the binding sites of 
sorbent caused by repulsive forces [20]. With the increasing 
alkalinity, the Cd2+ occupied more exchanged sites [21] and 
got precipitated because of the hydroxide and carbonate 
anions.
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Fig. 1. (a) XRD patterns of raw ES and (b) FTIR spectra of raw ES.

 
Fig. 2. (a) SEM image of raw ES; (b) SEM image of cadmium-laden ES; (c) element mapping of cadmium-laden ES; (d) EDX spectrum of (a); 
and (e) EDX spectrum of (b).
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3.4. Effect of Cd2+ concentration to solution pH

The effect of Cd2+ initial concentrations to solution pH 
is plotted in Fig. 4. After 3 d, without Cd2+, under the influ-
ence of 10 g L–1 ES, the pH values reached 7.21, 8.09, 9.24, 9.39 
and 9.50 in solutions of initial pH of 2.5, 3.5, 4.5, 5.5 and 6.5, 
respectively. Then the pH values reduced rapidly at begin-
ning stage of Cd2+ concentrations increasing, and then they 
tended to be a steady state. The tendency can be interpreted 
as follows:

CO3
2– + H2O ⇌ HCO3

– + OH–

Cd2+ + HCO3
– ⇌ ≡CdCO3 + H+

Cd2+ + ≡CaCO3 ⇌ ≡CdCO3 + Ca2+

Cd2+ + CO3
2– ⇌ ≡CdCO3

After adding ES particles to acidic aqueous solution, they 
dissolved to neutralize acids and increased the concentra-
tion of dissolved carbonate. The dissolved calcium carbonate 
increased the pH of solution above solubility point, which 
caused metals to precipitate as metal oxide and metal 

carbonate [22]. Furthermore, based on the lower negative 
logarithm of solubility product constant, pKsp, of CaCO3 
(8.55) than that of CdCO3 (12) [23], the CdCO3 precipitation 
was more liable to form.

Except precipitation, a small amount of Cd2+ was likely 
retained by ion exchange with Ca2+. Cadmium ions got CO3

– 
from HCO3

– to form CdCO3 and released more H+ ions as 
Cd2+ concentration increases until no more available car-
bonate provided. Therefore, the pH of solution decreased as 
shown in Fig. 4. From the tendency of decreasing pH val-
ues, it can be speculated that ion exchange dominated at low 
concentrations so that more H+ ions went into the solution, 
and precipitation dominated at high concentrations for the 
no more decreases of pH values. Some studies also indicated 
that both mechanisms involved the characteristic reactions of 
some metals on CaCO3 surfaces, with cation exchange occur-
ring at low concentrations of metal solution, and precipita-
tion dominating at high concentrations [24].

Therefore, the adsorption experiments should be con-
ducted to calculate the adsorption capacities and analyze the 
sorption characteristics for the sorption mechanism at low 
concentration.

3.5. Adsorption isotherms

Langmuir and Freundlich isotherms are applied uni-
versally, which describe short-term and monocomponent 
adsorption of metal ions on different adsorbents [25]. The 
Langmuir equation is given as follows [26]:

q
Q bc

bce
m e

e

=
+1  (2)

where qe and ce are the equilibrium uptake capacity (mg g−1) 
and equilibrium concentration (mg L−1), respectively. Qm is 
the Langmuir maximum monolayer adsorption capacity 
(mg g–1), and b is the equilibrium constant. It can be rearranged 
to a linear form:

c
q

c
Q bQ

e

e

e

m m

= +
1

 (3)

The Freundlich equation is given as follows [26]:

q K ce F e
n= 1

 (4)

where KF and n are Freundlich constants. A linearized form 
is:

ln ln lnq
n

c Ke e F= +
1

 (5)

Linearized isotherms are shown in Fig. 5. Simulated 
results of Langmuir and Freundlich isotherms are presented 
in Table 1. The adsorption capacity increased with increasing 
temperature, which demonstrated that the adsorption pro-
cess was endothermic. The high correlation coefficients (R2 > 
0.99) showed that Langmuir isotherm fitted adsorption data 
better than Freundlich isotherm, which indicated that the 
adsorbent surfaces were homogeneous, and its adsorption 
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Fig. 3. Adsorption capacity of ES in different pH values at 298 K.
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sites included homogeneous capacity [27]. The maximum 
sorption capacity of ES, Qm (Table 1), was 2.40 mg g–1 at 298 K 
and increased 1.58 and 1.03 times with temperature increas-
ing from 288 to 298 K and from 298 to 308 K, respectively.

3.6. Adsorption kinetics

Adsorption kinetics is employed to estimate the rate 
of adsorption process, speculate adsorption mechanism, 
propose potential rate-controlling step and work out the 
suitable kinetics model [28]. The pseudo-first-order and 
pseudo-second-order kinetics models were evaluated for 
different temperatures in this study.

The pseudo-first-order rate equation is [8,29]:

ln( ) lnq q q k te t e− = − 1  (6)

where qe and qt (mg g−1) are the uptake capacity at equilib-
rium and time t (h), respectively, and k1 is the rate constant. 
The k1 value can be calculated from slopes of linear plots of 
ln(qe − qt) vs. t.
The pseudo-second-order rate equation is [8,29]:

t
q k q

t
qt e e

= +
1

2
2  (7)

where k2 is the rate constant that can be calculated from 
slopes of linear plots of t/qt vs. t. This model is in agreement 
with chemical sorption being the rate-controlling step [21].

The sorption kinetics in different temperatures is plotted 
in Fig. 6. The sorption reached equilibrium after 36 h and was 

divided into two stages: rapid sorption stage (before 10 h) 
and slow sorption stage (after 10 h). This indicated that Cd2+ 
ions were adsorbed rapidly onto outer surfaces of ES, and 
then diffused into micropores, which were lying in the inter-
layer structure of ES. Increasing temperature could enhance 
the rate of molecular diffusion so that the removal capacity 
improved for higher temperature.

What’s more, Cd2+ removal efficiency increased gradu-
ally with increasing experimental time and increasing tem-
perature. It reached 87%, 90% and 95% after equilibrium at 
288, 298 and 308 K, respectively, as shown in Fig. 6.

Correlative parameters are illustrated in Table 2. The 
results proved that the pseudo-second-order kinetics better 
explained the sorption process of Cd2+ on ES with high cor-
relation coefficient (R2 > 0.999), and its uptake capacities were 
more close to the experimental capacities. This showed that 
the adsorption process was dominated by chemical reaction. 
From parameters of Table 2, it is also evident that the increas-
ing temperatures favored Cd2+ adsorption onto ES.

Using the rate constants, k2, of pseudo-second-order 
kinetics model at 288, 298 and 308 K, the activation energy 
was formulated by linearized Arrhenius equation [21]:

ln ln( ) ( )k A E RTa2 = − /  (8)

where Ea is the adsorption activation energy (kJ mol−1); T is 
the solution temperature (K); A is the Arrhenius constant and 
R is the ideal gas constant (8.314 J mol−1 K−1).

The activation energy is not more than 4.2 kJ mol−1 in 
physical adsorption, owing to its weak force; on the contrary, 
chemisorption involves force much stronger for activation 
energy covering a range of 8.4–83.7 kJ mol−1 [30]. The activation 
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Fig. 5. Linearized isotherms by applying: (a) Langmuir model and (b) Freundlich model.

Table 1
Langmuir and Freundlich models parameters for different temperatures

T (K) Langmuir model Freundlich model
Qm (mg g–1) b (L mg–1) R2 KF (mg(1–1/n) L1/n g–1) 1/n R2

288 1.5181 0.6587 0.9997 0.4848 0.1979 0.7391
298 2.3964 0.4173 0.9976 0.8407 0.2487 0.9168
308 2.460 0.4065 0.9999 1.068 0.2097 0.8273



T. Zhang et al. / Desalination and Water Treatment 67 (2017) 215–222220

energy value of 23.67 kJ mol−1 was acquired from the fit of 
lnk2 vs. 1/T, which clarified that the system is one of activated 
chemical adsorption, as was evidenced earlier.

3.7. Thermodynamic parameters

The Gibbs free energy (∆G), enthalpy (∆H) and entropy 
(∆S) for the adsorption process were obtained using the fol-
lowing formulas [21]:

K q cd e e= /  (9)

lnK
S

R
H

RTd = −
∆ ∆

 (10)

∆ ∆ ∆G H T S= −  (11)

∆G RT Kd= − ln  (12)

where T is the temperature, and Kd is the distribution coef-
ficient (mL g−1). The enthalpy change (∆H) and the entropy 
(∆S) can be calculated from a plot of lnKd vs. 1/T (Fig. 7). The 
Gibbs free energy was determined at 288, 298 and 308 K. ∆G, 
∆H and ∆S were obtained from Eqs. (9)–(12) and given in 
Table 3.

Values of ∆G indicated the degree of spontaneity of the 
reaction increased with increasing temperature. Positive 
value of ∆H indicated the endothermic nature of the process. 
Positive value of ∆S showed that the affinity of ES for the 
Cd2+ ions.

3.8. Binary metals competitive experiment

Acid wastewater such as acid mine drainage has different 
toxic heavy metals including Zn, Mn, Cu, Cd, Pb and As. 
Especially, Cu2+ and Pb2+ have higher concentration [31]. To 
assess the effectiveness of Cd2+ uptake on ES in wastewater 
including other heavy metals, a method combining 
forward-prediction modeling and laboratory verification was 
employed, that is studying Cd2+–Cu2+ and Cd2+–Pb2+ binary 
metals competitive adsorption.

The plots of binary metals competitive test are given in 
Fig. 8. On x-axis, Cd2+ ce expresses the Cd2+ equilibrium con-
centrations (mg L−1) after experiment; on y-axis, [Cu2+]0/[Pb2+]0 
signifies the Cu2+ or Pb2+ initial concentrations. On z-axis, Cd2+ 
qe denotes the Cd2+ equilibrium uptake capacities (mg g−1) in 
Fig. 8(a); Cu2+/ Pb2+ qe indicates the Cu2+ or Pb2+ equilibrium 
uptake capacities (mg g−1) in Fig. 8(b).

In Fig. 8(a), Cd2+ sorption capacity on ES decreased with 
increasing concentrations of Cu2+ or Pb2+. And Cu2+ shows 
more obvious inhibitory action to Cd2+ sorption especially. 
With the comparison of curves in Figs. 8(a) and (b), 
the selectivity order of metal sorption onto ES was found to 
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Table 2
Pseudo-first-order and pseudo-second-order kinetics constants for different temperatures

T (K) Experimental 
qe (mg g–1)

Pseudo-first-order model Pseudo-second-order model
qe (mg g–1) k1 (min–1) R2 qe (mg g–1) k2 (g mg–1 min–1) R2

288 0.630 0.1245 0.0376 0.6583 0.628 2.4435 0.9998
298 0.700 0.0798 0.0231 0.4016 0.690 4.2759 0.9999
308 0.721 0.0658 0.0469 0.7255 0.716 4.6211 0.9999

Table 3
Value of thermodynamic parameters for the adsorption of Cd2+ 
on ES

T (K) Ea 
(kJ mol–1)

∆G 
(kJ mol–1)

∆H 
(kJ mol–1)

∆S 
(kJ mol–1 K–1)

288 23.67 0.010732739 37.679 0.128
298 –0.004855118
308 –0.017536269
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be: Cu2+ > Cd2+ > Pb2+ at Cu2+ and Pb2+ concentrations range 
8–16 mg L–1, approximately, and Pb2+ > Cu2+ > Cd2+ at their 
higher concentrations.

It has been illustrated that the heavy metals with 
smaller radius are more inclined to be adsorbed. Metal ions 
of lower heat of hydration can fixed in interlayers since they 
generate interlayer dehydration more easily. The Cu2+ has 
the minimum ionic radius (0.073 nm), and Pb2+ has the low-
est heat of hydration (1,500.6 kJ mol–1) among three metals 
[32,33]. Combining the values of pKsp (negative log of the 
solubility product constants), CdCO3 (12.0) [23], CuCO3 
(9.85) [34] and PbCO3 (13.13) [35], it can be speculated that 
ionic radius played the leading role at low concentrations, 
and the solubility and heat of hydration dominated advan-
tage at high concentrations. And in solution without or 
with very low Cu2+ and Pb2+, the higher concentration of 
Cd2+ was the driving force for adsorption. Therefore, the 
competitive sorption will make a difference in the actual 
acid wastewater.

4. Conclusions

ES, mainly composed of calcium carbonate, were good 
alkaline adsorbent to remove heavy metals in acid water. 
The pH values increased rapidly in solution without Cd2+; 
the increasing rates slowed with increasing Cd2+ concen-
trations, which revealed the main removal mechanisms of 
precipitation and cation exchange. In binary metal compet-
itive experiment of Cd2+–Cu2+ and Cd2+–Pb2+, the selectivity 
order of metal sorption onto ES was shown to be Cu2+ > Cd2+ 
> Pb2+ at low Cu2+ and Pb2+ concentrations and Pb2+ > Cu2+ 
> Cd2+ at their high concentrations. The Langmuir model 
fitted the experimental data which certified that the sorp-
tion for Cd2+ on ES was endothermic and favorable. The 
pseudo-second-order kinetics and the Arrhenius equation 
showed the chemical sorption being the rate-controlling 
step. Cd2+ removal efficiency increased with increasing 
temperature and reached above 90% at 298 K in solution 
7.6 mg L Cd2+ and 10 g L–1 ES. This work indicated that ES 
has great application potential for removing heavy metals 
in acid wastewater.
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Fig. 8. (a) Effect of Cu2+ and Pb2+ initial concentrations to Cd2+ removal on ES and (b) effect of Cd2+ initial concentrations to Cu2+ and 
Pb2+ removal on ES.
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