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Abstract 
The effective removal of heavy metals and soluble microbial products from wastewater is crucial for ensuring a safe environ-
ment and good quality human health. The present work investigated the potential of eggshell (ES) waste as an adsorbent for 
removing heavy metals and soluble microbial products. ES was firstly used to capture heavy metal ions, and the eggshell–
metal (ES-M) complex was then applied to remove soluble microbial products (e.g., proteins) from aqueous solution. In 
this study, bovine serum albumin (BSA) was selected as a model protein-based contaminant. The equilibrium and kinetic 
characteristics of soluble protein removed by ES were evaluated in batch mode involving parameters such as metal ions 
 (Cu2+,  Zn2+,  Ni2+,  Co2+), operating temperatures (277–323 K), and particle size of ES (100–700 µm). The isotherm curves 
were well-fitted by Langmuir–Freundlich model. As the temperature increased from 277 to 323 K, the maximum binding 
capacity for BSA increased from 25.22 to 34.28 (mg BSA/g ES-Zn). The negative values of ΔG° indicated the spontaneous 
nature of the protein adsorption, while the kinetic of protein adsorption followed the pseudo-second-order model. ES func-
tionalized with heavy metal ions acted as an effective pseudo-chelating adsorbent for the removal of soluble protein from 
wastewater. Chelates of Zn–BSA found on the ES complexes were found to be highly stable, indicating a minimal possibility 
of secondary pollution caused by these Zn- and BSA-containing ES complexes. The ES-Zn complex can be potentially used 
as an adsorbent for removing soluble microbial products in wastewater prior to the membrane filtration.
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Highlights

• Potential application of eggshell waste as an adsorbent 
for removing heavy metals and soluble microbial prod-
ucts.

• Bovine serum albumin selected as a model protein-based 
contaminant.

• Isotherm curves well-fitted with Langmuir–Freundlich 
(L–F) model.

• High maximum BSA adsorption capacity with 
33.47 mg/g was attained.

Introduction

Lately, water pollution caused by heavy metals has been an 
increasing environmental and worldwide public health con-
cern associated with environmental contamination. Environ-
mental contamination arises via leaching of heavy metals, 
metal corrosion, and soil erosion of metal ions, which con-
taminate groundwater and drinking water. Drinking water 
which is contaminated with heavy metals is hazardous to 
human health as they become toxic when they are not metab-
olized by the body and accumulate in the soft tissues. Vari-
ous water treatment techniques have been used to remove 
pollutants from the contaminated water. Among the methods 
used, adsorption is one of the most commonly used methods 
and is currently considered to be an efficient and economical 
process in water purification processes (Jiuhui 2008). There 
are various adsorbents that can be used for the removal of 
pollutant, such as activated carbon (Dizge and Tansel 2011), 
clay minerals (Abollino et al. 2003), zeolites (Oliveira et al. 
2004), metal oxides (Zhang et al. 2008), agricultural wastes 
(Robinson et al. 2002), biomass (Loukidou et al. 2003), and 
polymeric materials (Atia et al. 2003).

Among these adsorbents, activated carbon has been the 
most popular and widely used adsorbent in water puri-
fication all over the world (Babel and Kurniawan 2003). 
Activated carbon has a great capacity for adsorbing vari-
ous organic compounds, and it can be easily modified by 
chemical treatment to increase the adsorption capacity. 
However, activated carbon is expensive, and the powdered 
activated carbon is difficult to be separated from the aquatic 
system when it becomes exhausted or the effluent reaches 
the maximum allowable discharge level. For practical use, 
bio-adsorbent derived from low-cost material or solid waste 
(Tran et al. 2015) can be efficiently and economically used 
in the removal of wastes (e.g., heavy metals and soluble 
proteins) from wastewater (Barker and Stuckey 1999). Egg-
shell (ES) is the most significant by-product generated from 
the food industry. Around eight million tons of the ES waste 

is produced per year worldwide, causing a serious global 
environmental issue (De Angelis et al. 2017).

ES has been successfully used in removing numer-
ous pollutants including heavy metals and dyes, with 
the removal efficiency reported in the range of 94–98% 
(Al-Ghouti and Salih 2018). The porous structure 
(7000–17,000 pores) of ES makes it an attractive natural 
bio-adsorbent for the removal of heavy metal ions from 
wastewater (Stadelman 2000; Wu 2014). Moreover, ES 
absorbed with heavy metal ion (e.g.,  Cu2+,  Zn2+,  Ni2+, 
 Co2+) can be transformed into a pseudo-metal ion-chelat-
ing (MIC) adsorbent. The heavy metal ion captured by 
ES could be derived from industrial wastewater contain-
ing heavy metal, thereby preventing secondary pollution 
during the preparation of MIC adsorbent. The transition 
metal ions can act as the binding sites for some residues 
of amino acid in proteins: for example, imidazole group of 
histidine, thiol group of cysteine (Trzaskowski et al. 2007), 
indolyl group of tryptophan (Dunbar et al. 2009), and 
dicarboxylic groups of aspartate and glutamate (Ahmed 
et al. 1998). Hence, the heavy metal ion decorated onto 
the ES can improve the binding affinity of ES for the pro-
teins derived from various sources including wastewater 
(Jarusutthirak and Amy 2006).

SMP is a group of organic compounds derived from 
substrate metabolism and biomass decay (Kunacheva and 
Stuckey 2014). SMP consists of polysaccharides, proteins, 
nucleic acids, organic acids, amino acids, antibiotics, ster-
oids, extracellular enzymes, structural components of cells, 
and products of energy metabolism. The soluble proteins 
are the major component in wastewater and are known to 
cause biological contamination in membrane filtration. SMP 
was deemed as the component responsible for the membrane 
fouling and flux decline in wastewater treatment (Jarusutthi-
rak and Amy 2006). The presence of SMP in effluent leads 
to several undesirable consequences, including (1) changes 
in color and odor of effluent, (2) higher doses of coagulant 
and disinfectant required for subsequent treatment, (3) pro-
motion of biological growth, (4) increment in heavy metal 
and organic pollutant contents (Matilainen et al. 2010), and 
(5) higher risk of toxicity by-products formation during the 
chlorination process (Smith et al. 2014). Hence, there exists 
a need for an effective pretreatment step for membrane filtra-
tion used in wastewater treatment.

There are several approaches to convert ES waste into 
new material for various industrial applications. In this 
study, MIC adsorbent was prepared by capturing the metal-
lic ion (e.g., M:  Cu2+,  Zn2+,  Ni2+,  Co2+) onto the ES waste 
(namely ES-M). Bovine serum albumin (BSA) was used as 
a model soluble protein due to its extensive application in 
biological studies and its interaction with the heavy metals 
(Masuoka et al. 1993).
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In this work, the feasibility of ES-M complex as a MIC 
adsorbent for the effective removal of soluble protein (BSA) 
was examined. The proposed strategy for removing heavy 
metal ions and soluble proteins with ES waste is shown in 
Fig. 1. The equilibrium and kinetic characteristics of pro-
tein adsorption were investigated, and the efficiency of BSA 
adsorption by the synthesized ES-M complexes was ana-
lyzed. This work could contribute to innovative and cost-
effective technology for treating the heavy metal ion and 
biological wastewaters.

Experimental

Materials

Chicken ES was collected from a local restaurant in New 
Taipei City, Taiwan. The ES was immersed in 10% NaOH 
until the impurities and shell membranes were removed. The 
ES was then washed with deionized water and was com-
pletely dried at 105 °C. The dried ES was crushed and sieved 
into different sizes (i.e., 100–200, 200–300, 300–500, and 
500–700 µm). BSA and other chemicals were purchased 
from Sigma-Aldrich (USA).

Physical characterization

The properties of ES (surface area, pore diameter, and pore 
volume) were evaluated using  N2 adsorption–desorption iso-
therms generated by ASAP 2010 apparatus (Micromeritics 
Co., USA) at − 196 °C. Brunauer–Emmett–Teller (BET) 
surface area (SBET,  m2/g) and total pore volume (Vt,  cm3/g 
at STP) were calculated using the  N2 adsorption data. The 
differential pore-volume distribution pattern was determined 
according to Barrett–Joyner–Halenda (BJH) method. BJH 
technique characterizes pore size distribution independent of 
external area due to the particle size of the sample. The tex-
tures of the ES and ES-Zn complex were examined using a 
scanning electron microscope (model JXA-840, JEOL) with 
20 kV of accelerating voltage.

Chemical characterization

X-ray diffraction (XRD) was accomplished by using a dif-
fractometer (model D8, Bruker; 40 kV and 40 mA) with Cu 
Kα radiation (λ = 0.154 nm). The patterns of the ES particles 
and ES-Zn complexes at different ranges of size (100–200, 
200–300, 300–500, and 500–700 µm) were examined in the 
range of 20–80° with a scan speed of 0.03°/s.

Determination of BSA concentration

The concentration of BSA was determined using Bradford 
method. In brief, an aliquot of sample (20 µL) was incubated 
with 1 mL of assay reagent for 10 min at a temperature of 
25 °C. The absorbance of the mixture was then measured at 
595 nm using an ultraviolet–visible (UV–Vis) spectropho-
tometer (model Ultrospec 3100 pro, GE Healthcare).

Preparation of ES‑M adsorbents

Metal ion (e.g.,  Cu2+,  Zn2+,  Ni2+, and  Co2+) was used for 
this study. Five grams of ES particle was incubated with 
25 mL of metal ion solution (0.1 M sulfate salts in distilled 
water) in 50 mL centrifuge tubes. The tube was then mixed 
by a rotary mixer at 20 rpm and 25 °C for 24 h. Supernatant 
was collected for quantification of metal ion concentration 
by atomic absorption spectrophotometer.

Selection of solution pH for adsorption of BSA

The removal of BSA from aqueous solution using Zn-dec-
orated ES (ES-Zn) adsorbents was investigated in various 
buffer solutions (20 mM sodium acetate, pH 4–5; 20 mM 
sodium phosphate, pH 6–8; 20 mM glycine–NaOH, pH 
9–10; 20 mM sodium carbonate, pH 11–12). 0.2 g of ES-Zn 
adsorbent and 2 mg/mL BSA (5 mL, pH 4–12) were mixed 
in a 15-mL centrifuge tube using a rotary mixer (Labinco 
Digital) at 20 rpm and 25 °C for 24 h. The volume of BSA 
adsorbed on ES-Zn adsorbents (mg BSA/g ES-Zn) was 
determined by analyzing the mass balance in both liquid 
and solid phases.

BSA adsorption in batch mode

For batch isotherm and kinetic studies, the experiments were 
conducted in 15-mL centrifuge tubes containing 0.2 g of 
ES-Zn adsorbent and 5 mL of BSA (2 mg/mL) in 20 mM 
sodium acetate buffer at pH 5. All the tubes were sealed 
and mixed in a rotary mixer at a constant rate of 20 rpm. 

Fig. 1  Operating procedures of removal of heavy metals and soluble 
microbial products using ES waste
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BSA sample was removed from the tube after a specified 
duration of incubation. The solution was centrifuged, and 
the supernatant was collected for analysis of concentration 
of residue BSA. The amount of adsorbed BSA was calcu-
lated from the mass balance equation. A total of 12 h was 
used as the contact time for the equilibrium study. The 
initial BSA concentration (0.2–2.0 mg/mL), temperature 
(277–323 K), contact time (0–12 h), and ES-Zn sizes (i.e., 
100–200 µm, 200–300 µm, 300–500 µm, and 500–700 µm) 
were examined.

Regeneration and repeated use of ES particle

The multi-step regeneration scheme was used to inves-
tigate the capacity of ES (100–1000 mM imidazole or 
EDTA, 10 mL and 30 min in each step) for BSA adsorp-
tion. The solution was centrifuged, and the supernatant 
was collected for analysis of concentration of residue BSA. 
The amount of eluted BSA was calculated from the equa-
tion of mass balance. The repeated batch of BSA adsorp-
tion using ES-Zn adsorbents was performed at 25 °C and 
20 rpm for 1 h.

Calculation

For the BSA adsorption study, the amount of BSA removed 
by the ES-Zn adsorbents was calculated using Eq. 1:

where Co and Cf (mg BSA/mL solution) are the initial and 
the final concentrations of BSA in aqueous phase, respec-
tively; q (mg BSA/g ES-Zn) is the binding capacity of ES-Zn 
adsorbents. V is the volume of aqueous phase (mL); w is the 
weight of ES-Zn adsorbents (g).

Isotherm and kinetic models

For the equilibrium isotherm studies, the adsorption data 
were fitted into the following equilibrium isotherm mod-
els, namely Langmuir, Freundlich, and Langmuir–Freun-
dlich models.

The thermodynamic adsorption of BSA by using ES-Zn 
adsorbents was evaluated by calculating the change in 
parameters in  free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°). These parameters can be calculated using 
the following equations:

(1)q =
V(Co − Cf)

w

(2)ΔG
◦

= −RT lnKeq

where R is the universal gas constant (8.314 J/mol K); T is 
the temperature (K); and Keq (i.e., KL) is the equilibrium 
association constant (mL solution/mg BSA). ΔH° and ΔS° 
parameters were obtained from the slope and intercept of the 
van’t Hoff plot of lnKeq versus 1/T, respectively.

Kinetic studies

For the BSA adsorption kinetics, the investigation on the 
controlling mechanism of BSA adsorption was done by 
using three different kinetic models to fit the experimental 
data and to derive the rate constants for BSA adsorption:

where qeq and qt are the concentrations of adsorbed BSA at 
equilibrium and at contact time t (mg/g), respectively; k1 
and k2 are the rate constants of the first-order and second-
order kinetics, respectively; A is the intercept; ki is the intra-
particle diffusion rate constant (mg/g min0.5).

Results and discussion

Characteristics of ES particles

Table 1 shows the BET surface area, pore diameter, and 
pore volume of ES particles in different size ranges. Based 
on the result, it can be deduced that the small size of ES 
contributes to the larger surface area and pore volume. ES 
particles mainly consist of fibrous proteins or collagen-like 
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R
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◦
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1

T

(4)ln
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2
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)
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Table 1  Pore properties of ES particles

Particles size (µm) BET surface 
area  (m2/g)

Pore diam-
eter (Å)

Pore 
volume 
 (cm3/g)

100–200 0.693 195 0.00337
200–300 0.511 200 0.00319
300–500 0.273 239 0.00176
500–700 0.256 258 0.00153
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proteins. This gives rise to the macropore structure in ES 
due to the intrinsic existence of the pore canal (Tsai et al. 
2006). ES particles in the size range of 100–200 µm had the 
largest surface (0.693 m2/g) and the largest pore diameter 
(0.00337 cm3/g). From the  N2 isotherm shown in Fig. 2, 
ES particle with a small size range (i.e., 100–200 µm) was 
desirable for adsorption of BSA due to its high volumetric 
area as compared to that of the ES with a larger range of par-
ticle size (500–700 µm). This result was in accordance with 
the results of BET surface area, showing that the small-size 
ES particle has a bigger surface area available for adsorp-
tion. The surface analysis based on BET and BJH models 
indicated that the specific surface areas of ES were between 
0.256 m2/g (500–700 µm of ES particle) and 0.693 m2/g 
(100–200 µm of ES particle). The specific surface area 

decreased with an increase in ES size. In contrast, the size 
of the pores increased with an increase in ES size. The sizes 
of the pores were between 19.5 nm (100–200 µm of ES par-
ticle) and 25.8 nm (500–2700 µm of ES particle). Similarly, 
BJH analysis revealed the non-uniformity of pore size and 
pore structure in ES-Zn particle. 

The textures of ES and ES-Zn complex were analyzed 
with SEM, and the images are shown in Fig. 3. Based on the 
SEM images, the structure of raw ES was in an angular pat-
tern, whereas the ES-Zn complex had a crystalline structure 
with platelets laid on the surface. These observations corrob-
orated the results of surface analysis reported by others (Tsai 
et al. 2006), in which the outer and inner layers of raw ES are 
porous in structure. This porous structure makes ES an attrac-
tive bio-adsorbent due to the high adsorption capacity. The 

Fig. 2  N2 adsorption–desorption isotherms of ES particles with particle size in the ranges of a 100–200 µm, b 200–300 µm, c 300–500 µm, and 
d 500–700 µm
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external surface of ES majorly comprises calcium carbon-
ate, while the inner layer comprises the un-calcified fibrous 
membranes that are mostly organic compounds (Podstawczyk 
et al. 2014). Based on Fig. 3, it was revealed that the immo-
bilization of Zn onto the ES increased the porosity of the 
ES-Zn complex as compared to that of raw ES. This was pos-
sibly due to the release of  CO2 within the structure as a result 
of calcination (Mosaddegh and Hassankhani 2014). The 
presence of several functional groups (e.g., β-galactosidase, 
amines and amides) in the ES may possibly assist in the Zn 
immobilization, which subsequently increases the porosity 
of ES-Zn complex (Pachapur et al. 2017).

XRD patterns of ES and ES-Zn complex are shown in 
Fig. 4. The XRD pattern of ES particles matches closely 
with those stated in the literature (Mosaddegh and Has-
sankhani 2014). The XRD pattern of ES was also similar 
to the commercially available  CaCO3, wherein the peaks 
found at 2θ = 29.4° signify that calcite  (CaCO3) is the main 
component of ES. The diffraction pattern of peak of the 
ES-Zn complex is similar to that of ES but with a lower 
peak intensity. The low intensity of peak was possibly due 
to the transformation of the  CaCO3 to CaO phase.

Fig. 3  SEM images of a raw ES and b ES-Zn complex

Fig. 4  XRD patterns of a raw 
ES and b ES-Zn complex
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Selection of metal ion attached onto ES

The types of metals and metal oxides attached to ES can 
strongly affect the structural, textural and other character-
istics of the resulted ES-M complex (Mopoung and Jitchai-
jaroenkul 2017). In this case, Zn shows a stronger binding 
effect. The possible mechanisms involved in the uptake of 
metal ion by ES are as follows: (1) the cationic exchange 
properties of metal and the calcium ion exchange process 
and/or (2) electrostatic interaction between the negative 
charge species (e.g., carbonate ion) and the positive charge 
metal ions (Shaheen et al. 2013). The strong affinity between 
ES and metal ion makes ES-M a perfect candidate for MIC 
adsorbent for BSA removal. The adsorption behavior of BSA 
onto the ES-M complex was further investigated.

It is known that the  CaCO3 constitutes more than 90% of 
ES’s chemical composition (Zaman et al. 2018). The disso-
lution of ES can be estimated by the percentage of  CaCO3 
dissolved in the solution: in the range of pH 4–10, the per-
centage of  CaCO3 dissolved was in the range of 0.24–0.99% 
(w/w) (Jeppu and Clement 2012). In the presence of water, 
 CaCO3 would undergo displacement reaction according to 
Eq. 7. ES will possibly dissolve partially and release  Ca2+, 
 CO3

2−,  HCO3
−, and  OH− ions (Pramanpol and Nitayapat 

2006):

These ions may be adsorbed onto the surface of the ESs, ren-
dering the negative charge properties of ES (Zulfikar et al. 
2012). Simultaneously,  Ca2+ originated from the ES can be 
exchanged by other metal ions from the surrounding. Hence, 
the positively charged metal ions would be adsorbed on the 
negatively charged surface of ES. In this work, it is expected 
that the Zn ions were adsorbed by the ES via electrostatic 
interaction and/or cation exchange process.

(7)CaCO3 + H2O ⇔ Ca2+ + HCO−

3
+ OH− + CO2−

3

Choice of pH for BSA adsorption

An alteration in pH may result in the changes in the ionic 
configuration of the active binding site of the protein and 
the modification of the conformational shape of the pro-
tein molecules (Di Russo et al. 2012). Hence, pH plays a 
vital role in controlling the adsorption of the compound on 
the porous materials. The molecular weight and isoelectric 
point (pI) of BSA are 66,411 g/mol and 4.8, respectively 
(Shi et al. 2008). In BSA molecules, the net negative charge 
density is mostly centered in N-terminal domain and was 
the least in the C-terminal domain. Additionally, isomers of 
BSA exist at various pH conditions (Shi et al. 2008). These 
properties could affect the interactive behavior between 
ES-M complex (M: Cu, Zn, Ni, and Co) and BSA mol-
ecules. As shown in Fig. 5a, higher pH value in the range 
of 9–12 did not promote the adsorption of BSA on ES-M 
adsorbent. This was due to the carbonate and hydroxide 
ions being the predominant species in a high pH condi-
tion, causing the formation of insoluble metal complexes. 
Hence, the metal complexes cause a decrease in the density 
of decorated metal ions on the surface of ES-M complex. 
Moreover, a decrease in the release of  Ca2+ from ES-M 
adsorbent would weaken the exchange capacity of  M2+, 
causing a reduction in the binding capacity of ES-M adsor-
bent for BSA molecules.

The binding capacity of ES-M adsorbent for BSA was 
weaker when the pH of the solution was lower than the 
pI of BSA. This is due to the repulsive force between 
the positively charged metal ions and BSA molecules. 
As shown in Fig. 5a, the maximum binding capacities 
of different ES-M adsorbents at their optimal pH val-
ues were 32.57 mg/g (ES-Zn; pH 5), 30.12 mg/g (ES-
Cu; pH 6), 2.56 mg/g (ES-Co; pH 7), 0.28 mg/g (ES-Ni; 
pH 8). Among these ES-M adsorbents, the most effective 

Fig. 5  Effect of pH on BSA 
adsorption at 298 K by a ES-M 
and b ES-Zn complexes
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removal of BSA was attained by ES-Zn adsorbent at pH 
5, (Fig. 5b). This phenomenon was possibly linked to the 
strong electrostatic interaction that occurred between the 
positively charged ES-Zn complex and the negatively 
charged BSA molecules. Additionally, BSA molecules 
may form the metal chelate complex with ES-Zn adsor-
bent. The exposed electron-donating amino acid residues 
(e.g., imidazole group of histidine) on the surface of BSA 
may contribute to the binding of BSA molecules to Zn 
ions. Based on these experimental results, the subsequent 
adsorption studies were performed at pH 5 using ES-Zn 
adsorbents.

The adsorption of negatively charged BSA molecules 
onto ES-Zn adsorbents can be explained by the modified 
double-electric layer model proposed by Grahame (Gra-
hame 1947). According to this model, the stern layer con-
sists of two layers, namely the inner layer wherein the metal 
ions are attached to the negatively charged ES surface 
directly, and the outer layer wherein the adsorbed negative 
ions have a looser arrangement (Wang et al. 2015). The 
phenomena of BSA adsorption by ES-Zn adsorbents were 
similar to the adsorption behavior of dye as reported in a 
past study (Tsai et al. 2008) showing that the ES particles 
had a stronger affinity for the binding of negatively charged 
Orange 51 dye than that of the positively charged Blue 
9. The similar results were observed in a previous study 
showing that the negatively charged arsenic, lignosulfonate, 
and phosphate ions can be highly adsorbed by ES particle 
(Zulfikar et al. 2012).

Influence of operating parameters on adsorption 
isotherm

The adsorption isotherms for the BSA binding onto ES-Zn 
complex at different working temperatures are illustrated in 
Fig. 6a–c. The adsorption data were fitted by three differ-
ent isotherm models, including Langmuir, Freundlich, and 
Langmuir–Freundlich models.

The equilibrium adsorption data were satisfactorily corre-
lated by the Langmuir–Freundlich model but not the Lang-
muir model and Freundlich model. The Langmuir–Freundlich 
model (Jeppu and Clement 2012) presumes that the adsorption 
of BSA molecules takes place on a heterogeneous surface. As 
the temperature increased from 277 to 323 K, the equilibrium 
association constant increased from 1.55 × 102 to 1.45 × 103 
(mL solution/mg BSA), as shown in Fig. 6c. The maximum 
binding capacity of ES-Zn complexes was increased from 
25.22 to 34.28 (mg BSA/g ES-Zn), as shown in Fig. 6a, b. The 
increase in binding capacity of ES-Zn along with the increase 

(8)ES-Zn2+ + BSAx−
⇔

(

ES-Zn2+
)

-His-(BSAx−)(metal chelate complex)

in temperature indicated that the binding of BSA is endother-
mic in nature (Ahmad et al. 2012). An increase in the binding 
capacity was believed to be caused by the intensification of the 
collision frequency between ES-Zn adsorbent and BSA. The 
values of the standard deviation for the best-fit model were 
less than 5%. The values of n decreased with the increasing 
temperature, indicating a decrease in binding cooperativity. 
Furthermore, based on Table 2, the values of correlation coef-
ficient for Langmuir–Freundlich plots at 277–323 K were 
much higher than that for Langmuir and Freundlich models; 
hence, it is proposed that the equilibrium statistics are appro-
priately defined by Langmuir–Freundlich isotherm.

The equilibrium adsorption curves were steeper at a higher 
temperature, indicating a greater binding strength between 
BSA and ES-Zn complexes. This was due to the fact that the 
metal-chelate binding was the main force during the BSA 
adsorption process (Masuoka et al. 1993). However, retention 
of BSA molecule on the ES-Zn complexes may be a combined 
effect of electrostatic and/or metal-ion-chelating interactions. 
The Langmuir–Freundlich model can explain the sigmoidal 
shape of the experimental profile resulted primarily from the 
above-mentioned cooperative interaction.

Changes in the apparent thermodynamic 
parameters

As given in Table 3, in the range of 277–323 K, the negative 
values of ΔG° confirmed the spontaneous nature of the BSA 
adsorption by ES-Zn complexes. An increase in the tempera-
ture led to an increase in the absolute value of ΔG° which 
indicates a greater affinity of BSA to ES-Zn complexes at a 
higher temperature condition. The change in ΔG° ranged from 
− 20 to 10 kJ/mol; hence, the removal of BSA is a physical 
binding process (Chabani et al. 2006). The positive value of 
ΔH° indicated that the adsorption of BSA was an endothermic 
reaction and was favorable at a higher temperature (Fig. 6). 
The positive value of ΔS° indicated that there is an upsurge in 
the randomness in the solid/liquid interface during the binding 
process (Gupta and Ali 2000).

Influence of operating parameters on kinetic of BSA 
adsorption

The kinetic of BSA adsorption was investigated to determine 
the time required to attain an equilibrium and to elucidate 
the mechanism of the adsorption. Adsorption of BSA on 
the porous adsorbents normally undergoes four phases: bulk 
diffusion, film diffusion, intra-particle diffusion, and lastly 
the attachment of BSA onto the binding sites (Graham and 
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Fook 1982). The kinetics of adsorption of BSA onto ES was 
studied by using three models, including pseudo-first-order, 
pseudo-second-order, and intra-particle diffusion models.

Kinetics of BSA adsorption by ES‑Zn complexes

The rate of adsorption of BSA onto ES-Zn adsorbents was 
investigated at varying temperatures (277–323 K), and the 
results are presented in Fig. 7b, c. The results revealed that 
the initial adsorption rate increased following a rise in the 
temperature, and the adsorption rate reached a constant 
after approximately 6 h. The values of qmax,cal increased 
from 30.4 to 38.9 (mg BSA/g ES-Zn) as the temperature 
increased from 277 to 310 K. Given that the rate of chem-
isorption increased with an increase in temperature, the 
mechanism of BSA adsorption was believed to involve 
the chemical interaction, for example metal-chelate bind-
ing. In this case, a rise in temperature caused a stronger 
binding force between BSA and ES-Zn complexes. Thus, 

Fig. 6  a Adsorption isotherm of BSA by ES-Zn complexes at different temperatures. b Time course of BSA adsorption by ES-Zn complexes at 
different temperatures. c Langmuir–Freundlich isotherm plot for adsorption of BSA by ES-Zn complexes at different temperatures

Table 2  Comparison of regression coefficients (R2) for Langmuir, 
Freundlich, and Langmuir–Freundlich isotherms at different removal 
temperatures

Temperature 
(K)

Langmuir Freundlich Langmuir–
Freundlich

323 0.7602 0.8555 0.9780
310 0.0472 0.8573 0.9601
298 0.0421 0.8862 0.9810
288 0.1045 0.8287 0.9840
277 0.3247 0.8728 0.9629
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the adsorption capacity of ES-Zn complexes at high tem-
perature was greater.

The correlation coefficients were found to be low in value 
for pseudo-first-order kinetic model (Table 4) and were not 
used to express the BSA adsorption process. As for the 
pseudo-second-order kinetic model, the correlation coef-
ficients were found to be higher (0.999) at the operating 
temperature of 323 K. As shown in Fig. 7b, c, this was found 
to be considerably higher than other kinetic models assessed. 
Therefore, the pseudo-second-order kinetic model showed 
the best fit for the adsorption of BSA onto ES-Zn adsorbent. 

Based on the pseudo-second-order kinetic model, the rate 
constant is governed by temperature according to Arrhenius 
equation and is illustrated in Fig. 7d.

Based on the experimental data evaluated in the tempera-
ture range of 277–323 K, the activation energy for adsorp-
tion of BSA by ES-Zn complexes was 7.323 kJ/mol. Hence, 
the adsorption of BSA by ES-Zn complexes is an endother-
mic process. The rate constant, k2, was found to increase 
from 3.49 × 10−2 to 5.55 × 10−2 mg BSA/min g ES-Zn along 
with the rise in temperature from 277 to 310 K. This was 
due to the increase in the kinetic energy of BSA molecules, 

Table 3  Thermodynamic parameters calculated from Langmuir–Freundlich model for BSA adsorption by ES-Zn complexes at different operat-
ing temperatures

Tempera-
ture (K)

qmax (exp) (mg/g) n K
∗
d
 (mg/mL) R2 Kads (mL/mg) ΔG

◦

ads
 (kJ/mol) ΔH

◦

ads
 (kJ/mol) ΔS

◦

ads
 (J/mol K)

323 37.10 2.427 9.98 × 10−4 0.9780 1002.0 − 18.56 27.61 143.02
310 35.51 3.325 1.28 × 10−3 0.9601 781.3 − 17.17 – –
298 33.47 3.594 3.07 × 10−3 0.9810 325.7 − 14.34 – –
288 31.01 4.213 3.18 × 10−3 0.9840 314.5 − 13.77 – –
277 28.49 6.262 5.23 × 10−3 0.9629 191.2 − 12.10 – –

Fig. 7  a van’t Hoff plots for the adsorption of BSA by ES-Zn com-
plexes. Regressions of kinetic plots of BSA adsorption by ES-Zn 
complexes at different temperatures using b pseudo-first-order model 
and c pseudo-second-order model. d Arrhenius plot of ln k2 against 

1/T for the adsorption of BSA by Zn-ES complexes. e Intra-particle 
diffusion plot for BSA adsorption by different sizes of ES-Zn com-
plexes
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thereby increasing their mobility and improving their inter-
action with the adsorption sites at the surface of ES-Zn com-
plexes. Several factors, including conformational structure of 
BSA, characteristics of ES, and the experimental conditions, 
are likely to affect the kinetic rate of BSA adsorption onto 
ES-Zn complex.

Intra‑particle diffusion model

A sequential multi-step mechanism was involved in the 
adsorption of BSA onto ES-Zn complexes: (1) mass transfer 
of BSA from bulk phase to the surface of ES-Zn complexes, 
(2) removal at a site on the surface, and (3) intra-particle 
diffusion of the BSA molecules to a binding site by pore 
diffusion. As shown in Fig. 7e, the plots of qt versus t0.5 at 
different temperatures displayed a multi-linearity relation, 
indicating that BSA adsorption was affected by several pro-
cesses. Furthermore, none of the plots intersected the origin, 
indicating that the intra-particle diffusion was not the only 
rate-controlling step. The adsorption rate can be regulated 
by other kinetic mechanisms as reported previously (Doǧan 
et al. 2004; Tofighy and Mohammadi 2011).

The values of ki and C (intercept) obtained from the lin-
ear regression analysis of each stage of BSA adsorption are 
listed in Table 5. It was proposed that BSA molecules dif-
fused from the liquid phase to the mesopore region and then 
to the micropore region in the ES particles. The diffusion 
rate in the micropore region was lower than in mesopore 
region, indicating the multistage kinetic characteristic of 
diffusion. The micropore diffusion is considered as the rate-
determining step for the whole process of pore diffusion. 
It has been confirmed that the pore size distribution in ES 
particles is multimodal, and the significant mean pore diam-
eters are 1.0 nm, 1.3 nm, and 50 nm. Hence, the multistage 
adsorption processes were observed. The rate of adsorption 
may be controlled by the diffusion via micropores. Based 
on the results, it was observed that the adsorption rates are 
in the descending order of first stage (ki,1) > second stage 
(ki,2) > third stage (ki,3). The changes in ki values could be 
attributed to the adsorption of BSA on the external surface, 
mesopore region, transition pore region, and micropore 
region, respectively.

Regeneration and repeated use of ES particle

Imidazole and EDTA were chosen as the reagents for regen-
erating ES-Zn adsorbents for the repeated uses of adsor-
bents. The performance of ES-Zn regeneration was inves-
tigated by a series of step changes in the concentration of 
eluents (100–1000 mM, 10 mL in each step). Table 6 shows 
the concentration of BSA eluted over a wide range of imi-
dazole concentration. The elution efficacy was dependent on 
the binding strength of Zn–BSA onto the ES particle. The Ta

bl
e 

4 
 K

in
et

ic
 c

on
st

an
ts

 c
al

cu
la

te
d 

fro
m

 p
se

ud
o-

fir
st-

or
de

r, 
ps

eu
do

-s
ec

on
d-

or
de

r, 
an

d 
in

tra
-p

ar
tic

le
 d

iff
us

io
n 

m
od

el
 fo

r t
he

 a
ds

or
pt

io
n 

of
 B

SA
 b

y 
ES

-Z
n 

co
m

pl
ex

es

Te
m

pe
ra

tu
re

 
(K

)
Ps

eu
do

-fi
rs

t-o
rd

er
 

ki
ne

tic
 m

od
el

Ps
eu

do
-s

ec
on

d-
or

de
r k

in
et

ic
 m

od
el

In
tra

-p
ar

tic
le

 d
iff

us
io

n 
m

od
el

k 1
 (1

/h
)

R2
k 2

 (g
/m

g 
h)

q 2
(e

xp
) (

m
g/

g)
q 2

(c
al

) (
m

g/
g)

Ea
 (k

J/m
ol

)
R2

k p
 (m

g/
g 

h1/
2 )

R2

Fi
rs

t s
ta

ge
Se

co
nd

 st
ag

e
Fi

rs
t s

ta
ge

Se
co

nd
 st

ag
e

32
3

0.
29

5
0.

83
32

0.
05

55
37

.3
0

38
.9

1
7.

32
3

0.
99

99
19

.7
48

2.
79

99
0.

99
25

0.
97

39
31

0
0.

29
6

0.
82

12
0.

05
02

35
.6

1
37

.3
1

(R
2  0

.9
83

4)
0.

99
98

19
.9

96
3.

24
11

0.
95

69
0.

96
58

29
8

0.
29

6
0.

82
35

0.
04

33
32

.5
8

34
.2

5
–

0.
99

94
19

.4
34

2.
87

75
0.

95
54

0.
97

24
28

8
0.

29
5

0.
80

67
0.

04
14

30
.1

4
32

.0
5

–
0.

99
95

19
.7

78
3.

24
59

0.
98

07
0.

95
81

27
7

0.
29

4
0.

79
72

0.
03

49
28

.1
0

30
.4

0
–

0.
99

93
17

.7
88

2.
67

56
0.

99
11

0.
95

78



784 R. Sankaran et al.

1 3

overall yield of eluted BSA was only 21.93%, suggesting that 
the rest of adsorbed BSA (79%) occupied the binding sites 
of ES tightly. The secondary eluent, EDTA (100–1000 mM) 
was then used to elute the remaining adsorbed BSA. From 
the results, the adsorbed BSA was eluted in various pro-
portions and could be completely eluted by 1000 mM of 
EDTA. The subsequent experiments have confirmed that 
the adsorbed Zn–BSA chelates on the ES particle can be 
fully eluted with 10 mL of 1000 mM EDTA in a single step. 
In other words, ES particles can be regenerated by using 
EDTA. The amounts of heavy metal and soluble protein 
adsorbed by the regenerated ES particle were not affected 
by the repeated uses of ES particle.

Remarks on mechanisms of removal of metal ions 
and soluble proteins by ES

The kinetic adsorption behavior of ES on metal ion and 
soluble was affected by the shape and size of the container. 
The rate of BSA adsorption under the optimized operating 
conditions was not significantly affected by 20 rpm of rota-
tional speed and 45° of rotational disk angle. It was observed 
that a lower or higher rotational speed of the rotator may 
cause aggregation, overlapping, or overcrowding of ES par-
ticles. This resulted in decrease in the available surface area 
and binding capacity of ES. Hence, the 15-mL centrifuge 
tube was chosen in the experiments. However, considering 
the scale-up process, the selection of a suitable container 
and rotator is crucial for improving the kinetic rate of BSA 
adsorption.

With respect to ES particles, the principles of ion 
exchange and/or electrostatic interaction are the most prob-
able adsorption mechanism(s) for the  removal of heavy 
metal from wastewater. However, as the pH for adsorption 
is high (pH > 10), micro-precipitation on the ES surface may 
occur. The adsorption of protein on ES-M complexes was 
believed to be governed by mechanisms such as coordina-
tion and metal chelation. All the adsorption mechanisms as 
indicated above may work together to govern the adsorption 
of soluble protein on ES-M complexes. Based on the results 
of BSA desorption by EDTA, the interaction between metal 
and protein may be based on metal chelation, rather than the 
ionic interaction.

In a study conducted by Dizge and Tansel (2011), the 
model SMPs made of carbohydrates (represented by glu-
cose) and protein (represented by BSA) were treated by 
activated carbon, and the maximum adsorption capacity 
of activated carbon for BSA was 9.7 mg/g. This reported 
adsorption capacity of activated carbon was much lower than 
that of our ES-Zn complexes, which recorded a 3.45-fold 
increment in BSA adsorption (corresponding to 33.47 mg/g). 
The regeneration of exhausted activated carbon by chemi-
cal and thermal procedures is also expensive and can result 
in the loss of adsorbent (Jiuhui 2008). Therefore, the use 
of discarded ES waste as a treatment for heavy metals and 
soluble proteins from wastewater is a very feasible method.

Conclusions

The potential application of ES waste as an economical 
biological adsorbent for the removal of heavy metal ions 
and BSA (as a model protein of SMP) was presented in this 
study. The adsorption of BSA on ES-Zn complex was best 
described by the pseudo-second-order kinetic model. The 
decoration of heavy metal ion on the ES renders an effective 
pseudo-chelating property to the ES-M adsorbents for the 
removal of BSA. The adsorbed Zn–BSA chelates were found 
to be stable on ES particle, indicating the minimal second-
ary pollution caused by the release of metallic Zn ions. This 
approach offers an attractive avenue to the removal of both 
Zn and SMP, which are the main pollutants in the aquatic 
environment. This study reveals a novel technique for heavy 

Table 5  Intra-particle kinetics 
rate constants calculated from 
intra-particle diffusion model 
for different stages of BSA 
adsorption by ES-Zn complexes

Particles size (μm) First stage Second stage Third stage

kp1 (mg/g h1/2) R2 kp2 (mg/g h1/2) R2 kp3 (mg/g h1/2)

100–200 17.773 0.9709 1.5583 0.9122 –
200–300 19.434 0.9554 2.8775 0.9724 –
300–500 18.284 0.9729 2.1036 0.9601 –
500–700 15.712 0.9652 2.1671 0.9687 –

Table 6  Effect of concentration of imidazole and EDTA on the elu-
tion of BSA

Eluent (mM) Eluted BSA (%)

Imidazole EDTA

100 8.29 26.74
200 5.39 18.39
400 5.63 15.90
600 2.04 13.43
800 0.58 12.91
1000 – 12.78
Total (%) 21.93 100.12



785Feasibility assessment of removal of heavy metals and soluble microbial products from aqueous…

1 3

metal removal using waste ES which is considered as a 
bioremediation approach in treating contaminated water. 
This strategy can also be adopted as a pretreatment step for 
membrane filtration used in the treatment of wastewater. The 
successful removal of Zn–BSA complex from the ES parti-
cles allows the regeneration of adsorbent for reuse purposes.
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