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Abstract
The present study focused on the separation of lysozyme from various media using adsorption 
technology. Firstly, Fe3O4/isinglass nanocomposite was synthesized and then characterized 
by Fourier Transform Infrared Spectrometer (FTIR), Scanning Electron Microscope (SEM), 
Transmission Electron Microscopy (TEM) and Vibrating Sample Magnetometer (VSM). The 
maximum adsorbent capacity was achieved at a contact time of 90 min, pH of 6.2, the initial LYZ 
concentration of 0.5 mg ml-1, and the adsorbent dosage of 15 mg. The obtained experimental data 
suited well with the Langmuir isotherm model by prediction the maximum adsorption capacity 
and a correlation coefficient of 149.25 mg/g and 0.9532, respectively. The kinetic data were well 
fitted using a pseudo second order kinetic model. Under optimized condition, the relative standard 
deviation with three replicates was 3.2%. The mixture of lysozyme and bovine serum albumin was 
used as a mixture model protein to investigate the adsorption selectivity. The magnetite/isinglass 
composite was then used for the extraction of lysozyme from egg white solutions. Sodium Dodecyl 
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) results showed that adsorption of 
lysozyme from protein mixture is selective and extracted lysozyme from egg white showed high 
purity.
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Introduction
Lysozyme (LYZ), also called muramidase or N-acetyl muramic hydrolase, is a low molecular 

weight protein accidentally discovered by Alexander Fleming in 1922 [1]. LYZ is widely available 
in human organs, tissues, and secretions and can be categorized into three distinct groups namely, 
chicken type (c-type), goose type (g-type) and invertebrate-type (i-type). Of these, c-type obtained 
vastly from hen egg white, has gained much attention because of its unique characteristics and 
abundance [2]. Many studied have found that LYZ has a great antibacterial activity toward wide 
groups of Gram-positive bacteria and modification of LYZ with heat, chemicals, and hydrolysis can 
broaden its application [3]. So, LYZ is used as a natural food preservative for meat, dairy products, and 
fish industry. FAO/WHO Food Standards allowed the use of LYZ in cider and perry manufacture, 
grape wines and ripened cheeses [4]. Surprisingly, LYZ has exhibited capability in pharmaceutical 
used and been used as anticancer drugs and HIV treatment [5-7]. Based on the above advantages, 
separation and purification of LYZ through facile and easily scale-up technologies has been attracted 
great attention. In this direction, various methods have been reported to separate lysozyme from 
aqueous media. Wan et al. [8] studied the separation of lysozyme from natural chicken egg white 
with through ultra filtration method and reported that more than 94% of lysozyme was observed in 
the permeate. Chen et al. [9] utilized a combination of reductants and thermal treatment to recover 
lysozyme from egg whites. Nom and Imm extracted lysozyme from reconstituted freeze-dried egg-
white by using the reverse micelles and under optimum conditions reached 96% of lysozyme recovery 
[10]. Other methods to separate LYZ such as precipitation [11], nanofiltration [12], crystallization 
[13] and expanded and/or fluidized bed chromatography have been also investigated and exhibited 
high efficiency, however, most of these methods are expensive, hard operation, and of course, time 
consuming [14]. To solve the mentioned problems, adsorption was proposed. Adsorption, physical 
separation through the transportation of the protein molecules from the bulk solution to a solid 
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surface called adsorbent, has gained much attention recently in the 
various field of separation and purification technology because of its 
easy operation, high efficiency and cheap to some degree [15]. pH, 
temperature, contact time, the presence of other competing ions 
and ionic strength of the solution are main parameters affecting 
adsorption efficiency but there is no any doubt that nature of the 
adsorbent is highly important that indirectly influences other 
parameters. In the case of LYZ separation, various adsorbent has been 
employed including acrylic acid copolymer based beads (Hydrolite 
D115), hybrid Zwitterionomer, monolithic molecularly imprinted 
cryogel, Carbon coated Fe3O4 nanoparticles, Sulfonated poly (glycidyl 
methacrylate) grafted cellulose, Tris(hydroxymethyl)aminomethane-
modified magnetic microspheres. Apart from these materials, 
Isinglass (IG) has been recently introduced as a novel adsorbent. IG is 
derived from the swim bladder of certain fish and for many years has 
been utilized to clarify alcoholic beverages by aggregation of the yeast 
cells and other insoluble particles in the solution [16]. As a matter of 
fact, IG is somehow the waste of the fish industry and is abundantly 
available and can be easily found at low cost [17]. Surprisingly, the 
presence of the various functional groups such as OH, COHN, 
-NH2, -CONH2, and -COOH in IG, have nominated it as an effective 
adsorbent for adsorption process [18]. 

In every treatment technology, sludge will be generated in which 
collection and management of that is of great concern. Sedimentation 
tanks, filtration, and centrifugation are conventional methods to 
separate sludge involve advantages and disadvantages. Although 
sludge generated during the adsorption process is low, its collection 
from the solution body needs some considerations. Recently, the 
use of Fe3O4 within the adsorbent has resolved the issues. In fact, by 
employing an external magnetic field, the adsorbent can be easily 
gathered together. Furthermore, provision of the large surface area 
and better dispersion in water are another advantages of magnetic 
adsorbent which are beneficial for adsorption processes. In this work, 
the removal of LYZ from aqueous solution was investigated using 
Fe3O4 magnetite nanoparticles. The effects of the main parameters, 
i.e., contact time; pH, initial LYZ concentration, adsorbent dosage, 
and ionic strength were studied. The kinetic data were analyzed using 
pseudo first order and pseudo second order models and equilibrium 
data were fitted to two widely used isotherm models including 
Langmuir and Freundlich. Additionally, separation of LYZ from 
protein mixture and egg white solutions were studied.

Materials and Methods
LYZ, Bovine Serum Albumin (BSA), Glutaraldehyde (GA), ferric 

chloride hexahydrate (FeCl3.6H2O) and ferrous chloride tetrahydrate 
(FeCl2.4H2O) were purchased from Sigma-Aldrich Company (USA). 
Sodium hydroxide (NaOH), Potassium dihydrogen phosphate 
(KH2PO4), Sodium chloride (NaCl) and hydrochloric acid (HCl) 
were obtained from Merck Company (Darmstadt, Germany). The 
protein concentration was analyzed using UV/Vis Spectrometer 
(T80+ PG Instruments Ltd). The FTIR spectra of IG and Fe3O4@
IG were conducted to specify the presence of functional groups 
on the synthesized adsorbents and it was done by Shimadzu FTIR 
spectrometer (Shimadzu, Japan). TEM images were carried out on 
EM10C-100 kV transmission electron microscope (Zeiss-Germany). 
The morphologies of the magnetic IG nanoparticles were observed 
using SEM, scanning electron microscope (EM-3200, KYKY, China). 
The magnetization characterization of Fe3O4 and Fe3O4@IG was 
performed on a vibrating sample magnetometer (Lake Shore 7410, 

USA).

Synthesis of Fe3O4 nanoparticles
The Fe3O4 Magnetite Nanoparticles (MN) through chemical co-

precipitation method was synthesized by following the procedure. 
Firstly, iron solutions of 5.20 g FeCl3.4H2O and 2.00 g FeCl2.4H2O 
were dissolved in 25 ml N2 purged deionized water and the ratio of 
Fe2+ to Fe3+ was 2:1. A homogenous solution must be observed in 
this step. Under continuous stirring at 80ºC for 60 min, slow addition 
of NaOH solution (1.50 mg/l) was done to adjust the pH value to 
10 and consequently, chemical precipitation occurred. To separate 
precipitated products, an external magnetic field was employed. 
The obtained material was washed with deionized water and 25 ml 
ethanol for various times and then placed in an oven at 65ºC for 24 h 
to become dry. The dried product is called Fe3O4 MN.

Preparation of IG
In order to prepare IG, fish bladders were first washed to remove 

any impurities and unwanted materials. Cut bladders were soaked in 
ethanol and stirred for 24 h. After stirring, the solution was filtered, 
washed with water, and placed in an open air for 24 h to become dry. 
To obtained IG fine powder, it was ground in a ball mill.

Preparation of Fe3O4@IG
0.1 g Fe3O4 and 10 ml GA in 15 ml of ethanol was stirred under 

reflux for 30 min. Then 0.1 g IG was added to the flask and the reaction 
was stirred for 1 h. After a specified time, heating was stopped and 
the reaction mixture was stirred for 30 min. After 2 h, the prepared 
magnetite IG by an external magnetic field was isolated and it was 
placed in an oven at 60ºC to 70ºC for 24 h.

Adsorption studies
Batch adsorption experiments were conducted in a 5 ml glass 

bottle, where the LYZ concentration, pH, and Fe3O4@IG dosage were 
fixed at 5 mg/ml, 6.4 mg and 20 mg, respectively. In the course of 
adsorption reaction, Fe3O4@IG loaded with LYZ was collected with 
the help of an external magnetic field and residue LYZ concentration 
was determined by use of a UV spectrophotometer at maximum 
absorbance (λmax). In this direction, (λmax) of LYZ was found to be 
280 nm. The effects of contact time (0 min to 180 min); pH value 
(6.5 to 8.5), initial LYZ concentration (0 to 1.2 mg/ml), adsorbent 
dosage (0 mg to 25 mg), and ionic strength (0% to 20% w/v NaCl 
concentration) on the adsorption process were tested at a constant 
time 298 K and agitation speed of 160 rpm. The amount of LYZ 
adsorbed at equilibrium qe (mg/g) and the removal percentage were 
calculated by the following equations:

( )t o t
Vq C C
m

= −

Removal rate (%) = o t

o

C C
C
−

Where Co (mg/g) is the initial LYZ concentration, Ct (mg/g) is the 
concentration of LYZ at time t, V (L) is the volume of the solution, 
and m (g) is the mass of adsorbent used.

Desorption
Desorption of the adsorbed LYZ from Fe3O4@IG nanoparticles 

was studied in a batch experimental setup. LYZ adsorbed Fe3O4@IG 
nanoparticles (20 mg approximately) were placed in a phosphate buffer 
solution containing 10% w/v NaCl at pH=6 and shaken continuously 
at room temperature for 2 h. The final LYZ concentration in the 
desorption medium was determined spectrophotometrically at 280 
nm. The desorption efficiency was calculated based on the amount 
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of LYZ in eluent and the adsorbed amount of lysozyme by Fe3O4@
IG nanoparticles.

Separation of LYZ from binary protein mixture
20 mg Fe3O4@IG nanoparticles were added to a binary protein 

mixture of LYZ and BSA, the ratio of LYZ to BSA was 1:1 and 
the concentration of LYZ and BSA in the mixture was 0.5 mg 
ml-1. The adsorption experiments were carried out in a protein 
mixture solution at 25ºC for 90 min incubation and pH 7.4. Then 
protein laden magnetic adsorbent was separated with a magnet and 
desorbed in a phosphate buffer solution with pH 6 containing 10% 
w/v NaCl. The desorbed protein solution, the supernatant, and the 
stock binary protein solution were examined using Sodium Dodecyl 
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) with 12% 
separating gel, 5% stacking gels and stained with brilliant blue R250, 
according to the different molecular weights of a standard mixture 
of proteins.

Lysozyme extraction from egg white solutions
Chicken egg white was collected from fresh eggs and was diluted 

to 2% (v/v) with phosphate buffer (pH 7.4). The diluted solution was 
centrifuged at 4ºC at 14,000 rpm for 60 min. The supernatant was 
used as the source chicken egg white solution for the extraction of 
LYZ. Then, 20 mg of dry Fe3O4@IG was added into 4 ml of Chicken 
egg white diluted solution and shaken at 298 K by vortex for 90 min. 
Then, Fe3O4@IG loaded with LYZ was collected from the solutions 
by a magnet. Finally, the components of proteins in the source 
chicken egg white solution, the supernatant after adsorption, and 
the eluted solution were examined using Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to the 
previous section.

Results and Discussion
Characterization of the Fe3O4@IG

FTIR test: FTIR test was used to analyze the presence of 
functional groups in the synthesized adsorbent. Figure 1a shows 
the FTIR of Fe3O4 and it can be observed that there is a peak at 586 
cm-1 which could be attributed to the (Fe-O) stretching vibration. 
In the FTIR spectra of IG (Figure 1b), peaks at 1633, and 586 cm-1 
correspond to the presence of -NH2 groups and the OH stretching 
vibration, respectively. Figure 1c presents the FTIR of the Fe3O4@IG 
that it is clearly evident that Fe3O4 was well coated with IG (Figure 1).

SEM and TEM images: Surface morphology of an adsorbent 
directly affects the adsorption process and so TEM and SEM images of 
the synthesized adsorbent were taken (Figure 2). It is obviously clear 
from the figure that Fe3O4@IG nanoparticles are spherical in shape 
with numerous sites for LYZ molecules to be adsorbed. According 
to the TEM image, Fe3O4@IG nanoparticles have a diameter of 
approximately 20 nm. Furthermore, IG acted like a surrounding shell 
(gray in color) around Fe3O4 (dark in color). It showed that IG was 
coated on the external surface of the Fe3O4 and Fe3O4 was like a core 
(Figure 2).

Magnetic properties of Fe3O4 and Fe3O4@IG: Magnetization 
curves of Fe3O4 and Fe3O4@IG at 300K were measured by VSM 
methods and the obtained data are illustrated in Figure 3. The figure 
indicated that the saturation magnetization of the Fe3O4 and Fe3O4@
IG were 53.2 and 23.3 emu g-1, respectively. The presence of the IG 
in the synthesized adsorbent could be confirmed by the fact that the 
saturation magnetization of the synthesized adsorbent decreased 
once Fe3O4 was coated with IG. Based on the previous reports, a 
saturation magnetization value greater than 16.3 emu g-1 is sufficient 
to separate adsorbent from the aqueous solution. Thus, in the present 
study, an external magnetic field was employed to separate Fe3O4@IG 
from the solution (Figure 3).

The effect of contact time
The effect of contact time on LYZ adsorption by Fe3O4@IG 

was determined using a 5 ml solution with 0.5 mg ml-1 LYZ at an 
adsorbent dosage of 20 mg, pH 6.4 and room temperature. The 
adsorption capacity was calculated at contact times ranging from 
0 min to 180 min and the obtained results are illustrated in Figure 
4a. It is evident from the figure that at the initial step of adsorption 
process (approximately 30 min), adsorption capacity exhibited 
a significant rapid increase, and however, a further increase in 

Figure 1: a) FTIR spectra of Fe3O4, b) IG, c) Fe3O4@IG.

Figure 2: a) TEM, b) SEM images of Fe3O4@IG.

Figure 3: VSM spectra of Fe3O4 and Fe3O4@IG.
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contact time resulted in slow improvement [19]. In fact, remarkable 
adsorption capacity was achieved during the first 30 min of the 
reaction. According to the figure, it seems that equilibrium between 
LYZ and Fe3O4@IG reached within 160 min. Generally, at the initial 
stage of the adsorption process, there are numerous vacant sites on 
the adsorbent surface which easily can be accessed by LYZ molecules 
in which engender rapid adsorption. On the other hand, once sites 
are merely occupied by the pollutant molecules, attraction energy of 
adsorbent will reduce and due to the repulsive force between bulk 
solution and LYZ molecules, adsorption rate decreases greatly. On 
the basis of the time saving and adsorption capacity, the authors 
decided to fix contact time to be 90 min for further experiments.

The effect of pH
Various studies have pointed out that the initial pH of the solution 

is a key parameter that highly affects the degree of pollutant ionization 
as well as a surface charge of the adsorbent. Indeed, the pH impacts 

the LYZ removal efficiency considerably. LYZ, like any other enzyme, 
is not active in a vast range of pH and former studies revealed that 
LYZ is active in the pH range of 6 to 10. The effect of pH on removal 
efficiency is shown in Figure 4b at contact time and adsorbent dosage 
of 90 min and 20 mg, respectively. It shows that by increasing the pH 
value from 6.2 to 8, adsorption capacity decreased rapidly from 95.25 
to 79.25 mg/g. Thus, an optimum pH value of 6.2 was chosen for 
further experiments. Higher removal efficiency was achieved in acidic 
media. The main reason for such a behavior can be attributed to the 
electrostatic repulsion force between LYZ and Fe3O4@IG. Previous 
studies have pointed that the isoelectric of LYZ is 11.2 and it is 
positively charged under the pH value of 11 so for a good adsorption 
process, adsorbent must have owns negative charges. In the solution, 
there are plenty of phosphate ions that tend to interact with positive 
surface charges of Fe3O4@IG (NH4

+ ions) that leads to observe an 
adsorbent with a negative charge that now is able to interact with the 
positive-charged protein. In fact, electrostatic repulsion force between 

 
 

 
 

 

Figure 4: a) Effect of contact time to the adsorbing process (initial concentration of lysozyme: 0.5 mg ml-1; pH: 6.4; temperature: 25ºC; adsorbent dosage: 20 mg, 
b) pH to the adsorbing process (initial concentration of lysozyme: 0.5 mg ml-1; temperature: 25ºC; contact time: 90 min; adsorbent dosage: 20 mg, c) Initial LYS 
concentration to the adsorbing process (pH: 6.2; temperature: 25ºC; contact time: 90 min; adsorbent dosage: 20 mg. d) Adsorbent dosage to the adsorbing process 
(pH: 6.2; temperature: 25ºC; initial LYS concentration: 0.5 mg ml-1 contact time: 90 min), e) Ionic strength to the adsorbing process (pH: 6.2; temperature: 25ºC; 
initial LYS concentration: 0.5 mg ml-1; contact time: 90 min; adsorbent dosage: 15 mg).
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adsorbent and adsorbate is significantly reduced by phosphate ions. 
Fortunately, by reducing the pH value, LYZ takes more and more 
positive charges that induce more adsorption capacity and therefore 
higher removal efficiency. Based on these facts, optimum pH value 
was fixed at 6.2 for the following experiments.

The effect of initial LYZ concentration
The effect of initial LYZ concentration was investigated with 

various initial concentrations in the range of 0 to 1.2 mg/ml under 
optimum conditions (contact time 90 min, pH 6.2) and the results 
were presented in Figure 4c. The adsorbent dosage was fixed at 20 mg. 
As shown in the figure, by increasing the LYZ concentration from 0 
to 0.7 mg ml-1, adsorption capacity rapidly increased from 0 to 124.5 
mg g-1. There is an interesting point that when LYZ concentration 
is somehow beyond 0.7 mg ml-1, adsorption capacity did not alter 
significantly. It should be noted that adsorbent dosage is fixe so 
there is a specified number of sites that LYZ molecules are able to 
occupy. When the adsorbent sites are totally saturated by pollutant 
molecules, a further increase in LYZ concentration has no effect on 
the adsorption process. In fact, an excess amount of LYZ will remain 
in the solution without any purification. Thus, for an optimum 
design of an adsorption process, a balance between adsorbent dosage 
and LYZ concentration must be considered. Based on the obtained 
results, LYZ concentration was chosen to be 0.5 mg ml-1.

Effect of adsorbent dosage
The amount of adsorbent employed during water or wastewater 

purification, directly influence the cost of the treatment method, 
so the determination of the adsorbent optimum value is of great 
importance. The effect of various adsorbent dosages on adsorption 
capacity is presented in Figure 4d. It can be observed that by 
increasing the adsorbent dosage from 10 mg to 25 mg, adsorption 
capacity decreased from 141.5 to 21.2 mg/g. A closer look at the 
figure reveals that little fluctuation in adsorbent capacity when the 
adsorbent dosage was increased from 10 mg to 15 mg. Once the 
adsorbent dosage is implied to be beyond 15 mg, adsorption capacity 
significantly decreased to a great extent. Adsorption is controlled by 
adsorbent pores. When a high amount of adsorbent is used, it can 
be seen that adsorbent particles collide with each other and a lager 
particle with less surface area will be generated which is not fully 
desired for adsorption mechanism. So, optimum adsorbent dosage 
was to be 15 mg for the further experiments. 

Effect of ionic strength
Ionic strength is an important parameter that influences 

adsorption efficiency depending on the main adsorption mechanism. 
In this direction, the effect of NaCl concentration on the adsorption 
capacity of the Fe3O4@IG was studied. As shown in Figure 4e, the 
adsorption capacity of LYS on Fe3O4@IG was sharply declined as 
the ionic strength increased from 0% to 20% w/v NaCl. Salt addition 
can enhance the contact of inner hydrophobic areas of protein to 
solution due to the hydration effect of salt molecules around the 
protein. That means the hydrophobic interactions between proteins 
and adsorbents are increased in the presence of salts. In contrast, 
the introduction of salt can lead to reduced electrostatic interaction 
between adsorbents and adsorbate. Therefore, depending on the main 
mechanism for protein adsorption (electrostatic or hydrophobic 
interaction) the adsorption efficiency of protein could be decreased or 
increased in the presence of salt. The experimental results confirmed 
that the electrostatic interaction is the main force for the adsorption 
of LYZ on Fe3O4@IG. Since electrostatic attractive interaction is the 

main driving force for the adsorption of LYZ by Fe3O4@IG, a high 
concentration of sodium ions can compete with positively charged 
LYZ and preferentially interact with negatively charged Fe3O4@IG, 
thus leading to the reduction of the adsorbed amount of LYZ (Figure 
4).

Repeatability
There is no any doubt that an important factor for the suitability of 

a synthesized adsorbent to be used in industrial scale is the capability 
of the adsorbent to be regenerated and reused with approximately 
high performance as the first usage. From an economical point of 
view, that is so considerable. In the present study, the reusability 
of Fe3O4@IG for LYZ adsorption was examined for 3 cycles under 
optimum conditions. The results are listed in Table 1. As a result, 
Fe3O4@IG exhibited a great performance where adsorption capacity 
decreased only from 136.4 to 142.3 mg g-1 after 3 times repeated use. 
Furthermore, the Relative Standard Deviation (RSD) was calculated 
roughly 3.23% and it was acceptable. It can be concluded that 
synthesized Fe3O4@IG adsorbent is not only an efficient adsorbent 
but also owns great potential for reusability.

Desorption of lysozyme from Fe3O4@IG
As fully described in section 2.6 the desorption efficiency was 

investigated in the absence and the presence of the NaCl. To describe 
the obtained date, in the absence of NaCl the desorption efficiency 
was less than 30.6%, however, in the presence of the NaCl 10% w/v, 
the desorption efficiency was 85.5%. The reason for these phenomena 
are due to the fact that when there is no NaCl in the solution, the main 
driving force for the adsorption is electrostatic attraction, while by 
adding NaCl to the solution the adsorption force is based on the ion 
exchange mechanism and therefore sodium ions can compete with 
LYZ and replace positively charged LYZ from Fe3O4@IG.

Adsorption isotherms
Adsorption isotherms are an inevitable part of adsorption studies 

which state that in an equilibrium state, there is a relationship 
between the amount of solutes remain in the solution and the 
amount of the solute adsorbed on the adsorbent surface under fixed 
temperature conditions. In other words, adsorption isotherms give 
a better understanding of the adsorption mechanism. In the present 
study, two mostly used isotherms, Langmuir and Freundlich, were 
examined. Langmuir and Freundlich isotherm models are applicable 
to liquid-solid adsorption systems. Langmuir isotherm is one of the 
earliest models that used to describe adsorption over monolayer 
coverage of adsorbate and a finite number of active sites on the 
adsorbent surface. Freundlich isotherm assumes that the adsorbent 
surface is heterogeneous and monolayer or multilayer coverage of 
adsorbate can be observed. The Freundlich and Langmuir linear 
model can be expressed as Equation (1) and (2), respectively [20,21].

1
e F eLnq LnK LnC

n
= +    (1)

1 1 1

e m L m eq q K q C
= +    (2)

where KF (mg g-1) and 1/n are the Freundlich characteristic constants, 
reflecting the adsorption capacity and the adsorption intensity, 
respectively, KL (ml mg-1) is related to the energy of adsorption, qe 
(mg g-1) is the amount of lysozyme adsorbed at equilibrium time, qm 
(mg g-1) is the maximum adsorption amount of lysozyme, and Ce (mg 
ml-1) is the equilibrium concentration of lysozyme in solution.

Non linear isotherm curves of Freundlich and Langmuir equation 
are shown in Figure 5a and 5b, respectively. The favorability of the 
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adsorption process was determined by Freundlich constant n. In 
this study, n value was found to be 1.07 which is less than 10 and it 
shows that the adsorption of LYZ onto Fe3O4@IG was favorable in 
terms of adsorption mechanism. The best isotherm was chosen on 
the basis of the minimal deviation from the integral equation. The 
obtained results showed that the correlation coefficient (R2) value 
for Langmuir isotherm (0.9533) is much greater than Freundlich 
isotherm (0.8366). Furthermore, the maximum adsorption capacity 
of LYZ onto the Fe3O4@IG calculated from Langmuir isotherm 
was found to be 149.25 mg g-1 which was in accordance with the 
maximum adsorption capacity found during experimental data and 
under optimum conditions (136.9 mg g-1). These results reflected that 
the adsorption process of LYZ followed Langmuir isotherm model 
and monolayer coverage of LYZ on the surface of the Fe3O4@IG can 
be predicted.

In terms of LYZ adsorption with various adsorbents, Table 2 was 
prepared based on the adsorbent used and maximum adsorption 
capacity. According to Table 2, the adsorption capacity of the 
synthesized Fe3O4@IG adsorbent is higher than other adsorbents 
except for one study that used agarose based beads as an adsorbent. 
It is fairly to conclude that synthesized adsorbent in this study has 
a better performance during the adsorption process for water and 
wastewater purification (Figure 5, Table 2).

Adsorption kinetics
Like any other chemical reactions or physical phenomena, 

determination of the reaction speed is of great importance. 
Adsorption kinetics mainly discusses the time required to adsorbed 
solute from bulk solution into the adsorbent surface. In the present 
study, adsorption kinetics namely, Pseudo First Order (PFO) and 
Pseudo Second Order (PSO) models were utilized to explain the LYZ 
adsorption process. PFO was firstly proposed by Lagergren which 
assumes that the adsorption rate is proportional to the difference 
between equilibrium adsorption capacity and adsorption capacity 
and the amount of solute adsorbed at determine time [22]. PSO 

model is based on the fact that the adsorption rate does not follow 
a linear equation between adsorption capacity and the amounts of 
solute adsorbed at determine time. The PFO and PSO models can be 
expressed as Equations (3) and (4), respectively [23,24].

11 1

t e e

K
q q t q

= +      (3)

2
2

1

t e e

t t
q k q q

= +      (4)

where k1 (min-1) and k2 (g mg-1.min-1) are the pseudo-first-order rate 
constant and pseudo-second-order rate constant, respectively, qt 
(mg-1) and qe (mg.g-1) are the adsorbed amounts of LYZ at any and 
equilibrium time (min), respectively.

Figure 6a and 6b shows PFO and PSO curves respectively. The 
higher R2 value obtained from PSO suggested that the experimental 
data are better fitted to PSO than PFO. To confirm the obtained results, 
the calculated adsorption capacity of PFO and PSO were calculated 
[25,26]. It was found that adsorption capacity related to experimental 
data and the calculation methods were close to each other for the PSO 
model. These results suggested that the experimental kinetic data for 
LYZ adsorption onto Fe3O4@IG complied PSO model. It should 
be noted that chemisorption is the dominant interaction between 
LYZ molecules and Fe3O4@IG in which they both tend to share 
their electron with each other [27-30]. The obtained results can be 
confirmed by the FTIR test that proved the presence of the functional 
groups on the surface of the adsorbent [30] (Figure 6).

Separation of LYZ from protein mixture and egg white 
solutions

As shown in Figure 7, the LYZ was selectively separated from 
the binary protein mixture, only LYZ could be found in sample 5 of 
Figure 7, therefore the purity of LYZ was very high [31-33]. The SDS-
PAGE of the source chicken egg white solution, the supernatant after 
adsorption and the eluted solution is shown in Figure 7. The SDS-
PAGE electropherogram clearly shows that only LYZ was detected in 
the band of the eluted solution (sample 6 in Figure 7). Therefore, the 
separated lysozyme has high purity [34,35].

Conclusion
In this study, Fe3O4@IG was used as an efficient magnetic 

adsorption for separation of lysozyme from aqueous solutions. The 
results showed that under the optimum condition the synthesized 
adsorbent has a high capacity for lysozyme. The effect of ionic 

Run qe (mg.g-1) RSD (%)

1 136.4

2 133.6 3.23

3 142.3

Table 1: Repeatability of the Fe3O4@IG for LYS.

 
 

Figure 5: a) Freundlich, b) Langmuir adsorption isotherm of lysozyme by Fe3O4@IG.
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Adsorbents Maximum adsorption capacity (mg.g-1) References

Reactive Red 120 modified magnetic chitosan microspheres 144.9 [25]

Lysozyme specific aptamer immobilized MCM-41 silicate 36.8 [26]

Sulfonated poly(glycidyl methacrylate) grafted cellulose 141.67 [27]

Tris(hydroxymethyl)amino methane-modified magnetic microspheres 108.6 [28]

Chitin-silica-based affinity chromatographic matrix 117.1 [29]

Acrylic acid copolymer based beads (Hydrolite D115) 48.9 [30]

Agarose based beads (CM Sepharose 6 Fast Flow) 165.8 [30]

Monolithic molecularly imprinted cryogel 36.3 [31]

Hybrid Zwitterionomer 130 [32]

PAA-modified Fe3O4@silica core/shell microspheres 127 [33]

Fe3O4@SiO2@IL 20 [34]

Carbon-Coated Fe3O4 Nanoparticles 76.34 [35]

Fe3O4@IG 149.25 Present study

Table 2: Maximum adsorption capacity of lysozyme on various adsorbents.

 
 

Figure 6: a) Pseudo-first-order and (b) Pseudo-second-order kinetics curves.

Figure 7: SDS Gel electrophoresis of lysozyme adsorption experiment from protein mixture and whole egg white. The Sample are 1) protein standard markers, 
2) commercial BSA, 3) the stock binary protein solution, 4) the remaining protein solution after magnetic separation, 5) eluted lysozyme from the Fe3O4@Isinglass 
after adsorption in mixture, 6) eluted lysozyme from the Fe3O4@Isinglass after adsorption in egg white solution, 7) the remaining egg white after treatment with the 
Fe3O4@Isinglass, 8) total whole egg white before adsorption, and 9) commercial lysozyme.

strength on the adsorption process revealed that the dominant 
mechanism in the adsorption is based on the electrostatic attraction, 
so for lysozyme desorption, a salt addition was conducted, and 85.5% 
of lysozyme was separated from the adsorbent. Additionally, the RSD 
value of the process was 3.2% after three times which was acceptable. 

PSO and Langmuir were best models to describe adsorption rate and 
adsorption isotherm, respectively. Fe3O4@IG demonstrated highly 
effective and selective adsorption of LYZ from chicken egg white. 
Thus, Fe3O4@IG can be nominated as a suitable adsorbent to separate 
LYZ from different media with high adsorption capacity.
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