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type of ionic liquid as modifier. The applicability of two 
kinetic models including pseudo-first order and pseudo-
second order model was estimated. Furthermore, the ther-
modynamic parameters were calculated. Protein could des-
orb from IL–Fe3O4 nanoparticles by using NaCl solution at 
pH 9.5 and was reused.

Keywords  Magnetic nanoparticle · Ionic liquid · 
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Introduction

Magnetic nanomaterials have great promise in the design 
of electronic and electrical devices (Murray et  al. 1995), 
separation methods (Altintas and Denizli 2009), biomedi-
cal applications (Roath 1993), tumor hyperthermia (Mor-
net et  al. 2004) radioactive therapies (Widder et  al. 1979; 
Gupta et  al. 1988) and magnetic field-guided carriers for 
localizing drugs. The quantitative analysis of protein is of 
great importance in biochemistry, biotechnology, medical 
diagnostics and clinical application as it can provide infor-
mation for diagnosis of diseases and measurement of other 
components. There are many methods for protein deter-
mination, such as spectrophotometry (Miao–Miao et  al. 
2011), fluorometry (Ghali 2010), and chemiluminescence 
(Li et  al. 1998). At present, light scattering technique has 
been developed rapidly, especially in the determination of 
biological macromolecules, e.g., nucleic acid, proteins and 
glycogen (Parhi et  al. 2009). Interactions of protein mol-
ecules with nanoscale surface structures are very important 
in many research fields, such as biomaterials, biosensors, 
cell adhesion, biofuel cells and biomineralization. Protein 
adsorption could be affected by both surface chemical com-
position and topography. During the past several decades, 
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the influence of surface chemical compositions on protein 
adsorption was extensively studied. One of the most effec-
tive and popular approaches is application of hydrophilic 
polymers such as polyethylene oxide (PEO) onto surfaces 
(Gonsalves et al. 2005; Chen et al. 2008; Wu et al. 2009).

 Lysozyme is a widely distributed enzyme that pref-
erentially hydrolysis β-1,4-glucosidic linkage between 
N-acetylglucosamine and N-acetylmuramic acid in bacte-
rial cell walls. Lysozyme has found wide applications; it 
is often used in conjunction with other therapeutic drugs, 
applied topically or administered orally (Ghosh and Cui 
2000). It has also been used in gastrointestinal infections 
and in the treatment of dry-mouth (Roy et  al. 2003), and 
food additive in milk products. The potential for its use as 
an anti-cancer drug has been investigated on animals and 
in vitro cell culture experiments (Cartei et al. 1991).

The unique physical and chemical characters of ionic 
liquids (ILs) have made them applicable in diverse chem-
ical areas such as batteries and fuel cells studies (Rezaei 
et  al. 2009), electrochemistry (Heli et  al. 2010), chemical 
synthesis, catalysis (Goharshadi et al. 2009; Valizadeh and 
Shockravi 2009) and separation sciences (Absalan et  al. 
2008). They have negligible volatility and non-flammabil-
ity, wide liquid temperature range, wide electrochemical 
potential window, high thermal and chemical stability, high 
solvating capacity for organic, inorganic and organometal-
lic compounds. Their physicochemical properties are finely 
tunable by altering the cation and/or anion constituents of 
these molecules (Sun and Armstrong 2010).

The present study focuses on the preparation and char-
acterization of magnetic nanoparticles of Fe3O4 modified 
by different ionic liquids, [C4MIM][Br], [C6MIM][Br] 
and [C8MIM][Br] by electron microscopy (TEM), X-ray 
diffraction (XRD), and Fourier transform infrared (FTIR) 
spectroscopy. The adsorption capacity of Fe3O4, [C4MIM]–
Fe3O4, [C6MIM]–Fe3O4, and [C8MIM]–Fe3O4 as adsor-
bents for adsorption of hen egg white lysozyme (LYS) was 
investigated. Adsorption isotherms, kinetic of adsorption 
and thermodynamic parameters were also characterized. To 
the best of our knowledge, adsorption of proteins on mag-
netic nanoparticles modified with different ionic liquids has 
not been reported.

Experimental

Apparatus

A UV–Vis. spectrophotometer Model Pharmacia Ultraspec 
4000, connected to a personal computer equipped with a 
1-cm quartz cell was used for recording the visible spec-
tra and absorbance measurements. The XRD measure-
ments were performed on the XRD Bruker D8 Advance. 

The FTIR spectra were recorded on a Shimadzu FTIR 8000 
spectrometer. A transmission electron microscope (Philips 
CM 10 TEM) was used for recording of TEM images. A 
Metrohm 780 pH meter was used for monitoring the pH 
values. A water ultrasonicator (Model CD-4800, China) 
was used to disperse the nanoparticles in solution and a 
super magnet Nd–Fe–B (1.4 T, 10  cm ×  5  cm ×  2  cm, 
made in China) was used. All measurements were per-
formed at ambient temperature.

Chemicals and reagents

All chemicals and reagents were of analytical grades. 
1-Methylimidazolium, hexyl bromide, butyl bromide, octyl 
bromide, hen egg white lysozyme (LYS), sodium hydrox-
ide, hydrochloric acid (37  %w/w), sodium thiocyanate, 
sodium chloride, FeCl3.6H2O (96 %w/w) and FeSO4.7H2O 
(99.9  %w/w) were purchased from Merck. The stock 
solution of protein was prepared with a concentration of 
2.0  mg  mL−1. The protein solutions with concentrations 
in the range of 0.05–2.0 mg mL−1 were prepared by suc-
cessive dilution of the stock solution with distilled water. 
The pH adjustments were performed with HCl and NaOH 
solutions (0.01–1.0 mol L−1). Ionic liquids, [C4MIM][Br], 
[C6MIM][Br], [C8MIM][Br] were prepared according to 
procedure reported in the literature (Bonhote et al. 1996).

Fabrication of ionic liquid modified magnetic 
nanoparticles

The nanoparticles of Fe3O4 were synthesized by mixing 
ferrous sulfate and ferric chloride in NaOH solution with 
constant stirring as recommended (Kim et  al. 2001). To 
obtain maximum yield for magnetic nanoparticles during 
co-precipitation process, the ideal molar ratio of Fe2+/Fe3+ 
was about 0.5. The precipitates were heated at 80  °C for 
30 min, sonicated for 20 min, and then washed three times 
with 50 ml distilled water.

Modification of Fe3O4 nanoparticles was carried out 
using ionic liquids under vigorous magnetic stirring for 
30  min at 50  °C. The modified iron oxide nanoparticles 
(IL–Fe3O4) were collected by applying a magnetic field 
with an intensity of 1.4 T. The IL–Fe3O4 particles were 
washed three times with 50 ml distilled water. Nanoparti-
cles  were dispersed in distilled water  by ultrasonicating 
for 10 min at room temperature. Then, the IL–Fe3O4 nano-
particles were magnetically separated (Absalan et al. 2011; 
Ghaemi and Absalan 2014).

Adsorption equilibrium of lysozyme

For adsorption of lysozyme, the modified Fe3O4 (40.0 mg) 
nanoparticles  were incubated with 10  ml of the protein 
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(0.05–2.0 mg mL−1) in 0.1 mol L−1 NaCl and the obtained 
suspension was immediately stirred by a magnetic stir-
rer (150  rpm) for 10  min. After mixing, the  magnet was 
removed and washed with distilled water. Then the magnetic 
nanoparticles were removed magnetically from the solution. 
The lysozyme concentration in the solution was determined 
by UV spectrophotometry at 280  nm, and the equilibrium 
adsorption amount was calculated according to Eq. (1). 

where qe (in mg  g−1) is the adsorption capacity (mg 
lysozyme adsorbed onto gram amount of nanoparticles); V 
is the volume of the lysozyme solution (in liter); C0 and Ce 
are the initial and equilibrium protein concentrations (in mg 
L−1), respectively; and m is the mass (in gram) of dried IL–
Fe3O4 added.

Adsorption isotherms

Several isotherm models for evaluating the equilibrium 
adsorption, have been discussed in literatures (Limousin 
et al. 2007).

The linear form of the Langmuir isotherm (Langmuir 
1918), assuming monolayer adsorption on a homogeneous 
adsorbent surface, is expressed as:

where qmax (mg g−1) is the surface concentration at mon-
olayer coverage and illustrates the maximum value of qe 
that can be attained as Ce is increased. The b parameter is a 
coefficient related to the energy of adsorption and increases 
with increasing strength of the adsorption bond. Values of 
qmax and b are determined from the linear regression plot of 
(Ce/qe) versus Ce.

The Freundlich equation (Freundlich 1906) is expressed 
in its linear form as follows:

where KF and n are the constants from the Freundlich 
equation representing the capacity of the adsorbent for the 
adsorbate and the reaction order, respectively. The recip-
rocal reaction order, 1/n, is a function of the strength of 
adsorption.

Adsorption kinetics theory

Several models are available to study the adsorption mech-
anism and describe the corresponding experimental data. 
The most commonly models used are the pseudo-first-order 
and pseudo-second-order reaction rate equations (Santos 

(1)qe =
V(C0 − Ce)

m
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Ce

qe
=

1

bqmax
+

Ce

qmax

(3)log qe = logKF +
1

n
logCe

et  al. 2008) developed by Ho and McKay (1999) which 
have the following linear forms for boundary conditions 
of q = 0 at t = 0 and qt = qe at t =  te. Pseudo-first-order 
equation: 

Pseudo-second-order equation:

where k1 and k2 are the adsorption rate constants, qt is 
adsorption capacity at time t, qe is adsorption capacity at 
equilibrium condition.

The structure of the solid and its interaction with the dif-
fusion substance influences the rate of transport. Adsorbent 
may be in the form of porous barriers and solute moves by 
diffusion from one fluid body to the other by virtue of con-
centration gradient. Intra-particle diffusion is a transport 
process involving movement of species from the bulk of the 
solution to the solid phase. The intra-particle kinetic model 
is expressed by:

Results and discussion

Characterization of Fe3O4 and IL–Fe3O4

The peaks positions and relative intensities observed in 
XRD patterns of IL–Fe3O4 ([C4MIM]–Fe3O4, [C6MIM]–
Fe3O4, [C8MIM]–Fe3O4) nanoparticles and standard Fe3O4 
are shown in Fig. 1 for comparison. Although the magnetic 
nanoparticle surfaces in IL–Fe3O4 were coated with ionic 
liquid, analysis of XRD patterns of Fe3O4, [C4MIM]–
Fe3O4, [C6MIM]–Fe3O4 and [C8MIM]–Fe3O4 indicated 
very distinguishable peaks for magnetite crystal, which 
means that these particles have phase stability (Park et al. 
2008; Faivre and Zuddas 2006).

The FTIR spectra of Fe3O4, ionic liquid and IL–Fe3O4 
are shown in Fig.  2a–c. In the case of Fe3O4, the broad 
absorption band at 3440  cm−1 indicates the presence of 
surface hydroxyl groups (O–H stretching) and the bands 
at low wavenumbers (≤700 cm−1) are related to vibrations 
of the Fe–O bonds in iron oxide. The presence of mag-
netite nanoparticles can be verified by appearance of two 
strong absorption bands around 632 and 585  cm−1 (Wal-
dron 1955; Can et  al. 2009). The Fe–O bond peak of the 
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bulk magnetite is observed at 570.9 cm−1. In the spectrum 
of ionic liquids (Fig.  2a–c), a long hydrocarbon chain in 
[C4MIM][Br], [C6MIM][Br] and [C8MIM][Br] gives sig-
nificantly stronger peaks in the ranges of 2800–3100 and 
1465–1640 cm−1. In the FTIR spectra of [C6MIM]-Fe3O4 
and [C8MIM]-Fe3O4, the significant absorption band, 
respectively, at 2923.9 and 2931.6 cm−1 is due to the C–H 
stretching. This band was not observed in the spectrum of 
[C4MIM]–Fe3O4. The absorption bands indicating the C–N 
stretching are observed at 1542.9, 1447.5 and 1458.1 cm−1, 
respectively, for [C4MIM]–Fe3O4, [C6MIM]–Fe3O4, and 
[C8MIM]–Fe3O4. The absorption bands at 1612.4, 1604.0 
and 1627.8  cm−1 are related to the hetro-aromatic C–H 
bond stretching for [C4MIM]–Fe3O4, [C6MIM]–Fe3O4, 
[C8MIM]–Fe3O4, respectively.

Figure 3a is a representative TEM image of Fe3O4 nan-
oparticles. The average diameter of Fe3O4 nanoparticles 
was about  ~10  nm. However, the TEM image, as shown 
in Fig. 3 (b–d) indicated that IL–Fe3O4 (13–15 nm) had a 
larger particle diameter than Fe3O4.

It is known that when an electrolyte is added to a col-
loidal aqueous solution, it reduces the surface charges of 
these particles and causes their agglomeration. Similarly, 
ionic liquids are expected to reduce the surface charges of 
nanoparticles. If we assume that the difference of 3–5 nm 
in the mean sizes of modified and unmodified nanoparticles 
is significant, it reveals that ionic liquids have reduced the 
surface charges of Fe3O4 nanoparticles and caused their 
agglomeration.

To estimate the amount of ionic liquid deposited onto the 
surface of Fe3O4, the thermogravimetric analysis (TGA) of 
Fe3O4 and IL–Fe3O4 was conducted. Figure  4 shows the 
TGA curves of Fe3O4, [C4MIM]–Fe3O4, [C6MIM]–Fe3O4, 
and [C8MIM]–Fe3O4 nanoparticles. For [C4MIM]–Fe3O4 
and [C6MIM]–Fe3O4 in the lower temperature range (up to 
201 °C), the initial weight loss was not observed but initial 
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weight loss was from 145  °C for C8MIM]–Fe3O4 nano-
particles. The weight loss of both [C4MIM]–Fe3O4 and 
[C6MIM]–Fe3O4 nanoparticles occurred in the temperature 
range of 201–261 °C which was due to the decomposition 
of ionic liquid. At temperatures above 261  °C, the ionic 
liquid was completely decomposed. The residual weight 
should be the weight of Fe3O4. According to the TGA 
curves, the ionic liquid content of [C4MIM]–Fe3O4 and 
[C6MIM]–Fe3O4 nanoparticles was evaluated to be 5.82 % 
by weight. But the ionic liquid content of [C8MIM]–Fe3O4 

nanoparticles was 2.15  % by weight. The loading of 
[C8MIM][Br] onto the surfaces of Fe3O4 nanoparticles is 
limited due to the long hydrocarbon chains of its molecules 
where cause steric hindrance for each other.

The experimental curves corresponding to the immer-
sion technique (Foil and Villaescusa 2009; Uddin et  al. 
2009) were obtained for four sorbents and are presented 
in Fig. 5. Suspensions of 5.5 g L−1 of individual sorbents 
were prepared and were put into contact with 0.10  mol 
L−1 of NaCl solutions adjusted at different pH values. The 
aqueous suspensions were agitated for 48 h until the equi-
librium pH was achieved. The pH value at the point of 
zero charge (pHpzc) was determined by plotting the differ-
ence of final and initial pHs (ΔpH) versus the initial pH. 
As shown in Fig. 5, the pHpzc value of Fe3O4 is 6.5 and the 
pHpzc values for [C4MIM]–Fe3O4, [C6MIM]–Fe3O4 and 
[C8MIM]–Fe3O4 nanoparticles are 8.0, which means that 
the pH of Fe3O4 has shifted from 6.5 to 8.0 after modifi-
cation with ionic liquid. This confirmed the deposition of 
ionic liquid onto the surface of Fe3O4 and also revealed 
that IL–Fe3O4 was positively charged at pH < 8.0.

The adsorption isotherm of IL ([C16MIM]Br and 
[C10MIM]Br) onto Fe3O4 at pH 10 was already reported 
(Zhang et  al. 2010). Adsorption could be considered as 
hemimicelles formation  in which IL molecules were 
adsorbed on the oppositely charged Fe3O4 nanoparticles 
surface to form single layer coverage through coulombic 
attraction interaction.

Fig. 3    The TEM images of: Fe3O4 (A), [C6MIM]–Fe3O4 (B), [C4MIM]–Fe3O4 (C), and [C8MIM]–Fe3O4 (D)
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Adsorption of lysozyme on modified nanoparticles

Effect of pH

The effect of the initial pH of the sample solution on the 
adsorption of LYS onto four modified nanoparticles was 
assessed at different pH values, ranging from 3.5 to 11.0. 
The initial concentration of LYS and adsorbent dosage 
were set at 0.5  mg  mL−1 and 40.0  mg, respectively. The 
LYS solution was stirred for a period of 5  min while the 
experiments were performed in batch technique. The 
results are depicted in Fig.  6. At pH values below 9.5, 
almost a constant and high value for adsorption capacity of 

each adsorbent was observed. At pH values higher than 9.5, 
adsorption of LYS is decreased probably due to instability 
of the modified nanoparticles at high hydroxyl ion concen-
tration that consequently result in reduction of the adsorp-
tion of LYS onto nanoparticles.

Adsorption capacity of both [C6MIM]–Fe3O4 and 
[C8MIM]–Fe3O4 is higher than [C4MIM]–Fe3O4 and 
unmodified–Fe3O4. This could be explained based on the 
hydrophobic characters of ILs. The hydrophobic char-
acters of [C6MIM][Br] and [C8MIM][Br] are higher than 
[C4MIM][Br] due to the length of the hydrocarbon chain 
(Rıos et al. 2008).

Effect of contact time

The effects of stirring time on the adsorption of lysozyme 
onto four nanoparticles were studied individually. IL–
Fe3O4 of 40.0 mg and optimum pH of 9.0 were considered 
for this investigation. The initial lysozyme concentrations 
for all test solutions were 0.5  mg  mL−1. Figure  7 shows 
adsorption capacity for three adsorbents as a function of 
stirring time ranging from 1 to 16 min. These data indicate 
that adsorption process is almost completed within 5 min. 
The initial slopes of the curves in Fig. 7 show that the rate 
of adsorption of LYS onto the unmodified nanoparticles is 
the slowest among the other adsorbents; the rates of LYS 
adsorption onto modified nanoparticles are almost the same 
which shows that the kinetic of adsorption is independent 
of the type of the ionic liquids used as modifiers. Moreo-
ver, the adsorption efficiency was increased when the ionic 
liquids were used as modifier. Amongst them, [C6MIM]–
Fe3O4 and [C8MIM]–Fe3O4 showed higher efficiencies.

Fig. 5   Immersion technique 
curve of Fe3O4, (A); [C4MIM]–
Fe3O4, (B); [C6MIM]–Fe3O4, 
(C); and [C8MIM]–Fe3O4,(D)
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Effect of solution temperature

The effect of temperature on the adsorptions of LYS onto 
four nanoparticles was investigated at optimum pH and 
initial protein concentrations of 0.5 mg mL−1 with a stir-
ring time of 10 min. Figure 8 shows adsorption capacity of 
lysozyme for four adsorbents as a function of temperature 
ranging between 278 and 308 K. The results indicate that 
the solution temperature strongly affected the adsorption 
capacity of LYS. For all IL–Fe3O4 nanoparticles, adsorp-
tion capacity increases with increasing temperature indi-
cating the endothermic (ΔH > 0) nature of the adsorption 
process.

The results indicate that the adsorption capacity of 
unmodified Fe3O4 for LYS decreased with increasing tem-
perature in the applied temperature range of 278–308  K. 
So, the adsorption of LYS onto unmodified Fe3O4 is con-
cluded to be exothermic (ΔHunmodified  <  0), i.e., higher 
adsorption can be obtained at lower temperatures. The value 
of ΔHunmodified includes three terms, dehydration enthalpy, 
ΔHd (endothermic); adsorption affinity enthalpy, ΔHa (exo-
thermic); and molecular conformation enthalpy, ΔHm (exo-
thermic). Therefore, the exothermic effect of ΔHunmodified 
must be attributed to both ΔHa and ΔHm as their summation 
predominates over ΔHd so that the net enthalpy would be 
negative in sign. Similarly, the value of ΔSunmodified includes 
three terms, dehydration entropy, ΔSd; adsorption affinity 
entropy, ΔSa; and molecular conformation entropy, ΔSm. 
The value of ΔSunmodified is negative due to ∆Sa and ∆Sm as 
their summation predominates over ΔSd (Geng et al. 2008). 
Since T∆Sunmodified is more positive than ∆Hunmodified, the 
mathematical sign of ∆Gunmodified is positive.

 The plot of ln (qe/Ce) versus 1/T is indicated in the 
inset of Fig. 8. From the slope and intercept, the changes 

of enthalpy (∆H) and entropy (∆S) at 278–308  K could 
be determined. Table  1 shows thermodynamic parameters 
of adsorption for LYS onto nanoparticles. The free energy 
of the adsorption processes for LYS onto IL–Fe3O4 at all 
temperatures was almost negative indicating the feasibility 
of the process and the spontaneous nature of the adsorp-
tion. The negative ∆G value increased with increasing 
temperature, indicating that the spontaneity adsorption 
is proportional to the temperature. According to data in 
Table  1, electrostatic interactions between adsorbate and 
adsorbent were not significant in the temperature range of 
278–308 K; it is considerable in higher temperature range.

The positive values of ∆H, Table 1, indicate that adsorp-
tion of lysozyme onto IL–Fe3O4 is endothermic, i.e., bet-
ter adsorption can be obtained at higher temperatures. In 
contrast to the case of the unmodified nanoparticles, the 
endothermic adsorption process of LYS onto modified nan-
oparticles must be attributed to the dehydration processes, 
i.e., ΔHd predominates over ΔHa and ΔHm so that the net 
enthalpy (ΔH) is positive in sign. The positive sign of ΔS 
for adsorption process of LYS onto modified nanoparticles 
indicates that dehydration entropy must predominate (Geng 
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et al. 2008). As a result, the thermodynamic data indicate 
that the adsorption process of LYS onto the modified nano-
particles is entropy driven.

Effect of lysozyme concentration

The initial lysozyme concentration is another factor that 
can affect its adsorption process. Different concentrations 
of LYS were studied for their adsorption onto four differ-
ent types of nanoparticles under previously determined 
optimum experimental conditions. The results, in terms of 
adsorption capacity versus initial concentration of LYS, 
are indicated such that adsorption capacity of lysozyme 
increased when Fe3O4 nanoparticles were modified by 
ionic liquids. Adsorption capacity of lysozyme onto 
IL–Fe3O4 depends on the hydrophobic character of the 
ionic liquid, i.e., an ionic liquid with a high length of the 
hydrocarbon chain presents the highest adsorption capac-
ity (Rıos et al. 2008). The order of hydrophobicity of the 
ionic liquids is [C8MIM][Br] > [C6MIM][Br] > [C4MIM]
[Br].

Adsorption isotherm modeling

The equilibrium adsorption data of LYS on four types 
of nanoparticles were analyzed using Langmuir and 
Freundlich models. Model fitting to equilibrium adsorp-
tion results of LYS were assessed based on the values 
of the correlation coefficient (R2) of the linear regres-
sion plot. The experimental data were checked for their 
probable fitting to both models. Table  2 summarizes 
the models constants and the corresponding correla-
tion coefficients. As shown in Table 2, the R2 value for 
the Langmuir isotherm was higher than that of the Fre-
undlich isotherm for the adsorption of LYS onto four 

adsorbents. This indicates that the adsorptions of LYS 
onto all applied nanoparticles are better described by the 
Langmuir model than the Freundlich model. According 
to the Langmuir model, monolayer adsorption of adsorb-
ate occurs onto the surface of the adsorbent (Lang-
muir 1918). Table  2 shows that the maximum adsorp-
tion capacity for LYS onto Fe3O4, [C4MIM]–Fe3O4, 
[C6MIM]–Fe3O4 and [C8MIM]–Fe3O4 nanoparticles are 
370, 400, 500 and 526  mg  g−1, respectively. It should 
be mentioned that the lysozyme adsorption process is 
affected by the chemical and physical properties of the 
adsorbents, particularly by the difference in the charge 
density and hydrophobicity of the ionic liquids as modi-
fier. As seen in Table  2, the adsorption capacity of the 
IL-modified magnetic nanoparticles for adsorption of 
LYS increases by using ionic liquids in the order of 
[C8MIM][Br] >  [C6MIM][Br] >  [C4MIM][Br], this cor-
responds to the order of hydrophobicity of the ionic liq-
uid. These results are in agreement with those reported 
in the literatures (Rıos et  al. 2008; Ropel et  al. 2005). 
This shows that the hydrophobicity of the modifiers is 
an important factor to be considered for increasing the 
adsorption capacity of the magnetic nanoparticles. It 
is noticeable that the hydrophobicity of an ionic liquid 
in majority is determined by the nature of its cationic 
constituent.

Adsorption kinetic modeling

Different kinetic parameters of LYS adsorption onto four 
adsorbents for LYS initial concentration of 0.5  mg  mL−1 
are shown in Table  3. All experimental data showed bet-
ter agreement with pseudo-second-order kinetic model 
in terms of higher correlation coefficient values (R2 ≈ 1). 
Corresponding to kinetic parameters reported in Table  3, 

Table 1   Thermodynamic 
parameters of adsorption of 
lysozyme onto unmodified and 
modified Fe3O4 nanoparticles

Adsorbent ΔST
0 (J mol−1 K−1) ΔH0

T (kJ mol−1) ΔGT
0  (kJ mol−1)

278 K 288 K 298 K 308 K

Fe3O4 −35.54 −12.31 2.43 2.07 1.72 1.36

[C4MIM]–Fe3O4 128.60 30.96 −4.79 −6.08 −7.38 −8.65

[C6MIM]–Fe3O4 52.79 11.47 −3.21 −3.73 −4.26 −4.79

[C8MIM]–Fe3O4 71.07 16.57 −3.18 −3.89 −4.60 −5.31

Table 2   Adsorption isotherms 
parameters of lysozyme onto 
Fe3O4 and modified Fe3O4 
nanoparticles

Adsorbent Langmuir model Freundlich model

qmax (mg g−1) b (L mg−1) R2 KF (mg g−1) n (g L−1) R2

Fe3O4 370.4 0.004 0.938 5.48 1.59 0.912

[C4MIM]–Fe3O4 400.0 0.019 0.995 23.35 2.02 0.946

[C6MIM]–Fe3O4 500.0 0.024 0.961 24.74 1.70 0.777

[C8MIM]–Fe3O4 526.3 0.012 0.849 29.09 2.12 0.573
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modification of Fe3O4 nanoparticles by ionic liquid could 
cause decrease in contact time.

Intra-particle diffusion (Kamran et  al. 2014) is a trans-
port process involving movement of species from the bulk 
of the solution to the solid phase surface. The mechanism 
for adsorption of a protein on nanoparticles is assumed as 
a three-step process in which bulk diffusion, i.e., migration 
of the protein from the bulk of the solution to the bound-
ary layer nearby the surface of the nanoparticle, is not con-
sidered. The first step is diffusion of protein through the 
boundary layer towards the surface of the adsorbent. The 
second step is the protein transfer from the exterior sur-
face of the adsorbent particle to the interior pores of the 
particle through a pore diffusion or intra-particle diffusion 
mechanism. Finally, the adsorption occurs onto an active 
site of adsorbent via an ion exchange and/or a complexa-
tion process (Yang et al. 2011; Kamran et al. 2013; Elass 
et  al. 2011). According to intra-particle diffusion model, 
the plot of uptake should be linear if intra-particle diffu-
sion is involved in an adsorption process. If this line passes 
through the origin then intra-particle diffusion is the rate-
controlling step. When the plot does not pass through the 
origin, this is indicative of some degree of boundary layer 
control. This shows that the intra-particle diffusion is not 
the only rate limiting step, but also other kinetic models 
may control the rate of adsorption, all of which may be 
operating simultaneously (Gusmãoa et  al. 2012). Accord-
ing to the intra-particle diffusion model, the slope of the 
linearized plot characterizes the rate parameter of the dif-
fusion, whereas the intercept is proportional to the bound-
ary layer thickness. In this study, the correlation coefficient 
(R2) value of the model indicates the possibility of intra-
particle diffusion (Table  3) for the protein adsorbed onto 
magnetic nanoparticles.

Desorption and reusability studies

For potential applications, regeneration and reusability of 
an adsorbent are important factors to be reported. Possible 
desorption of LYS was tested by using different solutions 
such as sodium chloride solution (1.0 mol L−1) and sodium 
thiocyanate solution (1.0 mol L−1); both were tested at pH 
9.5 and 11.0. This study revealed that the adsorbed LYS 

could be quantitatively desorbed in the presence of either 
NaCl or thiocyanate at pH 9.5. After adsorption of LYS 
from 10 mL of its 0.5 mg mL−1 solution onto 40 mg IL–
Fe3O4 nanoparticles, about 96–98 % of LYS was desorbed 
(recovered) by 10  ml of 1.0  mol L−1 solution of either 
sodium chloride or thiocyanate at pH 9.5 within 20 and 
10 min, respectively. The results showed that a three-con-
secutive desorbing process can improve the desorption pro-
cess. By adding NaCl, the ionic strength is increased and 
consequently, the electrostatic and/or hydrophobic attrac-
tion between LYS and IL–Fe3O4 nanoparticles is reduced 
such that in turn provides a feasible desorption process. A 
much faster desorption process was observed in the pres-
ence of NaSCN not only due to increase of ionic strength 
but also due to the fact that SCN− ions are easily bonded 
to protein molecules (Zhang et al. 2006). It should be men-
tioned that no change in color of the solution due to pos-
sible formation of red-color FeSCN2+ ions was observed 
proving that the IL–Fe3O4 nanoparticles were undamaged 
in this process.

The reusability of the adsorbents in several successive 
separation processes was tested and the result showed that 
IL–Fe3O4 can be reused for three times without significant 
reduction in its adsorption capacity.

Conclusions

The IL–Fe3O4 nanoparticles were quite efficient as mag-
netic nano-adsorbents for fast adsorbing of LYS from aque-
ous solutions. The time required to achieve the adsorp-
tion equilibrium was 10 min. The adsorption of LYS onto 
the surface of three types of IL–Fe3O4 nanoparticles was 
concluded to be attributed to the surface electrostatic and 
hydrophobic interactions between protein and IL–Fe3O4 
nanoparticles. The adsorption data followed the Lang-
muir isotherm equation. The maximum adsorption capaci-
ties for LYS onto Fe3O4, [C4MIM]–Fe3O4, [C6MIM]–
Fe3O4 and [C8MIM]–Fe3O4 were 370.0, 400.0, 500.0, and 
526.3 mg g−1, respectively. The Langmuir adsorption con-
stants for adsorption of LYS onto Fe3O4, [C4MIM]–Fe3O4, 
[C6MIM]–Fe3O4 and [C8MIM]–Fe3O4 were 0.004, 0.019, 
0.024 and 0.012 L mg−1, respectively. The enthalpy change 

Table 3   Adsorption kinetic constants of Lysozyme onto Fe3O4 and modified Fe3O4 nanoparticles

Adsorbent Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion

k1 (min−1) qe (mg g−1) R2 k2 (g mg−1min−1) qe (mg g−1) R2 ki (gmg−1min−1) C (mg g−1) R2

Fe3O4 0.089 15.55 0.9683 0.039 87.0 0.9998 4.83 70.56 0.986

[C4MIM]–Fe3O4 0.454 7.71 0.967 0.132 112.4 1.0 0.65 109.72 0.993

[C6MIM]–Fe3O4 0.092 1.68 0.9557 0.172 120.5 1.0 1.73 115.5 0.998

[C8MIM]–Fe3O4 0.209 1.182 0.2551 0.672 122.0 1.0 2.42 116.19 0.870
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of adsorptions were found to be −12.31, 30.96, 11.47 and 
16.57 kJ mol−1 when Fe3O4, [C4MIM]–Fe3O4, [C6MIM]–
Fe3O4 and [C8MIM]–Fe3O4, respectively, were used as 
adsorbents for LYS. Kinetic data were appropriately fitted 
to pseudo-second-order adsorption rates. The NaCl solu-
tion at pH 9.5 was suitable for desorbing LYS and the recy-
cled IL–Fe3O4 was usable for three times.
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