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Abstract 

Herein we report the synthesis and characterization of β-CD functionalized core-shell Fe3O4 

magnetic nanoparticles which were used as an adsorbent for removal of Lead (II) and Copper (II) 

ions from aqueous solution. Various characterization techniques including FTIR, TGA analysis, 

SEM, TEM, X-Ray diffraction patterns (XRD) and nitrogen adsorption- desorption 

measurements were employed to investigate the properties of the synthesized material. The 

influence of pH, contact time, metal ion concentration, adsorbent dosage of Lead (II) and Copper 

(II) ion removal were also studied. The isotherm models for both ions showed a fit to the 

Langmuir model. Thermodynamic parameters such as enthalpy, entropy and Gibbs free energy 

were also evaluated and the negative values of ΔH for both Lead (II) and Copper (II) ions 

indicated the exothermic nature their sorption. 

Keywords:metal ion removal, purification,magnetic nanoparticles, cyclodextrin 



1. Introduction 

 

The accumulation of heavy metals in the environment has been a cause of major concern 

worldwide. This is primarily due to the extreme toxicity of metals at minimal concentrations that 

can be hazardous even in the sub nanomolar range and are responsible for causing life 

threatening diseases and severe damage to the environment.1, 2 Moreover, metal contaminants are 

usually non-biodegradable and can neither be metabolized nor decomposed. Several methods for 

the removal of heavy metal ions have been investigated and include adsorption,3, 4 ion 

exchange,5, 6 solvent extraction,7, 8 reverse osmosis,9  photocatalysis,10 precipitation,11and 

electrochemical12 processes. 

 Nanoparticles have attracted huge attention over the past few decades owing to their unique size 

and shape dependent properties which vary largely from the bulk.13-15 Soft and hard 

nanomaterials ranging from one to several hundred nanometres in size have been reported for 

their use in various domains including sensing, molecular recognition, drug delivery, imaging, 

catalysis, photovoltaics and even electronic devices.16-39  In this regard, metal nanoparticles have 

been exploited for their optical, magnetic, conducting, and electronic properties.  

 Magnetic nanoparticles in particular have been employed as biosensors, imaging agents and for 

the removal of environmental pollutants. The most commonly employed methods for generating 

these nanoparticles include radiolytic, chemical, microwave, sonochemical and hydrothermal 

synthesis. However, magnetite (Fe3O4) is relatively unstable and quite sensitive to oxidation as it 

is easily converted to maghemite (γ-Fe2O3) in the presence of oxygen. Hence, it is essential to 

modify the surface of the materials to avoid aggregation and agglomeration, enhance 

dispersibility and increase their reactivity. 



 Surface modifications can be achieved via chemical modification using functional groups like 

carboxylicacid,40 thiols, 41 porphyrin, 42 amino acids, 43 or by the addition of a layer of polymers, 

44 alumina, 45 and silica.46 Compared to organic coatings, silica has been found to be stable under 

acidic conditions and unlike polymers, it is chemically inert and does not exhibit any swelling or 

porosity change on its surface in response to a change in the environmental pH.47 The surface of 

MNPs has also been functionalized with macromolecules such as calixarenes, crown ethers and 

cyclodextrins due to the macrocyclic properties of these compounds which have a stabilizing 

effect of the entire entity along with the stabilization of the magnetic core. The unique host-guest 

type interactions and the variation in ring sizes and chemical groups thus make them attractive 

candidates for surface functionalization48-53. 

Cyclodextrins, are a series of cyclic oligosaccharides composed of glucopyranose units joined by 

α-(1-4) linkage, forming a torus shaped structure. The ring structure of these compounds can be 

varied and thus used to entrap guests of selected size thus giving rise to various intra and 

intermolecular interactions to form stable host-guest type complexes. We have harnessed this 

attractive feature of this class of compounds and used a class of modified cyclodextrins for 

functionalization of magnetic nanoparticles for selective entrapment of Cu2+ and Pb2+ ions.  

 In this study, we aimed to fabricate an effective sorbent based on Fe3O4 magnetic nanoparticles 

and β-cyclodextrins. The synthesized MNPs were protected against agglomeration and oxidation, 

surface functionalization was achieved by adding (3-aminopropyl) triethoxysilane (APTES) 

followed by the grafting of cyclodextrin on to the amino functionalized MNPs. The 

functionalized MNPs were then used for the effective removal of heavy metal ions from aqueous 

solutions. 



2. Experimental section 

 

2.1 Materials 

 

All materials used were of analytical grade and used without any purification. Ferric chloride 

hexahydrate (FeCl3. 6H2O), ferrous chloride tetrahydrate (FeCl2. 4H2O), ammonium hydroxide 

solution (25 W%), P- toluenesulfonyl chloride (TsCl), imidazole (Im), β-cylodextrin, tetraethyl 

ortho silicate (TEOS), (3-aminopropyl) triethoxysilane (APTES), acetic acid, sodium acetate 

trihydrate, sodium nitrate, nitric acid, copper(II) nitrate trihydrate and lead(II) nitrate were 

purchased from Sigma Aldrich. De-ionized (doubly distilled water) was used in all experiments.  

2.2 Experimental procedure 

 

2.2.1 Synthesis of Fe3O4 magnetic nanoparticles (MNPs) and silica coated magnetic 

nanoparticles (SMNPs): MNPs were synthesized by employing using the co-precipitation 

method in an alkaline solution using a 1:2 molar ratio of ferrous and ferric saltsas described in 

literature.54 This was followed by the gradual addition of a solution of ammonium hydroxide, 

which resulted in a colour change from orange to black. The reaction mixture was allowed to stir 

for 30 minutes and the suspension was left to cool to room temperature. The MNPs thus 

produced were washed using de-ionized water and acetone, collected through magnetic 

decantation and were dried in a vacuum at 50 °C. 

FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH                Fe3O4(s) + 8NH4Cl + 20 H2O 

Coating of silica on the MNPs surface was achieved modifying a previously reported method.55 

Briefly, 150 mL ethanol was added to 1 g of Fe3O4 MNPs and sonicated for 40 minutes at room 

temperature. While stirring, 6 mL of concentrated ammonia solution and 2 mL TEOS were 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjj5sLmtPLJAhUBvBoKHdbZAGUQFggcMAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2Fs8625&usg=AFQjCNGvTl3XMtNGhyrV7u8Zz4GnxzkaUg&bvm=bv.110151844,d.d2s
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added and stirring continued for 24 hours. The silica coated MNPs were washed with ethanol and 

acetone and collected using an external magnet followed by vacuum drying at room temperature. 

2.2.2 Synthesis of amino functionalized silica coated magnetic nanoparticles (AMNPs) 

Amino functionalized silica coated magnetic nanoparticles were prepared using (3-aminopropyl) 

triethoxysilane (APTES) following the protocol reported by Kobayashi et al.56 1 g of SMNPs 

was added to anhydrous toluene and ultrasonically dispersed for 20 minutes. 0.5 mL APTES was 

added afterwards and stirring continued for 24 hours under nitrogen atmosphere. The precipitate 

was washed with ethanol and acetone several times and dried under vacuum for subsequent 

usage. 

2.2.3 Synthesis of 6-O-toluenesulfonyl-β-cyclodextrin (6-O- β-CD) 

6-O-toluenesulfonyl-β-cyclodextrin was prepared using a previously reported methods with 

some modifications.57 2.6 g imidazole was dissolved in 10 mL dry CH2Cl2 and then cooled to 0 

°C in an ice bath. A solution of 3.2 g p- toluenesulfonyl chloride in 15 mL dry CH2Cl2 was added 

drop wise during 90 minutes to the solution. After attaining room temperature, stirring continued 

for 2 hours. The resultant suspension was extracted using CH2Cl2 (dichloromethane) and water (2 

× 25 mL) and upon removal of the solvent in vacuo, white solid crystals of Ts-Im were isolated. 

Ts-Im Melting point: 75.5- 78.5 °C (lit.53 78-78.5 °C). 

1H NMR (CDCl3, 400 MHZ): 𝛿 (ppm) 2.46 (s, 3 H), 7.10 ( s, 1 H), 7.29 (s, 1H), 7.38 ( d, 2H, J= 

8.3  ), 7.83 ( d, 2H, J= 8.3 ), 8.03 (s, 1H); IR (cm -1): 3433, 3031, 2523, 1590, 1456, 1378, 1163, 

1044, 669, 590.  



3 g of hydrated β-CD was dissolved in 70 mL H2O by heating at 60 °C and vigorous stirring. Ts-

Im (2.3 g) was added to solution after cooling to room temperature under continuous stirring. 

After 2 hours a solution of 1.3 g sodium hydroxide in 2.7 mL H2O was added for 20 minutes. 

After 10 minutes the un-reacted Ts-Im was separated through a sintered glass funnel. The 

reaction was quenched by adding 3.6 g ammonium chloride. The resulting mixture was left 

overnight and 6-O-toluenesulfonyl-β-cyclodextrinwhich precipitated at the bottom of liquid was 

collected through filtration using a sintered glass funnel and washed with ice water and acetone 

and vacuum dried. 

1H NMR (DMSO-d6  400 MHZ): 𝛿 (ppm)  2.49 (s, 3 H), 3.20-3.65 ( m, 40 H), 4.15-4.20 (m, 1 

H), 4.30-4.38 (  m, 2 H), 4.44-4.57 ( m, 2 H), 4.51( br  s, 3H), 4.76 (br s, 2H), 4.83 (br  s, 4H), 

5.62-5.83 (m, 1H), 7.42 ( d, 2H, J= 8.1), 7.73 ( d, 2H, J= 8.1); IR (cm -1): 3394, 2926, 1642, 

1414, 1159, 1033, 525. 

2.2.4 Preparation of β-cyclodextrin grafted amino functionalized magnetic nanoparticles 

(β-CD MNPs) 

The preparation of β-cyclodextrin grafted amino functionalized magnetic nanoparticles is 

analogous to the method described by Belyakova et al. with some modifications.58 15 mL 

anhydrous DMF was added to 1g amino functionalized MNPs and sonicated for 20 minutes. 

While stirring in an oil bath at 80 °C, 0.5 g 6-O- β-CD in 10 mL anhydrous DMF was added 

dropwise to the suspension. The reaction was stirred for 24 hours under argon atmosphere and 

the prepared β-CD MNPs were then washed with DMF, ethanol and acetone. They were then 

collected using an external magnet and dried under vacuum. 



The process of fabricating β-cyclodextrin functionalized core-shell magnetic nanoparticles is 

shown schematically in Fig 1. 
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Figure 1 Schematic representation of the synthesis of β-cyclodextrin functionalized core-shell 

magnetic nanoparticles 

3. Results and discussion 

 

3.1 Synthesis and characterization of magnetic nanoparticles (MNPs) 

 

The FTIR spectra of Fe3O4 MNPs, SMNPs, AMNPs and β-CD MNPs are shown in Fig. 2. 

Absorption at 574 cm-1 is the characteristic peak of Fe-O bonds. Formation of silica shell on the 

surface of MNPs is confirmed by the existence of stretching absorptionof Si-O-Si at 1088 cm-1as 

reported in literature.59 

Absorption of Si-OH stretching, Si-O- bending and Si-O-Si bending are also observed at 968, 

801 and 462 cm-1 respectively. The same set of absorptions can be observed in the AMNPs 

spectra with slight shift, probably due to modification. Absorption at 2924 and 2880 cm-1 are 



assigned to the stretching vibrations of C-H bonds in aminopropyl groups and the absorption at  

1627 cm-1 is attributed to N-H vibration. 

Characteristic peaks of β-CD MNPs observed at 1200-900 cm-1 are related tothe antisymmetric 

glycosidic (C-O-C) vibrations and the coupled (C-C/C-O) stretching vibrations60which are 

shadowed by stretching absorption of Si-O-Si at 1088 cm-1. Comparison between FTIR spectra 

of Fe3O4 MNPs, SMNPs, AMNPs and β-CD MNPs provides evidence of the successful surface 

modification of MNPs, which is further supported by thermogravimetric (TGA) analysis. 



 

Figure 2. FTIR spectra of (a) Fe3O4 MNPs, (b) SMNPs, (c) AMNPs and (d) β-CD MNPs 



TGA analysis was also used to determine the amount of organic content functionalized on the 

surface of MNPs. The first weight loss in TGA curves of bare MNPs and SMNPs is related to the 

loss of adsorbed solvents including water and ethanol, while the second weight loss is due to the 

dehydration of OH groups on the surface of bare MNPs and SMNPs. In the TGA curves of 

AMNPs and β-CD MNPs weight loss due to the evaporation of adsorbed solvents can also be 

observed. The 5.19% and 9.59% weight loss in TGA curves of AMNPs, β-CD MNPs indicates 

that the amount of grafted aminopropyl groups and β-CD on the surface of MNPs is equal to 

0.894 and 0.039 mmol/g respectively (Fig. 3). 

 

Figure 3. TGA curves of (a) Fe3O4 MNPs, (b) SMNPs, (c) AMNPs and (d) β-CD MNPs 

In the XRD pattern of Fe3O4, characteristic peaks at 2θ= 31, 36, 43.5, 54, 57, 63 were observed 

and indicate the purity of the synthesized MNPs and their cubic spinel structure.60 The same 



peaks are observed for SMNPs, AMNPs and β-CD MNPs as well, which confirm the fact that 

the surface modification process did not induce any phase change. The slightly broad and 

flattened peak at 2θ= 20 is due to the presence of the amorphous silica shell. Average crystal size 

of nanoparticles is calculated from the most intense peak by Debye-Scherrers formula (D hkl = 

0.9λ/ (β cos θ), λ is the X-Ray wavelength (0.154 nm), β expresses the half width of XRD 

diffraction lines and θ is the half diffraction angle of 2h.). Average crystal size of Fe3O4 MNPs 

and SMNPs were determined to be 15 and 21nm respectively. 

 

Figure 4. XRD patterns of (a) Fe3O4 MNPs, (b) SMNPs, (c) AMNPs and (d) β-CD MNPs 



In the magnetization diagram of Fig. 5, saturations of 65, 41, 39.9 and 39 are related to Fe3O4 

MNPs, SMNPs, AMNPs and β-CD MNPs respectively. No coercivity and remanence were 

observed in either sample, which proved the existence of superparamagnetic properties in all 

synthesized MNPs. Although silica coating of MNPs resulted in tangible decrease in saturation 

magnetization, owing to their superparamagnetic properties, both Fe3O4 MNPs and SMNPs 

could be easily recovered by an external magnet (Figure 6). Amino functionalization and β-CD 

grafting did not lead to a sizeable decrease in saturation.  

 

Figure 5. Magnetization curves of (a) Fe3O4 MNPs, (b) SMNPs, (c) AMNPs and (d) β-CD 

MNPs 



 

Figure 6. (a) Fe3O4 MNPs dispersion in water,(b) separation of the same MNPs by an external 

magnet, (c) Fe3O4 MNPs (left) and AMNPs (right) separation by an external magnet 

Brunauer–Emmett–Teller (BET) surface areas of the nanoparticles were determined by N2 

adsorption/desorption, the measured surface area (m2/g) for SMNPs, AMNPs and β-CD MNPs 

are 63.1, 48.6 and 29 (m2/g) respectively while the mean pore diameter (nm) are 13.6, 17.8 and 

30.4 respectively. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of 

synthesized Fe3O4 magnetic nanoparticles are shown in Figures 7 and 8 respectively. SEM 

images in 500 nm and 2μm magnitudes show bulk and amorphous shape of MNPs. TEM images 

exhibit the fact that the MNPs are well dispersed measuring about 20 nm. The dark and non-

spherical parts of the TEM images could be an indication of the aggregation of MNPs. 

 

(a) (b)                         (c) 



 

Figure 7. SEM images of Fe3O4 MNPs in 500 nm (left) and 2μm (right) magnitudes 

 

 

Figure 8. TEM images of Fe3O4 MNPs in 50 nm magnitudes 

 



3.2. Adsorption of Lead (II) and Copper (II) ions by CD-MNPs 

 

Lead (II) and Copper (II) ion adsorption experiments were carried out using batch equilibrium 

technique in aqueous solutions at pH ranging 2 - 6 at temperatures ranging between 25–55 °C. 

About 50 mg of magnetic nano adsorbents were added to 10 mL of Pb2+ and Cu2+ solution of 

various concentrations and shaken to reach the equilibrium. After attaining equilibrium, 

magnetic nano adsorbents were removed using a permanent magnet and the supernatant was 

collected to measure the metal ion concentration. For kinetic experiments, initial metal ion 

concentrations used was 50 mg L−1 and the pH maintained at 6. At different time intervals the 

adsorbent was removed by magnetic decantation and metal ions concentrations were measured. 

The amount of metal ions adsorbed onto -CD-MNPs (qe) and removal efficiency (R) were 

calculated using the following equations (1-2): 
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Where, V (L) is the volume, C0 and Ce (mg L−1) are the initial and final solution concentration of 

metal ions respectively, and m (g) is the dry mass of the solid. 

3.2.1 Effect of pH on adsorption 

Owing to the fact that in an aqueous solution, Copper (II) ions can exist not only as Cu2+ but also 

in the form of Cu(OH)+, Cu(OH)2,Cu(OH)3 and Cu(OH)4
2−. At pH˃6 precipitation of Cu(OH)2 



also occurs and evaluation of the effect of pH was conducted in pH ranging from 2 to 6. In order 

to obtain desired solutions, copper (II) nitrate trihydrate and Lead (II) nitrate salts were dissolved 

in 0.1 molar nitrate buffer (for pH= 2-3) and 0.1 molar acetate buffer (for pH=4-6). As shown in 

Fig. 9, an increase in pH resulted in the gradual increase in metal ion adsorption.61 Therefore, 

pH=6 was selected as the optimum pH and all tests were performed at this pH.  

 

Figure 9. The effect of pH on adsorption of Copper (II) and Lead (II) ions 

 

3.2.2 Effect of contact time and adsorption kinetics 

The kinetics of adsorption was investigated to better comprehend the adsorption process. The 

effect of contact time on adsorption of Lead (II) and Copper (II) ions on -CD-MNPs at different 

temperatures are shown in Figures 10 and 11 respectively. A high rate of adsorption of metal 
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ions can be observed at the beginning. At 25 °C, 36% of Copper (II) ion and 37% of the Lead (II) 

ion adsorption is achieved within 5 minutes and equilibrium is attained approximately 30 

minutes later. 

 

Figure 10. The effect of contact time on adsorption of Lead (II) ions at different temperatures 

 

Figure 11 The effect of contact time on adsorption of Copper (II) ions at different temperatures 
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3.2.3 Adsorption kinetics of Copper (II) and Lead (II) ions removal by -CD-MNPs 

In order to study the adsorption process, kinetic models are used to corroborate experimental 

data. The adsorption data of Copper (II) and Lead (II) ions at different time intervals are fitted to 

pseudo second order (Figures 12 and 13) and pseudo first order kinetic model. The pseudo first 

order kinetic model is expressed as follows (equation 3): 

( ) ( )e t e

k
log q q log q t

2.303
− = −

       (3)
 

qe and qt (mg/g) are adsorption capacities of metal ions at equilibrium at any time, t (min) 

respectively, the rate constant of pseudo first order adsorption k (min−1) is determined by the 

slope of log(qe - qt ) versus t. The pseudo second order model is expressed by equation (4): 

2

t 2 e e

t 1 1
t

q k q q
= +

         (4)

 

Where, k2 is the equilibrium rate constant for pseudo second order adsorption (g mg−1 min−1) 

which is obtained by the slope and intercept of the plot of t/qt versus t. qe and qt (mg/g) refer to 

the adsorption capacity of metal ions at equilibrium and at any time, t (min) respectively.  

Pseudo first order and pseudo second order kinetic parameters for Lead (II) and Copper (II) are 

listed in tables 1 and 2 respectively. As it can be seen, the adsorbent system can be well 

described by pseudo second order kinetic is confirmed by higher correlation coefficient (R2) for 

pseudo second order kinetic model and qe values obtained from pseudo second order kinetic 

model rather than those obtained from pseudo first order model are more consistent with the 



experimental qe values. So far, many other adsorbents have been reported to be more consistent 

with the pseudo second order kinetic model.62 

 

Figure 12 Pseudo second order kinetics for adsorption of Pb(II) ions (pH= 6) 

 

Figure 13. Pseudo second order kinetics for adsorption of Cu (II) ions (pH= 6) 
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Table 1 Adsorption kinetic parameters of Lead (II) ions onto -CD-MNPs 

Temperature  pseudo first order kinetic  pseudo second order kinetic 

 )1−(min1k (mg/g)eq 2R  g/(mg.min)2k (mg/g)eq 2R 

C °25 0.084 3.583 0.8989  0.0445 7.364 0.9992 

C °40 0.0569 1.287 0.6880  0.0541 6.993 0.9991 

C °55 0.0797 3.083 0.8402  0.0395 6.657 0.9984 

 

Table 2 Adsorption kinetic parameters of Copper (II) ions onto -CD-MNPs 

Temperature  
pseudo first order kinetic  pseudo second order kinetic 

)1−(min1k (mg/g)eq 2R  g/(mg.min)2k (mg/g)eq 2R 

C °25 0.0666 1.997 0.8284  0.0553 6.798 0.9995 

C °40 0.067 2.099 0.8435  0.0471 6.435 0.999 

C °55 0.086 4.393 0.9338  0.0293 6.325 0.9978 

 



3.2.4 Adsorption isotherm of Copper (II) and Lead (II) ions 

The adsorption isotherms of Copper (II) and Lead (II) ions were studied using the Langmuir and 

Freundlich models. The Langmuir isotherm assumes monolayer adsorption on a uniform surface 

with a finite number of adsorption sites. Once a site is filled, no further sorption can take place at 

that site and the surface will eventually reach a saturation point where the maximum adsorption 

of the surface will be achieved.63 The Langmuir equation is expressed as follows: 

Ce

qe
=

Ce

qm
+

1

qmKL
                             (5) 

Where, Ce is the equilibrium concentration in solution (mg/L), qe is the amount of adsorbed 

material at equilibrium (mg/g), qm the maximum capacity of adsorbent (mg/g), and KL the 

Langmuir constant (L/mg). The Freundlich isotherm is applicable to both monolayer 

(chemisorption) and multilayer adsorption (physisorption) and is based on the assumption that 

the adsorbate adsorbs onto the heterogeneous surface of an adsorbent. The Freundlich equation is 

expressed as follows: 

e e f

1
lnq = lnC +lnK

n
                            (6) 

Where, KF is Freundlich constant (L/mg), n is the heterogeneity factor, qe is the amount of 

adsorbed material at equilibrium (mg/g)and Ce is the equilibrium concentration in solution 

(mg/L). The slope and intercept of the linear plot of Ce/qe versus Ce can be used to obtain qm and 

KL values of the Langmuir equation. KF and 1/n values in the Freundlich equation can also be 

determined from slope and intercept of linear plot of ln qe versus ln Ce. In almost all experiments 



correlation coefficient (R2) values for Langmuir equation are higher than Freundlich equation 

and Langmuir isotherms show better fit to experimental data (Figures 14 and 15), suggesting that 

Copper (II) and Lead (II) ion adsorption on -CD-MNPs is of monolayer coverage. 

 

Figure 14. The Langmuir isotherm plots for Lead (II) ions adsorption by CD-MNPs at pH=6 

 

Figure 15. The Langmuir isotherm plots for Copper (II) ions adsorption by -CD-MNPs at pH=6 

The Freundlich isotherms for Lead (II) and Copper (II) ion adsorption at different temperatures 

(25, 40 and 55°C)are given in Figures 16 and 17 respectively.  
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Figure 16. Freundlich isotherm for Lead (II) ions adsorption by -CD-MNPs at pH=6 

 

Figure 17. Freundlich isotherm for Copper (II) ions adsorption by -CD-MNPs at pH=6 

The adsorption isotherm parameters for Lead (II) ion adsorption on the -CD MNPs are given in 

Table 4 and those for Copper (II) are given in Table 5. 
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Table 3 Adsorption isotherm parameters for Lead (II) ions adsorption on -CD-MNPs at pH=6 

Temperature  Langmuir isotherm constants  Freundlich isotherm constants 

k (L/mg) (mg/g)m  q 
2R 

  fk

(mg/g)(L/mg) 

N 
2R 

C °25 0.2492 8.354 0.9987  3.160 4.376 0.7337 

C °40 0.1270 8.525 0.9941  2.374 3.513 0.7238 

C °55 0.0985 8.210 0.9891  1.951 3.183 0.6993 

 

Table 4Adsorption isotherm parameters for Copper (II) ions adsorption on -CD-MNPs at pH=6 

Temperature Langmuir isotherm constants  Freundlich isotherm constants 

k (L/mg) (mg/g)m  q 
2R 

  fk

(mg/g)(L/mg) 

N 
2R 

C °25 0.235 7.599 0.9988  2.806 4.297 0.819 

C °40 0.127 7.485 0.9945  2.310 3.924 0.790 

C °55 0.098 7.342 0.9965  1.760 3.222 0.844 



The standard Gibbs free energy ∆G0 (kJ mol−1), standard enthalpy change ∆H0 (kJ mol−1), and 

standard entropy change ∆S0 (J mol−1 K−1) were calculated using the following equations (7-8): 

0 0

0

ΔH ΔS
lnK =- +

RT R  (7) 

0

0ΔG =-RTlnK
(8) 

𝐾0 =
𝐶𝑠𝑜𝑙𝑖𝑑

𝐶𝑙𝑖𝑞𝑢𝑖𝑑
⁄   (9) 

Where, T is the temperature in Kelvin, R the gas constant (8.314 J. mol -1 K -1), Csolid the amount 

of ions adsorbed by CD-MNPs at equilibrium and Cliquidthe equilibrium concentration of ions in 

solution.  ΔS0and ΔH0 values can also be determined from the slope and intercept of the plot of 

Ln K0versus 1/T, respectively (Fig 18 and table 5). The Gibbs free energy (ΔG0) indicates the 

degree of spontaneity of the adsorption process and the low values reflect an energetically 

favorable adsorption process.  The negative value of ΔH0confirms that the sorption process was 

exothermic in nature and a given amount of heat is evolved during the binding of ions onto the 

surface of adsorbent. The highly negative ΔS0 values indicate significant decrease in the degree 

of randomness at solid/liquid interface during the sorption process.64 



 

Figure 18. Determination of thermodynamic parameters for the sorption of Lead (II) and Copper 

(II) ions onto -CD-MNPs 

Table 5 Thermodynamic parameters for the adsorption of Lead (II) and Copper (II) ions onto 

CD-MNPs 

 (kJ/mol)0G∆   (J/k.mol)0S∆ (kJ/mol)0H∆ 2R Metal 

328 K 313 K 298 K      

-1.628 -2.009 -2.315  -22.819 9.127- 0.9976 Lead 

-1.165 -1.340 -1.698  -18.062 7.054- 0.9769 Copper 
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3.3 Regeneration of nanoparticles 

 

The regeneration of adsorbents is a crucial aspect for academic research and indusrril 

implementation.65 The effect of pH on the adsorption of Lead (II) and Copper (II) ions revealed 

that the minimum adsorption of both metal ions occurred at low pH (pH=2). Furthermore, ion 

desorption experiments in many reports have confirmed that different acids could be favorable 

candidates for the desorption of adsorbed metal ions66and it is believed that the bonding between 

the active sites of magnetic nanoadsorbents and metal ions is not sufficiently strong in acidic 

conditions. In order to assume the possibility of recycling -CD-MNPs adsorbent, desorption of 

Lead (II) and Copper (II) ions was conducted using 0.1(M) citric acid as an eluent. The 

regeneration studies suggest that the -CD-MNPs can be used efficiently in 4 runs with 

negligible loss of adsorption capability of both ions (Fig. 19).  

 

Figure 19. Regeneration of CD-MNPs 
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4. Conclusion 

 

Superparamagnetic silica coated Fe3O4 magnetic nanoparticles were prepared and functionalized 

with APTES and β–CD-OTS and these nanoparticles were then used as adsorbents for the 

removal of Lead (II) and Copper (II) ions from aqueous solutions. Grafted β–CD provides 

numerous surface hydroxyl and carbonyl groups, which facilitate metal ion removal. Different 

factors such as pH, temperature and adsorbent dosage can affect the adsorption process. Batch 

adsorption experiments revealed that in a range of pH=2-6, pH=6 can be chosen as the optimum 

pH. The kinetics of adsorption was observed to follow pseudo-second order and equilibrium is 

reached in approximately 30 minutes. The equilibrium data are well fitted to Langmuir isotherm. 

The effect of contact time at different temperatures confirms that an increase in temperature 

results in a gradual decrease of metal ions uptake. Determination thermodynamic parameters 

revealed that ∆H0values for both Lead (II) and Copper (II) ions are negative, which confirm the 

exothermic nature of the sorption process. In addition, the adsorbed ions could be desorbed 

effectively from -CD-MNPs surface by citric acid and could be employed as a reusable 

adsorbent and would be an economically viable option.  
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Graphical Abstract 

Silica coated Fe3O4 magnetic nano particles functionalized with APTES and β–CD-OTS as an 

adsorbent for the removal of Lead (II) and Copper (II) ions from aqueous solutions 

 

 

 

 

 


