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Abstract 

Herein, mesoporous magnetic nanocomposite (Fe3O4@SBTCA) was specifically designed and 

fabricated for its high efficient application in the removal of toxic Cd(II) ions from aquatic 

environment.  The structure, surface characteristics, and composition of the magnetic 

nanocomposites were characterized by FT-IR, BET analysis, XRD, TEM, EDX, Zeta potential 

measurement and TGA analysis. TEM images and XRD exhibited the average particle size of 

Fe3O4@SBTCA nanocomposite was less than 22 nm. The impact of different variables on the 

Cd(II) adsorption were explored using batch method and the findings revealed that the highest 

adsorption capacity was 158.68 mg/g achieved at pH 7.5 and solution temperature of 25 °C after 

120 min agitation at 100 rpm. Nonlinear Elovich models of pseudo first-order and pseudo second-

order equations were applied to study the adsorption kinetics and the results reveal that the pseudo 

first order kinetics was the best to describe the adsorption kinetics. The results of isotherm 

adsorption modeling reveal that the non-linear Freundlich isotherm could fit the data better than 

others, such as Dubinin Radushkevich and Langmuir models, indicating the Cd(II) adsorption on 

Fe3O4@SBTCA was physisorption in nature. The thermodynamic analysis verified that the 

adsorption process was exothermic. The Fe3O4@SBTCA showed good recoverable efficiency up 

to four times of recycling. 

Keywords: Tetra-carboxylic acid modification; adsorption; Magnetic nanocomposite; Water 

treatment; Adsorption isotherm; Cd(II) removal. 

  



 
 

1. Introduction 

Water contamination by toxic cadmium (Cd(II)) ions is one of the most hazardous environmental 

issues in the industrialized world. Very low concentration of Cd (II) could have adverse impact on 

human health and the ecological system. Cd(II)was found in industrial wastewater, especially in 

plastic manufacturing, electroplating, pigment smelting, mining, and alloy manufacturing. [1–5]. 

Cd (II) ion is a dangerous non-degradable pollutant. As a consequence of its superior accumulation 

by receptor-mediated endocytosis of readily filtered and metallothionein-bound Cd in the renal 

proximal tubule, Cd(II) ion caused considerable injury to  the kidneys. Besides, the bones is 

disrupted by osteoporosis and calcium metabolism. 

There are many methods were developed to remove the toxic heavy metals from aquatic 

media, including adsorption, solvent extraction, membrane separation, chemical precipitation, 

electrochemical deposition, and flocculation [6–11]. Among these techniques, adsorptive 

technique is one of the most effective and preferred techniques due to its simple operation, cost 

effectiveness, high performance, mild operating conditions and versatile nature [12], [13]. Up to 

now, different adsorbents, such as  sulfonated biochar (SBC) [14], modified fly ash [15], para-

aminobenzoic acid functionalized activated carbon [16], clinoptilolite zeolite (NCP)-DTPA [17], 

graphene oxide–composite [18], raw attapulgite [19] salicylaldehyde functionalized chitosan [20], 

cellulose-based amphoteric adsorbent [21], and triaminotriethoxysilane grafted oxidized activated 

carbon [22], have been developed to remove Cd(II) from aqueous solution,. These low-density 

powdered adsorbents have small particle sizes, which is difficult to be isolated from the aquatic 

environment with traditional filtration methods. In order to solve this problem, magnetic adsorbent 

was developed as a potential material for removing heavy metals pollutants from wastewater due 

to its easy separation from water using external magnetic fields, in addition to its biocompatibility, 



 
 

non-toxicity, and high surface area. Examples of magnetic materials for removal of Cd(II) from 

aqueous environment include phosphate modified magnetite@ferrihydrite [23], activated starch 

magnetic [24], chitosan coated-magnetic nanoparticles [25], magnetic biosorption [26], magnetic 

graphene oxide [27], and Fe3O4@TSC [28]. Most of these materials introduce the magnetic Fe3O4 

particles into the adsorbent matrix with high surface area, although such Fe3O4 particles could 

suffer from high solubility under acidic conditions, resulting in fast iron leaching. To overcome 

this problem, we developed the silica coated Fe3O4 nanoparticles to reduce the iron dissolution in 

acidic water.  The silica coating also provides high chemical stability, good biocompatibility, high 

surface area to the magnetic nanoparticles with reduced particle agglomeration. The coating also 

provides  surface silanol groups which are essential for surface modification with organic ligands 

[29], [30]. For instance, polycarboxylic acid, such as 1,2,3,4-butanetetracarboxylic acid (BTCA) 

was identified as a powerful adsorbent because the existence of the four carboxylic group which 

used as a chelating agent for the heavy metal adsorption and display a better performance in 

comparison to other adsorbents. The coupling of BTCA on the (magnetic) silica surface could 

enhance the heavy metal adsorption performance significantly with easy operation to separate and 

recycle of the used absorbent. Therefore, it is crucial to develop an eco-friendly magnetic adsorbent 

material with optimized magnetic properties and high adsorption performance. 

Herein, the BTCA modified, silica coated magnetite nanoparticles (Fe3O4@SBTCA) were 

successfully synthesized and employed for the adsorption of toxic Cd(II) metal ions from aquatic 

medium. Fe3O4@SBTCA nanocomposite was studied using different techniques, such as FTIR, 

XRD, TEM, BET, EDX, TGA, and Zeta potential. Additionally, the effects of pH, adsorption time, 

original Cd(II) concentration, adsorbent dosage, and adsorption temperature were systematically 

studied to optimize the adsorption capacity of Fe3O4@SBTCA nanocomposite. The adsorption 



 
 

kinetic and isotherm models for the Cd(II) adsorption were quantitatively analyzed in order to 

establish the Cd(II) ions adsorption mechanism on Fe3O4@SBTCA nanocomposite. The practical 

recovering and reusability Fe3O4@SBTCA nanocomposite were also investigated. 

2. Experiment 

2.1. Chemicals and instrumentation 

All materials used in this work were of analytical grade. FeCl2·4H2O (99%), FeCl3·6H2O 

(97%), NaOH (98%) and tetraethyl orthosilicate (TEOS, 98%) were obtained from Sigma-

Aldrich, USA. 1,2,3,4-Butanetetracarboxylic acid (BTCA, 99%) was obtained from ACROS, New 

Jersey, USA. HNO3 (68-70%), and Cd(NO3)2 4H2O (99.9%) were obtained from BDH, England. 

HCl (37%) and NH4OH (25%) were procured from Merck, Germany. Deionized water was used 

in this work from a Milli-Q water purifying system (Millipore Corporation, Bedford, USA). The 

magnetic nanocomposite was characterized by different techniques including X-ray diffraction 

(XRD: Shimadzu model 6000, Japan), Fourier transform infrared spectroscopy FTIR (Nicolet 

6700, Thermo Scientific, USA), Thermogravimetric analysis (TGA: Mettler Toledo 

TGA/SDTA851 with Starc software, Columbus, USA), Transmission electron microscopy with 

EDX (JEOL 2100, Japan), N2 surface area and porosity analyzer (Gemini VII, 2390, Micromeritics 

equipment, USA), and a zeta potential analyzer (Nano Plus Series, Particulate Systems, USA). The 

Cd(II) concentrations in the solution was determined using an atomic absorption spectroscopy 

(AAS: Perkin Elmer, 900T, USA). 

2.2. Synthesis of Fe3O4@SBTCA nanocomposite 

The synthesis is completed in three steps. First, pure magnetic Fe3O4 nanoparticles were 

synthesized using co-precipitation method. The particles were coated with silica through the 



 
 

hydration of the orthosilicates with the presence of magnetic Fe3O4 nanoparticles. Finally, the silica 

surface was modified with BTCA. The overall synthesis process is illustrated in Fig. 1. 

2.2.1. Synthesis of magnetic Fe3O4 nanoparticles 

The magnetite nanoparticles were synthesized via a chemical co-precipitation method. Typically, 

in a 250 mL three-necked bottom flask, 5.41 g (0.02 mol) of FeCl3 6H2O and 1.99 g (0.01 mol) of 

FeCl2 4H2O with molar ratio (2:1) were dissolved in 100 mL of deionized water. Then, the blend 

solution was degassed with N2 gas for 30 min and heated to 80 °C. Next, 25 mL of ammonia 

solution was gradually introduced to the solution under strong stirring and N2 bubbling for 2h. The 

magnetic particles were isolated with the help of a magnet. The Fe3O4 nanoparticles were washed 

several times with ethanol followed by deionized water. The magnetic nanoparticles were dried at 

40 °C under vacuum.  

2.2.2. Silica coating of magnetic Fe3O4 nanoparticles 

To avoid iron leaching and agglomeration, the surface of the Fe3O4 nanoparticles was coated with 

silica prepared by Stober method [31]. Briefly, 1 g of Fe3O4 nanoparticles was dispersed 

mechanically in a mixed solution of deionized water (40 mL), ethanol (160 mL), and NH4OH 

(4.0 mL) for 30 min at 25 °C.  Afterwards, 2.4 ml of tetraethyl orthosilicate (TEOS) was drop 

wisely introduced to the mixture under vigorous stirring and N2 bubbling for 12 h. The final 

material was separated using a magnet and rinsed many times with distilled EtOH/H2O to remove 

impurities before dried at 50 °C under vacuum for 12 h (Fig. 1). 

2.2.3. Synthesis of BTCA functionalized Fe3O4@SiO2 (Fe3O4@SBTCA) 

Fe3O4@SBCTA nanocomposite was prepared as the following procedure: 1.3 g Fe3O4@SiO2 was 

dispersed in 100 ml of absolute ethanol under ultra-sonication for 2 h. Then 1.5 g of BTCA was 

introduced under mechanical stirring and N2 bubbling overnight. The quantity of BTCA (1.5g) 



 
 

was selected based on the preliminarily results which indicate that 1.5 gram of BTCA offered the 

maximum adsorption capacity of Cd (II). The adsorbent was gathered by a magnet and rinsed with 

ethanol and D.I. water and then dried at 50 °C under vacuum for 24 h. The resulted sample was 

noted as Fe3O4@SBCTA nanocomposite. 

2.3. Batch adsorption tests 

The performance of Fe3O4@SBCTA nanocomposite for Cd(II) removal was studied using batch 

technique. Over a range of critical experimental parameters, such as solution pH (2–9), original 

Cd(II) concentration (30–300 mg/L), nanocomposite dosage (0.01–0.03 g), and the contact time 

(1–300 min), were investigated. For study the impact of pH on Cd(II) removal, 0.025 g of 

Fe3O4@SBCTA nanocomposite was added to a conical flask containing 25 mL of 30 mg/L Cd(II) 

solution. The mixture was agitated at a constant speed of 100 rpm at 25 oC for 24 h. Then, the 

Cd(II) adsorbed magnetic nanocomposite was separate from the solution using a magnet. The 

residual Cd(II) ion concentration in the solution was determined using AAS.  

The Cd(II) removal efficiency (% adsorption) and adsorption capacity (qe, mg g-1) were 

estimated according to Eq. (1) and Eq. (2), respectively. 

% adsorption =
𝐶𝑜 − 𝐶𝑒

𝐶𝑜
  × 100                                                                           (1) 

         𝑞𝑒  = (𝐶𝑜 − 𝐶𝑒)
𝑉

𝑚
                                                                                             (2) 

where C0 (mg L−1) and Ce (mg L−1) are the original and equilibrium Cd(II) ion concentrations, 

respectively; V (L) is the solution volume of the Cd(II) and m (g) is a mount of Fe3O4@SBCTA 

nanocomposite. 

For desorption experiment, 0.025 g of Fe3O4@SBCTA was added to a glass conical flask 

containing 30 mg/L of Cd(II) solution (25 mL) and adsorbed with continuous stirring (100 rpm) 

at 25 °C and pH 7.5 for 120 min. After 120 min, the Fe3O4@SBCTA was isolated from the solution 



 
 

by the aid of a magnet. Next, the separated solid Fe3O4@SBTCA adsorbent was added to conical 

flask containing 0.01 M HCl (25 Ml) as eluent under 100 rpm of mechanical stirring for 120 min at 

25 °C. After 120 min, the adsorbent was separated using a magnet and then the residual solution 

was estimated by AAS. (Should move this to the experimental section.) The recycling experiments 

were performed 4 times in total. The % desorption was estimated as described Eq. 3: 

% desorption  =
Con. of Cd(II) ions desorbed by the eluent

Initial con. of Cd(II)ions  adsorbed on Fe3O4@SBTCA
  × 100    (3)  

3. Results and discussion 

3.1.  Material characterization  

Fig. 2a shows a typical TEM image of the Fe3O4@SBTCA nanocomposites with a particular  

morphology  decorated with a low density materials (gray), representing the amorphous SiO2 and 

BTCA coatings [32], [33]. Several large triangular nanocrystals could also be identified in TEM, 

which can be assigned to the thin magnetite nanosheets [34]. The average particle size of 

Fe3O4@SBTCA nanocomposites is about 22±10 nm, shown in Fig. 2b. The element 

concentrations, analyzed with EDX on TEM, of Fe3O4@SBTCA nanocomposites before and after 

Cd(II) adsorption are summarized in Table. 1. The result shows the existence of Fe, O, C, and Si 

elements on the Fe3O4@SBTCA surface. The Cd(II) was only observed on the used 

Fe3O4@SBTCA surface, which confirming the successfully Cd(II) adsorption. In comparison with 

the nanocomposite before and after Cd(II) adsorption, the ratios between Fe, O and Si were almost 

constant, although the C concentration was increased. This suggests that the core-shell structure 

of Fe3O4@SiO2 was stable during the Cd(II) adsorption. This suggests that some of the inner 

BTCA could be extracted to the surface of the nanocomposite to enhance the coupling of Cd(II). 

The crystal structures of Fe3O4 and Fe3O4@SBTCA nanocomposite were analyzed with XRD, 

shown in Fig. 3a. The diffraction peaks at 2θ of 18.33°, 30.4°, 35.47°, 43.28°, 53.43°, 57.26°, 

https://www.sciencedirect.com/science/article/pii/S0045653520317550#fig1


 
 

63.30°, and 74.87° were contributed from the  (220), (311), (222), (400), (422), (511), (440), and 

(533) planes of the magnetite phase, respectively [32,35]. This confirms the cubic structure of the 

magnetite nanoparticles [32], [36]. After modified Fe3O4 nanoparticles with SiO2 and BTCA, a 

new broad peak at 24.1° was observed, which can be attributed to the amorphous SiO2 [37], [38]. 

The crystal domain size was calculated using the Scherer equation, which gives the domain size 

of 14.3 nm for the magnetite nanoparticles.  

The TGA/DTA behaviour of the Fe3O4@SBTCA nanocomposite was analyzed over the 

temperature range of 30~800 °C, shown in Fig.3b. Two distinctive weight loss processes were 

detected. In the temperature range of 30~225 °C, multiple peaks of weight loss with a total of 4.8% 

were observed, which can be attributed to the removal of the adsorbed water molecules and other 

trapped solvents within the Fe3O4@SBTCA nanocomposites. At higher temperature, a large 

weight loss was observed at the peak temperature of 370 °C with a loss of 9.2 %. This peak was 

only observed from the BTCA coated sample. Hence it is assigned to the decomposition and 

desorption of the adsorbed BTCA. In comparison with previous work published by Alqadami et 

al. [39], the total weight losses for Fe3O4@SBCTA nanocomposites was ~13.5%, indicating the 

successfully prepared for Fe3O4@SBTCA nanocomposites) 

Fig. 3c. shows the FTIR spectra of Fe3O4, Fe3O4@SBTCA, BTCA, and Cd(II) adsorbed 

Fe3O4@SBTCA. The infrared spectrum for Fe3O4 nanoparticles was dominated by the major band 

at 572 cm-1 and a weak broad band between 3100 and 3430 cm-1. The 572 cm-1 band only appeared 

in samples contains Fe3O4. Hence it is ascribed to the Fe-O vibration. The broad band above 3000 

cm-1 is associated with the OH stretch from the surface hydroxyl group or trapped moisture [40,41]. 

For Fe3O4@SBTCA nanocomposite, additional bands at 1020 and 1089 cm-1 were observed which 

can be attributed to the symmetric and asymmetric Si-O-Si stretching modes, respectively. The 



 
 

other peaks at 958, and 838 cm-1 were assigned to the Si-OH and Si-O-Si stretching modes, 

respectively [42], [43], confirming the passivation of Fe3O4 nanoparticles with silica. The samples 

contained BTCA have the other peaks  at 3426, 1723, 1437, 1311, and 1245 cm-1, which are 

assigned to the hydroxyl (OH) stretching, carbonyl (C=O) stretching, (C-O-H) deformation band, 

(C-OH) stretching band, and (C-O) stretching vibration of carboxylic  groups on Fe3O4@SBTCA 

surface, respectively [44], [45]. The band of Fe-O was slightly blueshifted to 585 cm-1, indicating 

the successful attachment of BTCA on the surface of Fe3O4 nanoparticles surface. After the 

adsorption of Cd(II) onto the Fe3O4@SBTCA, the bands at 3426 cm-1, 1622 cm-1 were slightly 

redshifted to 3420 cm-1 and 1608 cm-1, respectively, while the carbonyl (C=O) stretching band at 

1723 cm-1 was disappeared. This change of IR spectrum suggests that the adsorbed Cd(II) was 

coordinated with the carboxylate (COO) group on the Fe3O4@SBTCA surface after the 

deprotonation of the carboxylic acid. 

The surface area of the synthesized Fe3O4@SBTCA nanocomposites was measured from the BET 

measurements. The adsorption and desorption curves were presented in Fig. 3d, which gave the 

surface area of 101 m2/g and the pore volume of 0.0123 cm3/g, respectively. 

The zeta potential of the Fe3O4@SBCTA nanocomposite was determined at different pH between 

2 and 10. The measured zeta potential to together with the Cd(II) adsorption capacity were 

displayed in Fig. 4a. The point of zero charge (PZC) of Fe3O4@SBCTA nanocomposite was 

obtained at pH 3.9 and its surface becomes negatively charged when the pH is higher than 3.9. The 

point of zero charge of pure Fe3O4 nanoparticles was 7.1 [39]. After the surface modification with 

silica and BTCA, the pH of the PZC of magnetite nanoparticles was reduced due to the surface -

OH and C=O moieties.  

3.2. Factors affecting adsorption capacity 

https://www.sciencedirect.com/science/article/pii/S1359836819305402#fig3
https://www.sciencedirect.com/science/article/pii/S092777572030011X#fig0015


 
 

3.2.1 Influence of pH 

In the adsorption process, pH affects the protonation of surface groups on Fe3O4@SBCTA 

nanocomposite adsorbent as well as the state of Cd(II) metal ions in the solution. Thus, it can affect 

the Cd(II) adsorption capacity on Fe3O4@SBCTA nanocomposite. The adsorption performance of 

Fe3O4@SBCTA nanocomposite as a function of the solution pH is shown in Fig. 4a. It can be seen 

that the capacity of Cd(II) adsorption increases monotonically when the solution pH was increased 

from 2.0 to 9.0. In this pH range, the highest adsorption capacity of 27 mg/g was achieved at pH 

7.5. Further increase the pH, the capacity of Cd(II) adsorption was declined due to the generation 

of Cd(OH)2 [46]. Since the Fe3O4@SBCTA nanocomposite has the PZC at pH=3.9, at pH<3.9 

causes the surface to be positively charged, while at pH>3.9, the surface becomes gradually more 

negatively charged. Hence, the adsorption capacity of Fe3O4@SBCTA nanocomposite decreases 

with the decreasing of pH since both the Cd(II)  species and the surface sites on the Fe3O4@SBCTA 

nanocomposite surface are positively charged. With the pH>3.9, the surface of the Fe3O4@SBCTA 

nanocomposite surface becomes more negatively charged, which enhances the binding of Cd(II).  

Since the optimal condition for Cd(II) adsorption is pH=7.5, this condition was kept for further 

experiments. 

3.2.2 Influence of Fe3O4@SBCTA dosage 

The influence of Fe3O4@SBCTA nanocomposite dosage (0.01–0.03 g) on the removal of Cd(II)  

ions was estimated and the results display in the Fig. 4b. The results reveal that the capacity of 

Cd(II) onto Fe3O4@SBCTA nanocomposite gradually decreased from 45 to 23.1 mg/g with the 

dose from 0.01 to 0.03 g. Besides, after 0.025 g, no significant increase of adsorption capacity. 

Hence, 0.025 g was selected for further experiments. 

3.2.3 Influence of contact time 



 
 

 

The Cd(II) adsorption on Fe3O4@SBCTA nanocomposite was also examined as a function of 

adsorption duration in the range of 1 ~ 300 min. The impact of contact time on the uptake 

performance of Cd(II) by Fe3O4@SBCTA nanocomposite were shown in Fig. 4c. The adsorption 

capacity of Cd(II) on Fe3O4@SBCTA nanocomposite initially increased rapidly from 3.0 to 19.0 

mg/g within the time from 1.0 to 30.0 min, and then continue increased with gradually reduced 

adsorption until reached equilibrium at 120 min with the highest adsorption amount of 28 mg/g.  

The impact of the initial Cd(II) concentration (30-300 mg/L) on the adsorption on Fe3O4@SBCTA 

was investigated at three different temperatures (298, 308, and 318 K) while keeping other 

conditions constant (120 min adsorption with 0.025 g of Fe3O4@SBCTA at pH 7.5 and agitated at 

100 rpm).  

3.2.4 Influence of initial Cd(II) concentration 

Fig. 4d displays the adsorption as a function of initial Cd(II) concentrations at different 

temperatures. AS the initial Cd(II) concentration increases, the adsorption increases until the 

nanocomposite is saturated at the initial Cd(II) concentration higher than 200 mg/L. It was also 

observed that as the solution temperature increases, the adsorption capacity slightly decreases. This 

suggests that the Cd(II) adsorption is an exothermic process. It was observed that the adsorption 

capacity was raised significantly from (27 to 155 mg/g) at 298 K, (26 to 127 mg/g) at 308 K, and 

(24 to 110 mg/g) at 318 K with raise initial concentration of Cd(II) from (30 to 300 mg/L) due to 

the presence of more active sites and also increase the driving forces of mass-transfer from solution 

to the Fe3O4@SBCTA surface. 

3.3 Adsorption modeling 

3.3.1 Isotherm modeling  

https://www.sciencedirect.com/science/article/pii/S1383586619311438#f0015


 
 

Adsorption isotherms show the adsorption capacity of the Fe3O4@SBCTA adsorbent as a function 

of Cd(II) concentration at equilibrium conditions. The adsorption isotherm data were study by 

nonlinear Langmuir (Eq. 4)[47], Freundlich (Eq. 5) [48], and Dubinin Radushkevich (Eq. 6) 

models [49]. The parameters obtained from these models provide more information about the 

adsorption mechanism and affinity of the Cd(II) on (Fe3O4@SBCTA) adsorbent. 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿Ce
                                                                                               (4) 

𝑞𝑒 = 𝐾𝐹 Ce
1/n                                                                                                 (5) 

𝑞𝑒 =  𝑞𝑚 e−
1
2

(
𝜀
𝐸

)2                                                                                            (6) 

𝜀 = RTln(1 +
1

𝐶𝑒
  )                                                                                         (7) 

where Ce (mg L−1) is the concentration of Cd(II) ions at equilibrium. qm (mg g−1), and qe (mg g−1) 

are the adsorption capacity and the adsorbed amount at equilibrium, respectively. KL (mg/g) and KF 

(L/mg) are the Langmuir and Freundlich constants, respectively. n is the adsorption intensity. ɛ 

and E are the Polanyi potential and the adsorption energy (kJ/mol), respectively. The Polanyi 

potential is associated to the concentration at equilibrium through Eq. 7). 

 Table 2 illustrate parameter values based on different isotherm models for the Cd(II) 

adsorption on the Fe3O4@SBCTA nanocomposite. The adsorption isotherm data fittings for three 

different adsorption temperatures are displayed in Fig 5a, b, and c. Based on the correlation 

coefficients (R2), it was clear that the quality of fitted models were ranked in the order: Freundlich 

(0.9836) > Langmuir (0.96273) > Dubinin Radushkevich (0.64612), indicating that a multilayer 

adsorption was involved on the surface and also confirming the Cd(II) adsorption using 

Fe3O4@SBCTA was physisorption in nature. The values of RL were in the range (0.475 -0.5840) 



 
 

concluded that the Cd(II) adsorption onto Fe3O4@SBCTA nanocomposite is favorable due to the 

values of RL are in the range of 0 –1 [50].  The maximum Cd(II) adsorption capacity (qm) was 

found to be 158.68 mg/g. This value is greater than other adsorbents reported in the literature, such 

as phosphorylated chitosan/CoFe2O4(71.53 mg/g) [51], dithiocarbamate(DTC) modified magnetic 

(116.28 mg/g) [52], bentonite–Fe3O4–MnO2 (35.53 mg/g) [53], citric acid modified magnetite   

nanoparticles (12.56) [54], and magnetic sodium alginate-alkaline residue aerogel (38.83 mg/g) 

[55.  

The comparison is listed in Table 3.Thus, Fe3O4@SBCTA is more effective for removal of 

Cd(II) ions from aquatic media. The values of adsorption intensity (n) was less than 2.61, which 

confirms favorable adsorption of Cd(II) onto Fe3O4@SBCTA nanocomposite [56], [57]. The D-R 

isotherm model does not fit with experimental data since the R2 was the lowest in comparison with 

the Langmuir and Freundlich isotherms. KF values were decreased with increasing temperature 

which indicated the adsorption process of Cd(II) onto Fe3O4@SBCTA nanocomposite was 

physisorption in nature. 

3.3.2 Modeling of adsorption kinetics 

 In order to understanding the binding mechanism between  Cd(II) and Fe3O4@SBCTA and also 

to evaluate the factors including, adsorption rate, equilibrium adsorption time, and rate-controlling 

step, three kinetics adsorption models such as pseudo-first-order (PFO,  Eq. 8) [58], pseudo-

second-order (PSO, Eq. 9), and Elovich kinetic (Eq. 10) [59] models were employed.  

  qt = qe(1 − e−k1t )                                                                                            (8) 

          qt =  
qe

2k2t

1 + qe k2  t 
                                                                                             (9)      

                      qt =
1

β
ln(1 + αβt)                                                                                  (10)   

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/citric-acid
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where, qe and ԛt refers to the adsorption capacity (mg/g) and the adsorbed quantity (mg/g) at time 

t (min), respectively. The k1 (min-1) and k2 (g/mg/min) are the rate constants for the PFO and PSO 

models, respectively. In the Elovich kinetic model, α (mg/g/min) refers to the initial adsorption 

rate and β (g/mg) is the desorption coefficient. The kinetic experiments were measured in sampling 

time between 1 and 300 min while keeping other conditions with the adsorbent dosage of 0.025 g 

and initial Cd(II) concentration (30 mg/L) at pH 7.5 and 298 K. Fig. 5d displays the kinetic data 

and its analysis using the proposed three kinetic models. The details of parameters these models 

are given in Table 4. It seems that the PFO kinetics offers the best fitting with the highest R2 value 

of 0.9907 with respect to the PSO (0.9856) and the Elovich (0.9498) models, confirming that the 

Cd(II) adsorption using Fe3O4@SBCTA was physisorption in nature. The calculated adsorption 

capacity qe,cal (27.88 mg/g) from PFO model was very close from the experimental qe.exp (28 mg/g) 

values, indicating that the creditability of pseudo-first-order kinetic model. 

3.3.3 Thermodynamics parameters 

The study of the adsorption thermodynamic is very important because it provides quantitative 

information about the spontaneity, feasibility, and thermal nature of adsorption. The free energy 

change (ΔG°) is related to the adsorption equilibrium constant Kd with Eq. 11, while the enthalpy 

change (ΔH°) and entropy change (ΔSo) can be calculated via the Van’t Hoff equation (Eq. 12) as 

a function of adsorption temperature (298, 308, and 318 K).  

∆𝐺° = −𝑅𝑇 𝑙𝑛 (𝐾𝑑)                                                                                                         (11)   

          ln(𝐾𝑑) =  −
Δ𝐻°

𝑅𝑇
+

Δ𝑆°

𝑅
                                                                                               (12)                                                                                  

where, R and T are the universal gas constant (8.314 J·mol-1 K-1) and the adsorption temperature 

(K), respectively. The ΔH° and ΔSo values were determined from the plot of ln Kd vs 1/T and the 

results are summarized in Table 5. The negative value of ΔH° confirms the adsorption is 

https://www.sciencedirect.com/science/article/pii/S2213343719302325#tbl0010
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exothermic, while the negative value of ΔS° indicates the decreased disorder during the adsorption 

process. Also the negative value of ΔG° confirms the adsorption of Cd(II) is spontaneous on the 

Fe3O4@SBCTA. 

3.4 Mechanism for removal of Cd(II)  

Based on the above findings, it was clear that from the FTIR results, both oxygen (-COOH and -

OH) containing groups were present onto the Fe3O4@SBCTA. Besides, the oxygen containing 

groups offered the hydrophilicity nature to Fe3O4@SBCTA surface. These function groups played 

an important role in the binding of Cd(II) ions via electrostatic interaction (Fig.6). After adsorption 

of Cd(II), the COOH bands at 3426, 1622 cm-1 were shifted to 3420 cm-1 and 1608 cm-1, 

respectively, while the band at 1723 cm-1 was disappeared. Hence, it is reasonable to suggest that 

the Cd(II) was coupled with the carboxylic ligands on the Fe3O4@SBCTA surface. The obtained 

adsorption of Cd(II) onto Fe3O4@SBCTA was also confirmed by EDX analysis. Therefore, it can 

be reported that the uptake of Cd(II) ions on Fe3O4@SBCTA surface was controlled by the 

columbic interaction (Fig.6).  

3.5  Reusability of Fe3O4@SBTCA 

The reusability is an essential parameter when consider the overall running cost and the secondary 

chemical contamination by the absorbent. One of the major advantages of the magnetite based 

absorbent is that it can be easily separated from the aquatic environment using magnetic force. 

Hence, in this study, we tested the recycling of the used Fe3O4@SBCTA nanocomposite. We used 

mild acid (0.01M HCl) to regenerate the used Fe3O4@SBCTA by dissolving the coupled Cd(II) in 

the acidic solution. The recovered Fe3O4@SBCTA was used again in the next adsorption process.  

Fig. 7 represents the data from cycles of adsorption/desorption. The results displayed the uptake 

of Cd(II) by Fe3O4@SBCTA were maintained at about 78% throughout the four cycles with 



 
 

slightly decrease in each recycling process. Our results indicated that the Fe3O4@SBCTA can be 

reused for many cycles.  

4. Conclusion 

In this work, magnetic nanocomposite (Fe3O4@SBCTA) was successfully prepared to adsorb toxic 

Cd(II) ions from aquatic environment. FT-IR, BET surface area, XRD, TEM, EDX, Zeta potential, 

and TGA analysis is employed to characterize the Fe3O4@SBCTA nanocomposite. The results 

emphasized that Fe3O4@SBCTA nanocomposite exhibited excellent adsorption capacities for 

Cd(II) with maximum adsorption capacities of 158.68 mg/g. The adsorption of Cd(II) follows the 

pseudo-first-order kinetics and the Freundlich isotherm model. The Cd(II) adsorption onto 

Fe3O4@SBCTA nanocomposite was explained by the columbic electrostatic interaction 

mechanism. The negative Ho value for the uptake of Cd(II) ions indicated an exothermic 

processes. The reusability test of Fe3O4@SBCTA showed good recovery efficiency up to four 

times of recycling. 
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Table 1. EDX pattern of Fe3O4@SBTCA before and after Cd(II) adsorption 

Sample Elemental content (Mass %) 

 Fe O C Si Cd 

Fe3O4@SBTCA 48.2  26.7  22.9  2.2 - 

Fe3O4@SBTCA /Cd(II) 46.4 23.8 26.8 2.1 0.90 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

Table 2.  Isotherms models for Cd(II) adsorption on Fe3O4@SBTCA nanocomposite  

 

Model Cd(II) 

298 K  308 K  318 K 

Langmuir      

qm, mg/g 158.7  142.0  132.1 

KL (L/mg) 0.04  0.04  0.02 

RL 0.47  0.49  0.58 

R2 0.96  0.97  0.96 

Freundlich      

Kf, (mg/g) (L/mg)1/n 21.8  18.5  12.8 

n 2.5  2.6  2.4 

R2 0.98  0.98  0.97 

Dubinin-R      

qs, mg/g 134.0  103.4  90.5 

KD-R (mol2  

KJ-2) 

83.8  51.7  97.2 

E (kJ mol-1) 0.08  0.09  0.07 

R2 0.65  0.66  0.62 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 3.  Comparison of adsorption capacities qm(mg/g) of different adsorbents for Cd(II).  

Adsorbent qm(mg/g) Isotherm Kinetic Ref. 

Phosphorylated magnetic chitosan 71.5 Langmuir Pseudo-second-order [50] 

Dithiocarbamate /magnetic  116.3 Langmuir Pseudo-second-order [51] 

Bentonite–Fe3O4–MnO2  35.5  Freundlich  Pseudo-second-order [52] 

Citric acid-magnetite nanoparticles  12.6 Langmuir Pseudo-second-order [53] 

Magnetic sodium alginate-alkaline 

residue aerogel 

38.8 Langmuir Pseudo-second-order [54] 

 

Fe3O4@SBTCA 

 

158.7 

 

Freundlich  

 

Pseudo-first-order 

 

This study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemistry/chitosan
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/citric-acid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/magnetite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nanoparticles


 
 

Table 4. Kinetic parameters of Cd(II) adsorption on Fe3O4@SBTCA nanocomposite 

 

 

Model Parameters value 

 Co : 30 mg/L, qe,exp.: 28  mg/g 

 

Pseudo-first-order 

 

qe1, cal.  (mg/g) 27.9 

K1 (1/min) 0.03 

R2 0.99 

 

Pseudo-second-order 

qe2, cal. (mg/g) 31.8 

K2  (g/mg-min) 0.001 

R2 0.99 

 
Elovich 

Α (mg/g min) 2.49 

Β (mg/g) 0.15 

R2 0.95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Thermodynamics parameters for the adsorption of Cd(II) on Fe3O4@SBTCA 

nanocomposite 

 



 
 

Co 

(mg/L) 

(-) ΔH° 

(kJ/mol) 

(-) ΔS° 

(J/mol-K) 

(-) ΔG° 

(kJ/mol) 

298K 308K 318K 

50 43.2 133.4 3.4 2.2 0.71 

75 30.6 90.2 3.7 2.9 1.8 

100 34.2 105.0 2.9 2.1 0.75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

  

Fig. 1. Preparation of Fe3O4@SBTCA nanocomposite 



 
 

 

 

 

Fig. 2.  (a) A TEM image and (b) particle size distribution of Fe3O4@SBTCA nanocomposite. 

 



 
 

 

Fig. 3. (a) XRD patterns of Fe3O4 and Fe3O4@SBTCA. (b) TGA of Fe3O4@SBTCA. (c) FTIR of Fe3O4 nanoparticles, BTCA, 

Fe3O4@SBTCA, and Fe3O4@SBTCA/Cd(II). (d) Nitrogen adsorption/desorption isotherms (inset is the pore size distribution) of the 

Fe3O4@SBTCA nanocomposite. 



 
 

 

Fig. 4. Effect of pH (25 mg, 25 mL and 30 ppm Cd(II)) and Zeta potential (inset) (a), adsorbent dosage (25 mL, pH = 7.5 and 30 ppm 

Cd(II)) (b), contact time (25 mg, 25 mL, pH =7.5 and 30 ppm Cd(II)) (c), and initial Cd(II) concentration (25 mg, 25 mL, 120 min, and 

pH = 7.5) (d) on Cd(II) adsorption onto Fe3O4@SBTCA nanocomposite at 25°C.  



 
 

Fig. 5. Nonlinear isotherm models used for Cd(II) adsorption onto Fe3O4@SBTCA nanocomposite at various temperature (a) 25°C, (b) 

35°C, and (c) 45°C. (d) Nonlinear plots of kinetic models used for Cd(II) adsorption onto Fe3O4@SBTCA nanocomposite at 25°C.  



 
 

 

 

 

 

 

 

Fig. 6. Mechanism for the adsorption and desorption of Cd(II) from Fe3O4@SBTCA nanocomposite. 

 

 
 

 

 

 

  

 



 
 

 

 

Fig. 7. Regeneration cycles of Fe3O4@SBTCA nanocomposite (25°C, 25 mg, 30 ppm Cd(II), 25 ML, 100 rpm, pH = 7.5, and 120 min)  

 

 


