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ABSTRACT: Heavy metals pollution in aquatic environments has increased significantly in the last few 

decades. Therefore, different technologies have been used to deal with this problem. In these technologies, 

different adsorbents are used to adsorb and separate heavy metals from the aqueous medium. In this regard, 

the use of new technologies such as nanomaterial technology which uses nanomaterials as adsorbents with 

potential for adsorption capacity and fast recovery and low cost, especially magnetite nanoparticle 

adsorbents, has provided efficient and cost-effective solutions for the extraction and removal of heavy metals 

from water. In the present study, the separation of vanadium (V) in aqueous medium was studied using  

an adsorbent of magnetite nanoparticles that was successfully synthesized by co-precipitation method.  

The synthesized nanoparticles were tested without functionalization to remove vanadium. The maximum 

adsorption percentage of vanadium by non-functionalized magnetite nanoparticles was 99.6 percent  

in optimum conditions: pH equal to 3.5, at ambient temperature (20 °C), contact time 30 minutes, 5000 mg/L 

adsorbent amount, and 50 mg/L initial concentration of vanadium (V). The Langmuir, Freundlich and Temkin 

isotherm models were evaluated for vanadium adsorption process. It was observed that the Langmuir 

isotherm fitted better onto the laboratory data than other models. The kinetics of the experiment showed that 

the data obtained were more consistent with the pseudo-second-order kinetic model.   
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INTRODUCTION 

Vanadium has an unusually large number of stable 

oxidation states (+2, +3, +4, +5), each of which is characterized 
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by a unique color in solution. But it is mainly found in the form 

of quaternary and pentavalent species in the environment. 
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Fig. 1: Effect of concentration and pH value on pentavalent 

vanadium morphology [11] 

 

This metal is used as an alloying agent for steel.  

It combines with nearly all non-metals in compounds. 

Vanadium is a refractory metal and the melting point  

of this metal can reach 1890 °C [1]. According to 

important national strategy sources, vanadium and their 

compounds were widely used in iron steel, catalysts,  

and the petrochemical industry due to their excellent 

physicochemical properties; therefore, vanadium was called 

the “vitamin of modern industry“ [2-5]. To date, the main 

raw materials for vanadium recovery we are converter 

vanadium slag, stone coat, steel slag and waste catalyst 

materials [6,7].  

Vanadium metal enters in the manufacturing of some 

superconducting alloys and its addition to iron makes 

many stainless steel materials. The disproportionation  

of CO into C and CO2 needs vanadium to catalyze  

the reaction. Vanadium oxide is a strong catalyst, so it  

is largely used in industrial processes and finding recent 

applications in nanomaterials [8]. Vanadium is found  

in natural waters in many distinct forms, V(IV)  

and V(V) have been varying biological and toxic 

properties. At low pH (< 2 − 3), vanadium(V) occurs 

mostly as a cation (𝑉𝑂2
+), whereas the anionic species exist 

at higher pH values (>3): the decavanadate species 

𝑉10𝑂28(𝑂𝐻)2
4−, 𝑉10𝑂27(𝑂𝐻)5−and mono- or polyvanadate 

species (e.g. 𝑉𝑂2(𝑂𝐻)2
−, 𝑉𝑂3(𝑂𝐻)2−,𝑉𝑂4

3−, and 

𝑉2𝑂6(𝑂𝐻)3−, 𝑉2𝑂7
4−, 𝑉3𝑂9

3−, 𝑉4𝑂12
4−) [9]. The concentration 

of vanadium entering the freshwater from effluents  

and leachates (0.2–100 µg/L) is far higher than its 

concentration in seawater (1–3 µg/L) which tends to 

precipitate, while groundwater samples from volcanic regions 

have high vanadium concentrations, ranging from 0.05  

to 2.47 mg/L [10]. Fig. 1 represents that the dissolved vanadium 

concentration had a certain impact on the existing form of 

vanadium. 

Therefore, considering the negative impacts of Heavy 

Metals (HMs) on human health and the environment, it is 

necessary to introduce a cost-effective, environmental-

friendly and efficient processes for the removal of HMs 

from the contaminated water. The treatment processes for 

waste solutions containing metals like vanadium generally 

includes chemical precipitation, filtration, membrane,  

ion exchange and adsorption [12]. At present the adsorption 

and ion exchange techniques have become the focus  

in the field of harmless and safe treatment of heavy metals 

refers to their large capacity, high efficiency, low cost  

and environmental friendliness [13]. Adsorption is a mass 

transfer process, where the adsorbate molecules  

are attracted to the surface of an adsorbent, resulting  

in either a physical or chemical interaction. It is one of  

the most favored processes in the water treatment industry, 

especially due to the regenerative capacity of the 

adsorbents [14, 15].    

In fact, the adsorption capacity varies with the type of 

adsorbent. Generally, there are many existential 

adsorbents, activated carbon due to its high adsorption 

rate, capacity and resistance to abrasion are extensively 

used for the removal of heavy metals. But due to their 

clogging, inability to recover them from the treated water, 

waste generation, and biofouling, they are ineffective  

for large scale applications [16]. Therefore, the search  

for new and effective adsorbent materials has always been 

an active field of research. Nanomaterials, due to their 

nanoscale dimensions (ranging from 1–100 nm), show 

some unique physical, chemical and biological properties. 

These properties result in the modification of their 

structure and specific surfaces [17]. Nanomaterials are 

classified into different categories, i.e., carbon based, silica 

based, metal and metal oxide nanoparticles, including 

zero-valent iron (ZVI), iron-oxide based magnetic 

nanomaterials, and nanocomposites, as shown in Fig. 2. 

For instance, Popescu et al. They reported the 

maximum uranium adsorption capacity using 

carboxymethyl cellulose with and without iron oxide 

nanoparticles as 322.6 mg/g and 185.2 mg/g, 

respectively [19]. 

Even though the nanomaterials have an enormous 

capacity in the extraction of heavy metals, they carry 

certain limitations with regards to their cost effectiveness,  
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Fig. 2: Nanomaterials for heavy metals remediation in aqueous media [18] 

 

 

Fig. 3: Effect of pH on zeta potential of 𝐹𝑒3𝑂4 [27] 

 

reusability, separation from aqueous solutions, and 

complex synthesis routes, which impede their utilization at 

a commercial scale [20].  

During the last two decades, micro and Nano-scaled 

magnetic particles have attracted attention as adsorbents 

for eliminating the biological molecules, organic 

pollutants and heavy metal ions like as vanadium from 

water and wastewater [21].  

Among the magnetic materials, magnetic iron-oxide 

NP, i.e., magnetite (𝐹𝑒3𝑂4) and maghemite (γ-𝐹𝑒2𝑂3) 

present substantial dominance over conventionally used 

metal and alloy based on magnetized nanomaterials  

in terms of facile synthesis, corrosion and abrasion 

resistance. Maghemite and magnetite NP are extensively 

studied for wastewater treatment and heavy metal ion like 

vanadium removal [22]. For example, Zeinali et al. using 

magnetite nano-adsorbent coated with humic acid, they 

succeeded in removing more than 93% of vanadium from 

the power plant effluent [23]. In this study, we will also 

investigate the removal of vanadium by using magnetite 

nanoparticle adsorbents. Among the magnetic metals 

(iron, cobalt, nickel, etc.), iron is the cheapest metal. 

Therefore, it is recommended to use iron for processes 

such as adsorption and separation, which is one of the main 

goals is reducing the cost of the process, especially on an 

industrial scale. The most iron oxides that have been used 

for the adsorption process are magnetite and maghemite, 

among these two oxides, because magnetite has more 

magnetization than maghemite, it has received more 

attention which was consistent with some studies reported 

(Zeinali et al. [23]; Gdula et al. [24]). As explained  

in the second line, the first paragraph of the "Introduction" 

section, although vanadium has four oxidation numbers 

(+2, +3, +4 and +5), but mainly vanadium is in the form of 

+4 and +5 oxidation states (more stable oxidation numbers. 

(Among the two oxidation numbers of +4 and +5, usually 

due to the oxidizing nature of the environment (waste, 

environment and the leach solution), Vanadium often has 

the oxidation number of +5. Therefore, vanadium +5 was selected 

to work by the researchers of this article. Zeinali et al. [23]; 

Omidinasab et al. [25]; Kordparijaei et al. [26]) studied 

the adsorption of vanadium in the form of vanadium (V) 

as in the present research project. Since in this project the 

surface adsorption of vanadium on magnetite 

nanoparticles adsorbent has been investigated, it should 

be pointed out the pH had a significant impact on 

adsorption of metal ions on 𝐹𝑒3𝑂4. pH value affected 

the surface zeta potential of 𝐹𝑒3𝑂4 particles. When the 

pH increased from 2.0 to 5.0, the surface zeta potential 

of 𝐹𝑒3𝑂4 particles decreased. The surface zeta 

potential of 𝐹𝑒3𝑂4 changed from positive to negative, 

and the isoelectric point (pHpzc) occurred at pH of 

3.0–4.0 (Fig. 3). 

In an aqueous system, the surface of iron oxides  

is covered with groups of −FeOH, etc. [28]. Since the adsorbent 
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surface was not functionalized in this project, the vanadium ion 

was adsorbed to the −FeOH groups on the adsorbent 

surface. When the pH value was below or above the pHpzc, 

hydroxyl groups of −FeOH on the surface would be changed 

to functional groups of  𝐹𝑒𝑂𝐻2
+ or 𝐹𝑒𝑂− by protonate  

or deprotonate [29]. The balance of protonation and 

deprotonation depended on the pH of the solution and  

the pHpzc of 𝐹𝑒3𝑂4. When pH was 3.0–4.0, the zeta 

potential was almost the smallest, and the adsorption was 

easier to carry out. 

 

EXPERIMENTAL SECTION 

Reagents and apparatus 

 The following reagents were used: iron(II) sulfate 

heptahydrate (𝐹𝑒𝑆𝑂4 · 7𝐻2𝑂), Ammonium iron(III) 

sulfate dodecahydrate NH₄ Fe(SO₄ )₂ ·12H₂ O, 

Polyethylene Glycol (PEG) 4000, Ammonia (25%) and 

hydrochloric acid (32%) were purchased from Merck 

Co. (KGaA, Darmstadt, Germany). The synthesized 

magnetite nanoparticles were characterized using 

techniques X-Ray Diffraction (XRD device, model 

Kristallo Flex Diffractometer D5000, Siemens 

company), Scanning Electron Microscope (SEM 

device equipped with EDS model Zeiss Ultra 55, 

Gemini ) and Vibrating-Sample Magnetometer (VSM 

device model AGFM/VSM 3886). 

 

Preparation of magnetite nanoparticles 

The magnetite nanoparticles were synthesized through 

co-precipitation of ferric and ferrous ions in the presence 

of ammonia solution. Certain amounts of salts of (NH₄ ) 

Fe(SO₄ ) ₂ ·12H₂ O and FeSO4.7H2O (Fe(III)/Fe(II)=2) 

were added to 20 mL of 0.6 M hydrochloric acid, along 

with 3 gr of PEG 4000.  

The prepared solution was heated on a magnetic 

stirrer at 50-60 °C and simultaneously was stirred  

at 700 rpm. After the synthesis of magnetite nanoparticles 

according to Eq. (1), the black precipitate of magnetite, 

which was caused by titration with 25% ammonia,  

was washed three times with distilled water and then 

sonicated twice with an ultrasonic bath for 6 minutes. Then 

the nanoparticles were dried in an oven at 48°C  

for 24 hours.  

𝐹𝑒2+(𝑎𝑞) + 𝐹𝑒3+(𝑎𝑞) + 8𝑁𝐻4𝑂𝐻(𝑎𝑞) → 𝐹𝑒3𝑂4 +

4𝐻2𝑂 + 8𝑁𝐻4𝐶𝑙                                                            (1) 

Adsorption experiments 

Adsorption of V(V) ions was performed by the batch 

mode technique. In each experiment 10 mL of nanoparticle 

suspension (5000 mg/L of magnetite nanoparticles)  

was shaken with 10 mL of vanadium solution (50 mg/L of 

vanadium ion solution) for 30 min. Moreover, temperature 

influence on the adsorption process was also investigated 

at 293.15, 303.15, 313.15 and 323.15 K, and the pH-

dependence was also examined. After the adsorption 

equilibrium had been achieved, the solution was separated 

from the adsorbent by a permanent magnet. Eq. (2) is used 

to calculate the adsorbed amount of vanadium ions:   

𝑞 = (𝐶0 − 𝐶𝑒). 𝑉
𝑚 ⁄                                                        (2) 

where: q is the amount of adsorbed V(V) ions (mg/g), 

𝐶0 is the initial concentration of V(V) ions (mg/L), 𝐶𝑒 is 

the equilibrium concentration of V(V) ions (mg/L), V is the 

volume of the initial solution (𝐿), m is the mass of the 

adsorbent (g).  

 

Characterization of the adsorbents 

The XRD patterns of the adsorbent is shown in Fig. 4. 

Eight characteristic peaks of 𝐹𝑒3𝑂4 with a spinel structure 

are identified by their indices: (533), (220), (311), (400), 

(422), (511), (440), and (622). These peaks are consistent 

with the database in JCPDS file (PDF No. 0863-003-00). 

This confirms the magnetic properties of the adsorbent [30]. 

The average size of the crystals was found to be 22 nm 

according to Scherer's Eq. (3) calculations. 

𝑑 =
𝐾.𝜆

𝛽.𝑐𝑜𝑠𝜃
                                                                         (3) 

 𝑑  is the mean size of the ordered (crystalline) domains 

(in nanometers), K is the shape factor has a typical value 

of about 0.9, λ is the X-ray wavelength (in terms of 

nanometers, if copper Kα radiation is used, equal to 0.154 nm), 

β is the line broadening at half the maximum intensity 

(FWHM) after subtracting the instrumental line broadening 

in radians and θ is the Bragg angle (by degree) [31].  

All peaks were placed according to JCPDS standards, 

which was the result of correct synthesis of magnetite 

nanoparticles.     

It is known that magnetite nanoparticles possess 

magnetic properties. Thus the VSM method was applied  

in order to characterize them [32]. The obtained magnetization 

curves for the MNPs are given in Fig. 5. The maximum 

magnetization value for the MNPs is approx.  
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Fig. 4: X-ray diffraction (XRD) pattern of the MNPs  

 

 
Fig. 5: Magnetization curves of MNPs obtained at 298 K 

 

80 emu/g. Absence of remanence loop and zero remanence 

magnetism in magnetite nanoparticle magnetization curve 

obtained by VSM in Fig. 5 is proof of superparamagnetic 

of magnetite nanoparticle. High magnetic saturation 

indicates high magnetization, the value of which  

was obtained for the magnetite sample at an ambient 

temperature of 80 (emu/g). 

The morphology and average size of the synthesized 

nanoparticles were obtained using SEM. Fig. 6 shows the 

SEM micrograph of the synthesized 𝐹𝑒3𝑂4 nanoparticles. 

On the basis of the obtained microphotograph it can be 

concluded that co-precipitation of iron 𝐹𝑒2+ and 𝐹𝑒3+ ions 

results in formation of almost spherical 𝐹𝑒3𝑂4 particles  

in the nanometer scale. It can be also seen that the average 

diameter distribution of nanoparticles in the magnetite 

sample was estimated to be 19 nm. The results we obtained 

from this SEM graph were consistent with the results  

of Gdula et. al [24]. 

 

RESULTS AND DISCUSSIONS  

Effect of pH   

In adsorption studies, the solution pH is known  

as a crucial controlling factor since it has significant effect  

 
Fig. 6: SEM images of the synthesized nanoparticle  

 

 
Fig. 7:  Effect of pH on the adsorption of V(V) ions onto 

magnetite nanoparticles (𝑪𝟎(𝑽) = 6 mg/L; T = room temperature; 

 t = 30 min.; sorbent dosage= 0.05 g/𝑳) 

 

on adsorbate ionization degree, solubility and speciation of 

the metal ions, change of functional groups of adsorbent, 

and surface charge of the adsorbent. Therefore, the effect 

of the initial pH of the aqueous solution on the removal 

efficiency of the metal ions was investigated in the pH 

range of 0.5 to 5.5, as illustrated in Fig. 7. This experiment 

was performed for vanadium solutions with pH 0.5, 1.5, 

2.5, 3.5 and 5.5. The vanadium separation results are 

shown in Fig. 7. According to Fig. 8 the cationic chemical 

species 𝑉𝑂2
+ exist in the pH range between zero and 

approximately 3.5 and the results of Fig. 7 demonstrates 

that the lowest amount of vanadium adsorption is in the 

range of pH 0.5 to 2. The low amount of vanadium 

adsorption in this range is due to the high concentration of 

𝐻+ ion, which is more successful in competition with 𝑉𝑂2
+ 

ion for adsorption by nanoparticles. After adsorption, 

because the surface charge of the adsorbent becomes 

positive, the electrostatic repulsion between the 𝑉𝑂2
+ 

cation and the adsorbent surface prevents the adsorption  

of the  𝑉𝑂2
+ cation. However, in the range of pH 2 to 3.5 

due to the decrease in 𝐻+ ion concentration, 𝑉𝑂2
+ overcomes  
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Table 1: Effect of initial vanadium concentration on the aqueous phase 

(t= 30 min; T = room temperature; pH = 3.5; sorbent dosage= 0.5 g/L) 
The value of the initial concentration of 

vanadium (mg/L) 
% adsorption 

5.6 99.6 

9.3 99.6 

18.7 99.6 

50.0 99.6 

93.3 91.0 

186.6 58.0 

466.5 39.3 

933.0 21.0 

 

 
Fig. 8: Equilibrium dominant diagram of V(V)-OH species as 

a function of vanadium concentration and pH [36] 

 

𝐻+ and the adsorption efficiency of this cation grows from 

approximately 30.0 to 99.6 percent. As the pH increases 

from 3.5 onwards, the adsorption value remains constant 

as shown in Fig. 7. Similar trends have been previously 

reported by other researchers for V(V) and other metal ions 

adsorption (Mthombeni et al. [33]; Ahmadi et al. [34]; 

Omidinasab et al. [25]; Liu et al. [35])  

 

Effect of initial vanadium concentration on the 

adsorption efficient 

The presence of vanadium ions has a significant effect 

on the vanadium recovery process. Therefore, it can be said 

that the removal of this metal from aqueous solutions 

depends to a large extent on its concentration [37].  

The percentage of vanadium separation with adsorbent of 

magnetite nanoparticles in different initial concentrations 

of vanadium (5.6, 9.3, 18.7, 50.0, 93.3, 186.6, 466.5 and 

933.0 mg/L) was investigated under the pre-assumption 

conditions. The results can be seen in Fig. 9. The adsorption 

percentage decreased with increasing initial vanadium 

concentration with saturation of specific adsorption sites 

 

Fig. 9:  Effect of initial vanadium concentration on the aqueous 

phase (t= 30 min; T = room temperature; pH = 3.5; sorbent 

dosage= 0.05 g/L) 

 

 
Fig. 10: Effect of contact time on adsorption process (𝑪𝟎(𝑽) = 50 mg/L; 

sorbent dosage= 0.05 g/𝑳; T = room temperature; pH = 3.5) 

 

at high metal concentrations, the decrease in adsorption  

at higher concentrations was clearly detectable, but at low 

concentrations, ions were adsorbed by specific adsorption 

sites. The concentration of 50 mg/L was considered as  

the optimal value of this experiment. In other words, it  

can be concluded that at higher concentrations of 

vanadium, due to the completion of the maximum 

adsorption capacity in the adsorbent, the adsorption 

percentage of this metal decreases, and the use of higher 

adsorbent values can solve this problem. Similar to the studies 

of (Zeinali et al. [23];  Kordparijaei et al. [26]), the adsorption 

efficiency decreased with the increase of the initial 

concentration of vanadium. 

 

Effect of contact time and adsorption kinetics  

Another important parameter is the adsorption kinetics 

because it is one of the most important criteria deciding 

about adsorbent efficiency. This also provides information 

about adsorption mechanism. Sorption of V(V) on  

magnetite nanoparticles was investigated as a function of  
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Table 2: The results of the vanadium separation percentage in different 

contact time 

Contact Time (min) Percentage of vanadium separation 

1 98.6 

5 98.9 

12 99.3 

20 99.8 

30 99.9 

 

 
Fig. 11 Pseudo-second-order kinetic model of vanadium adsorption 

 

 
Fig. 12 Pseudo-first-order kinetic model of vanadium adsorption 

 

contact time and the data obtained are shown in Fig. 10. 

Therefore, the time effect on the adsorption process was 

studied. The effect of contact time on the adsorption 

capacity of V(V) is shown in Table 2. It can be seen that 

the adsorption process is relatively fast and the equilibrium 

is reached after about 1 min.   

The kinetics of magnetite adsorbent is very fast 

compared to other adsorbents such as zeolite and activated 

carbon adsorbent, which has provided an adsorption 

percentage of 98.6 in the minimum contact time. In the 

study of the previous parameter, the time of the shaker 

device was set to 30 minutes, and the adsorption rate was 

98.6 to 100% repeatable, and in the study of the contact 

time parameter, we achieved the same adsorption 

percentage with a time of 30 minutes. Therefore, this time 

was used for the proper adsorption of vanadium in subsequent 

studies. Most adsorption reactions are controlled by a number 

of successive steps including: (a) resistance to film 

diffusion, (b) resistance to intraparticle diffusion, and (c) 

the proper sorption reaction rate [37,40]. Since the first 

step is excluded by sufficient shaking the solution, the rate 

determining step is one of the other two steps. To better 

understand the adsorption kinetics, various equations 

such as the Pseudo First Order (PFO), the Pseudo-

Second Order (PSO) and The Resistance to Intraparticle 

Diffusion (RID) were used to model the kinetic  

data [41-43]. 

Weber and Morris (1962) expressed the intraparticle 

diffusion model as shown in Eq. (4):  

𝑞𝑡 = 𝐾𝑑𝑖𝑓𝑡1 2⁄ + 𝐶                                                          (4) 

Where: C is the intercept; 𝐾𝑑𝑖𝑓 (𝑚𝑔 𝑔⁄  ℎ1 2⁄ ),  

the intraparticle diffusion rate constant; q, the amount of 

solute adsorbed per unit weight of adsorbent per time 

(mg/g); 𝑡1 2⁄  the half-adsorption time (ℎ1 2⁄ ). The intercept 

of the plot reflects the boundary layer effect. For 

intraparticle diffusion to be the only rate-determining 

step, then the regression of 𝑞𝑡 against 𝑡1 2⁄  must be linear 

and should pass through the origin. If otherwise, then it 

implies that the intraparticle diffusion is not the only 

rate-controlling step [44]. 

were used to model the kinetic data. The linear forms 

of PFO and PSO models are expressed in Eq. 5 and Eq. 6, 

respectively:  

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                             (5) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                                 (6)                                                                                                                        

Where 𝑞𝑒 and 𝑞𝑡 (mg/g) refer to the amount of V(V) 

adsorbed at equilibrium and at time (t), respectively; 𝑘1 

(𝑚𝑖𝑛−1  ) and 𝑘2 (g/(𝑚𝑔 .  𝑚𝑖𝑛 ) are the rate constant of 

PFO and PSO models, respectively. The values of model 

parameters (𝑘1, 𝑘2, 𝑞𝑒) can be calculated from the linear 

plots of 𝑙𝑛(𝑞𝑒 − 𝑞𝑡) versus t  and 
𝑡

𝑞𝑡
 versus.  

The adsorption kinetics of vanadium ions by magnetite 

nanoparticle adsorbent was well fitted by the pseudo-first-

order model and the pseudo-second-order model, but  

the fitting coefficient of the line with the pseudo-second-order  
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Table 3: Values of kinetic parameters of V(V) adsorption on bare magnetite nanoparticles 

Kinetic models Parameters   

Pseudo-first-order 
qe,cal(mg g⁄ )    

2.5980   

k1(min)−1 

0.1922 

R2 

0.9686 

Pseudo-second-order 
qe,cal(mg g⁄ )   

2.60  

k1(g mg⁄ )(min)  

40.00 

R2 

1 

 
Fig. 13: Effect of adsorbent on vanadium separation (𝑪𝟎(𝑽) = 

50 mg/L; t= 30 min; T = room temperature; pH = 3.5)  

 

model in Fig. 11 was equal to 1, while the fitting 

coefficient of the line with the pseudo-first-order model  

in Fig. 12, it was equal to 0.9686. Therefore, by matching 

the data with the pseudo-second-order model diagram,  

the adsorption kinetics of vanadium ions by the adsorbent 

was analyzed with the pseudo-second-order kinetic model. 

Based on these experiments, the kinetic parameters  

of the adsorption process for V(V) metal ion was calculated, 

and the results are reported in Table 3.   

In order to evaluate the contribution of intraparticle 

diffusion on the control of uptake kinetic, the data was treated 

using a simplified RID Eq. (7) [43]: 

𝑞𝑡 = 𝑘𝑖𝑛𝑡𝑡
1

2⁄ + 𝑐                                                           (7) 

Where 𝑘𝑖𝑛𝑡  is the intraparticle diffusion rate constant.  

The 𝑘𝑖𝑛𝑡 can be calculated from the slope of the regression 

line of 𝑞𝑡 versus 𝑡
1

2⁄ . 

 

Effect of adsorbent dosage on vanadium separation 

The optimum amount of magnetite nanoparticles for 

maximum adsorption and separation of vanadium at pH 

3.5 was determined by changing the amount of adsorbent 

from 500 mg/L to 5000 mg/L. The results of this study  

are presented in Fig. 13. The results showed that  

the percentage of vanadium separation increased with  

the increase of adsorbent concentration up to 3500 mg/L 

(this means that the removal efficiency showed direct 

relationship with adsorbent amount), and after that  

the concentration of vanadium separation remained almost 

constant. The result is that as the amount of adsorbent 

increases, the surface area and adsorption sites of the 

magnetite nanoparticles available for the adsorption of 

vanadium ions increase, thereby increasing the adsorption 

of vanadium. So it leads to more efficient adsorption.  

An increase in dosage of adsorbent can provide the 

additional active sites and/or greater surface area for the 

efficient adsorption of the metal ions at a fixed initial 

concentration. According to Fig. 13, the maximum 

adsorption of V(V) ion took place at dose of 3500 mg/L, 

and significant changes were not observed at higher 

increase in adsorbent dosage. Beyond 5000 mg/L,  

the formation of aggregates and consequent self-binding  

of adsorbent particles might decrease the active sites  

of adsorbent at higher doses. These findings are in good 

agreement with previous studies for several sorbent-metal 

sorption studies (Zeinali et al. [23];  Kordparijaei et al. [26]). 

To ensure the maximum amount of adsorption, the amount 

of 5000 mg/L of adsorbent with 99.6% adsorption and 

separation of this metal was selected as the optimal amount 

of adsorbent for conducting the subsequent experiments.  

 

Effect of adsorption temperature  

The temperature effect on V(V) adsorption was tested 

as function of 4 temperature degrees (20, 30, 40 and 50 ℃). 

As shown in Fig. 14, the increase in temperature that leads 

to an increase in the percentage of vanadium adsorbed  

on the adsorbent surface may be attributed to changes in 

the adsorbent surface properties. Since the removal 

efficiency reached 98.42 percent at room temperature  

(20 °C), increasing the temperature did not result in  

a significant numerical difference in the adsorption of 

vanadium in the adsorption process, and since all 

experiments were performed at room temperature. 

Therefore, to determine the optimal value of this parameter 

for subsequent experiments and repeatability of 

experiments, the temperature of 20 °C (room temperature) 

was selected.  
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Table 4: Thermodynamic parameters for vanadium adsorption on magnetite nanoparticles 

∆G°(KJ/mol) ∆H°(KJ/mol) ∆S° (J/mol) 

293.15 (K) 303.15 (K) 313.15 (K) 
+20.24 +96 

-28.1 -29 -30 

 

 
Fig. 14: Effect of temperature on vanadium separation  (𝑪𝟎(𝑽) 

= 50 mg/L; t:30 min;  pH = 3.5; sorbent dosage= 0.05 g.𝑳−𝟏) 

 

 
Fig. 15:  Changes in the distribution coefficient in terms of 

temperature for the adsorption of vanadium ions on magnetite 

nanoparticles 

 

ADSORPTION THERMODYNAMICS   

The thermodynamics such as enthalpy (∆H°, 𝐾𝐽/𝑚𝑜𝑙 ), 

entropy (∆S°, J (𝑚𝑜𝑙/𝐾 )), and Gibbs free energy (∆G°, 

𝐾𝐽/𝑚𝑜𝑙 ) of vanadium sorption were determined by 

correlation of the equilibrium constant according  

the Van’t Hoff equations which are placed in Eq. (8) and 

Eq. (9). [45]:  

𝐿𝑛 𝐾𝐿 = −
∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
                                                       (8) 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                                                        (9) 

Where R is the gas constant, T the solution temperature (K) 

and 𝐾𝐿 is the Langmuir equilibrium constant (𝐿/𝑚𝑜𝑙 ). 

∆H° and ∆S° were obtained from the slope and intercept of 

the linear Van’t Hoff plots of ln 𝐾𝐿 versus 1/T respectively. 

The diagram of 𝐿𝑛 𝐾𝐿  in terms of T/1 is shown in Fig. 15. 

Fig. 15 shows a line with very good correlation 

coefficients (𝑅2=0.9971). Table 4. shows the results of 

thermodynamic and kinetic parameters. The negative 

value of ΔG indicates that the adsorption reaction  

is thermodynamically possible and confirms that the 

adsorption process is physicochemical. (Adsorption of  

0 and -20 kJ/mol indicates physical adsorption, -20 to  

-80 kJ/mol indicates physicochemical adsorption, and -80 

to -400 kJ/mol indicates chemical adsorption). According 

to the values of free energy change (ΔG) which  

was negative and decreased with increasing temperature, 

this article shows that the adsorption of vanadium  

to the magnetite adsorbent is spontaneous and the 

adsorption at a higher temperature is more favorable. 

The positive enthalpy indicates that the adsorption 

process of vanadium with magnetite nanoparticles is an 

endothermic process. Meanwhile, it also confirms that  

the adsorption process is physicochemical. Finally, the 

positive entropy value confirms that the adsorption 

reaction at the liquid/solid phase interface for vanadium 

adsorption using magnetite adsorbent is completely 

random and also indicates that the degree of randomness 

at the solid-liquid interface increased during adsorption. 

This randomness is due to the destruction of the hydration 

shell of vanadium ions, which provides surface adsorption  

of the adsorbent. Therefore, it is concluded that the adsorption 

process of vanadium on magnetite nanoparticles is a spontaneous, 

endothermic and physicochemical process which was 

consistent with some studies (Gdula et. al [24]; Abd El-

Magied et. al [46]). 

. 

Study of Vanadium adsorption isotherms 

Adsorption equilibrium information is the most 

important piece of information needed to properly 

understand the adsorption process. Proper understanding 

and interpretation of adsorption isotherms is essential for 

overall improvement of adsorption mechanism pathways 

and effective adsorption system design. To check the 

equilibrium adsorption isotherm, the diagram of adsorbed 

vanadium ions (𝑞𝑒) according to the equilibrium 

concentration of vanadium ions in the solution (𝐶𝑒) is  
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Fig. 16: Adsorption isotherm of vanadium (Volume = 0.02 L; 

𝑪𝟎(𝑽) = 6-933 mg/L; pH= 3.5; T = room temperature; t = 30 

min.; sorbent dosage= 0.05 g/𝑳)  

 

 
Fig. 17: Langmuir adsorption isotherm 

 

 
Fig. 18: Freundlich adsorption isotherms 

 

drawn and presented in Fig. 16, while the equations of 

Langmuir, Freundlich and Temkin isotherms for 

adsorption Vanadium was studied by bare magnetite 

nanoparticles.   

The adsorption isotherm represents the distribution of 

the solute between liquid and solid phases at equilibrium 

at constant temperature. A relation between the amount of 

adsorbate adsorbed on a given surface at constant 

temperature and the equilibrium concentration of the 

substrate in contact with the adsorbent is known as 

adsorption isotherm. Adsorption isotherms depend on 

certain parameters, which its values express the surface 

properties and the affinity of the sorbent. [47,48]. We can 

compute experimental results from equilibrium 

experiences by several adsorption isotherm models. 

(1) Langmuir Model: The most widely used isotherm 

equation for modeling equilibrium data is the Langmuir 

model. Langmuir derived a relation between adsorbed 

material and its equilibrium concentration [49,50]. The 

linear form of Langmuir equation is given by Eq. 10. 

𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚𝑎𝑥𝐾𝐿
+

1

𝑞𝑚𝑎𝑥
𝐶𝑒                                                  (10) 

where 𝐶𝑒 is the equilibrium concentration of ions in 

solution (mg/L), 𝑞𝑒 is the amount adsorbed at 𝐶𝑒 (mg/g), 

𝑄𝑚𝑎𝑥 is the maximum adsorption capacity (mg/g), and 𝐾𝐿 

is the binding constant which is related to the energy of 

adsorption (L/mg). According to Fig. 17 Plotting Ce/qe 

against 𝐶𝑒  gives a straight line with slope and intercept 

equal to 
1

𝑄𝑚𝑎𝑥
 and 

1

𝐾𝐿
, respectively. The values of 𝐾𝐿 and 

𝑄𝑚𝑎𝑥 increase as the temperature increases. Increasing of 

𝐾𝐿 value with increasing of temperature implies the strong 

binding between V(V) ions and the active sites at elevated 

temperatures. 

 (2) Freundlich Model: The Freundlich isotherm  

model [50,51] is an empirical relationship that describes 

the sorption of solutes on a solid surface assuming that 

different sites with several sorption energies are involved 

(the surface of adsorbent is heterogeneous). This isotherm 

model is given by Eq. (11). 

log 𝑞𝑒 = log 𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒                                            (11) 

Where 𝑞𝑒 (mg/g) and 𝐶𝑒 (mg/L) are the equilibrium 

concentrations of V(V) in the solid and liquid phase, 

respectively. 𝐾𝐹 (mg/g) and n are characteristic constants 

related to the relative sorption capacity of the sorbent and 

the intensity of sorption, respectively. The higher the 
1

𝑛
 

value is, the more favorable the adsorption is; generally, 

𝑛<1. 
1

𝑛
 and log 𝐾𝐹   are the slope and intercept, respectively, 

given by plottinglog 𝑞𝑒 against 𝑙𝑜𝑔𝐶𝑒 . According to Fig. 18 

the Freundlich plot gave a slope less than unity indicating 

the nonlinear sorption behavior with V(V) in the 

concentration range studied.     

The values of equilibrium sorption capacity and 

correlation coefficients of Langmuir equation (𝑄𝑚𝑎𝑥) are  
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Table 5: isotherm model parameters for adsorption of V(V) by magnetite nanoparticles 

Temkin’s Model Freundlich Model Langmuir Model 

R2 KT (
L

mg
 ) b R2 KF(

mg

g
)(

mg

L
)

1
n⁄  n R2 KL (

L

mg
) qL (

mg

g
) 

0.6332 1.44 × 10+13 243 0.7087 13.3 3.0 0.9982 0.12 78 

 

Table 6: The maximum adsorption capacity of monolayer V(V) and U(VI) of some reported adsorbents 

Adsorbent Ion qm (mg/g) References 

HA/Fe3O4 V(V) 8.97 [23] 

AC_Fe3O4 U(VI) 15.87 [52] 

Magnetic baggas U(VI) 32.4 [53] 

CeO2 − TiO2 − Fe2O3 U(VI) 40 [54] 

Magnetic chitosan U(VI) 42 [55] 

Magnetic chitosan modified with humic acid U(VI) 47.9 [56] 

Magnetic Zeolite-Polymer Composite V(V) 57.803 [57] 

Polypyrrole coated magnetize d natural zeolite V(V) 74.9 [33] 

Bare Magnetite Nanoparticles V(V) 78 Present work 

 
Fig. 19: Temkin adsorption isotherms 

 

more consistent with the experimental data than 

Freundlich isotherm model (Similar to the studies of 

Zeinali et al. [23]; Kordparijaei et al. [26]). Therefore, the 

sorption reaction is more favorable by Langmuir model.  

 (3) Temkin’s Model: The derivation of the Temkin 

isotherm assumes that the fall in the heat of sorption is 

linear rather than logarithmic, as implied in the Freundlich 

equation [48,49]. The linear form of Temkin isotherm is 

given by the Eq. 12. 

𝑞𝑒 =
𝑅𝑇

𝑏
𝑙𝑛𝐴𝑇 +

𝑅𝑇

𝑏
𝑙𝑛𝐶𝑒                                                (12) 

where 𝐴𝑇 is Temkin isotherm equilibrium binding 

constant (L/g), 𝑏 is Temkin isotherm constant, 𝑅 is 

universal gas constant (8.314 J/mol.K), 𝑇 is temperature at 

298 K, and 𝐵 is constant related to heat of sorption (J/mol), 

where𝑞𝑒 (mg . 𝑔−1) and 𝐶𝑒 (mg . 𝐿−1) are the equilibrium 

concentrations of V(V) in the solid and liquid phase, 

respectively. According to Fig. 19 plotting 𝑞𝑒 versus ln 𝐶𝑒 

should give a straight line if the adsorption energy 

decreases linearly with increasing surface coverage. The 

parameters for these models and the coefficient values are 

shown in Table 5. 

 

Comparison of the adsorption capacity of various 

adsorbents 

The maximum adsorption capacity (𝑞𝑚) of bare 

magnetite nanoparticles was compared with the adsorption 

results reported in some papers using several adsorbents.,  

as depicted in Table 6. The obtained 𝑞𝑚 values for V(V) ion 

was greater than those reported for other adsorbents.  

The obvious advantage of the current research project was 

that without functionalizing the adsorbent, we were able to 

achieve a very good and higher adsorption capacity than  

the functionalized adsorbents listed in Table 6. In addition,  

it should be noted that eliminating the adsorbent functionalization 

step leads to saving time and simplifying the synthesis 

process which is suitable for industrial works that seek simple 

and uncomplicated synthesis processes. One of the reasons 

for the functionalization of adsorbents is to increase the 

selectivity of the adsorbent, but in the present project, without 

functionalizing the adsorbent, we were able to achieve almost 

good results in the selectivity test for vanadium and uranium.  
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Table 7: desorption of vanadium by magnetite nanoparticle with using of different concentration of (𝑵𝑯𝟒)𝟐𝑪𝑶𝟑and 𝑵𝑯𝟒𝑯𝑪𝑶𝟑 

stripping agents (M) Percentage of vanadium desorption 

ammonium carbonate 0.5 93.3 

ammonium bicarbonate 

0.2 95.4 

0.5 91.2 

0.7 92.0 

1 91.6 

 

Table 8:  Selectivity of adsorbent 

 V U Fe 

pH Ci(
mg

l
) Cf(

mg

l
) 

Extraction 

(Percent) 
Kd Ci(

mg

l
) Cf(

mg

l
) 

Extraction 

(Percent) 
Kd Ci(

mg

l
) Cf(

mg

l
) 

Extraction 

(Percent) 
Kd 

1.5 8.2 0.63 92.3 343.3 8.8 4.4 50 28.6 7.6 48 -531.6 -24 

3.5 14 0.95 93.2 392.5 11.7 4.3 63.2 49.2 5.8 95.4 -1544.8 -26.8 

7 8.2 1.37 83.3 4.142 8.8 3.3 62.5 47.6 7.6 12 -57.9 -10.5 

Investigation of desorption of Vanadium from adsorbent 

It was observed that the adsorbent with magnetite core 

under the mentioned optimal conditions was able to adsorb 

more than 99.6% of vanadium from the aqueous solution. 

Therefore, the study of separation with this adsorbent 

entered subsequent study. To do this, vanadium was 

adsorbed from the solution under optimal separation 

conditions obtained from the previous steps, and then  

the vanadium containing adsorbent entered the desorption 

step. At this stage, the separation of vanadium from  

the adsorbent was studied using stripping agents including 

sulfuric acid, ammonium bicarbonate and ammonium 

carbonate. sulfuric acid could strip a relatively lower 

percentage of vanadium than the other two stripping 

agents. Thus, different concentrations of the other two 

stripping agents, namely ammonium bicarbonate and 

ammonium carbonate, were investigated. The results of 

this study are presented in the Table 7. 

 

Selective separation effect 

To investigate the effect of the presence of different 

ions in the solution containing vanadium on the separation 

of vanadium, the study was performed under optimal 

extraction conditions at pH 1.5, 3.5 and 7.0. Standard ICP 

solutions (uranium and iron) with vanadium were used for 

this purpose. The final volume of the experiments was adjusted 

to 20 mL (10 mL of the volume of solution to be extracted 

plus 10 mL of magnetite nanoparticle adsorbent at  

a concentration of 7000 mg/L) in a test tube and the pH  

of the solution to the desired values. Table 8. shows  

the amount of metal extraction at pH 1.5, 3.5 and 7.0. From 

these results, it is obvious that increasing other metal ions 

at neutral pH (pH 7.0) has reduced the vanadium 

separation, which is not significantly different from the 

values extracted under optimal extraction conditions 

without the presence of other ions. Separation of vanadium 

at more acidic pH (pH equal to 1.5 and 3.5) also changed 

to less than normal extraction under optimal conditions.  

It is noteworthy that despite the high adsorption of 

vanadium, the adsorption of another element, uranium was 

relatively good and more than 50%, which indicates  

the high adsorption capacity of the adsorbent for this group 

of heavy metals. According to Table 8.  the unusual results 

obtained from iron metal ions with this adsorbent in the 

mentioned conditions were due to the adsorbent material. 

Iron adsorption was adsorbed by the adsorbent.  

The appropriate solution to this problem is to increase  

the concentration of iron ions in the solution relative  

to the concentration of iron in the adsorbent so that if some 

iron in the adsorbent enters the solution, there will be  

no problem in adsorbing the ions in solution. Due to  

the complexity of the extraction conditions of the elements 

as well as the preparation of the adsorbent for the separation 

of elements and other metals, it is necessary to conduct 

more detailed studies on this issue. 

 

CONCLUSIONS 

Vanadium separation studies were performed by 

adsorption of non-functionalized magnetite nanoparticles 

under optimal conditions, pH 3.5 and with a rapid kinetics 
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at an optimal time of 30 minutes, more than 99.6 percent 

vanadium was removed from the solution. The adsorption 

model showed good agreement with the Langmuir 

adsorption isotherm and showed the separation capacity of 

vanadium with these particles was 78 mg/g. The kinetics 

of the experiment displayed that the data obtained were 

more consistent with the pseudo-second-order kinetic 

model. The results of thermodynamic calculation indicated 

that the reaction is endothermic (∆𝐻° > 0 ), spontaneous  

(∆𝐺° < 0) and increased randomness (∆𝑆° > 0 ) during 

adsorption. The pH parameter and the initial vanadium 

concentration were considered as an important parameters. 

Vanadium desorption studies from the surface of the 

particles showed that the highest amount, i.e. 95.42 

percent, is obtained by ammonium bicarbonate with a 

concentration of 0.2 M. Separation of vanadium in the 

presence of iron and uranium cations at pH 1.5, 3.5 and 7.0 

showed that 92.3, 93.2 and 83.3 percent of vanadium were 

extracted, respectively. It seems that by changing the pH 

conditions, vanadium can be separated from other 

associated elements. This issue requires further 

investigation.  
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