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ab s t r ac t
Iron vanadate (FeVO4) was synthesized by a co-precipitation method and was firstly used as an adsor-
bent for the removal of Cu2+ from aqueous solution. The effects of operating parameters on the adsorp-
tion of Cu2+ by FeVO4 such as contact time, temperature, solution pH and initial concentration of 
Cu2+ were investigated. Kinetic study exhibited that the adsorption of Cu2+ onto FeVO4 followed a 
pseudo-second-order model and was controlled by the film diffusion with a small contribution of 
intraparticle diffusion. The equilibrium data could be well fitted with the Langmuir isotherm, indi-
cating a monolayer adsorption process. The mean free energy E (kJ mol–1) got from the D–R isotherm 
also suggested the chemisorption nature of the adsorption process. The desorption study showed that 
95% and 98% of Cu2+ was desorbed from FeVO4 using 0.1 M of HNO3 and 0.1 M of EDTA, respectively. 
Moreover, the maximum adsorption capacity of FeVO4 toward Cu2+ is 55.6 mg g–1 at pH 5.0, which is 
higher than most of the adsorbents reported in the same pH range. The results indicate that FeVO4 is 
a promising adsorbent for the removal of Cu2+ from waste effluents.
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1. Introduction

With the rapid development of industrialization, heavy 
metals discharged from different industries such as electro-
plating, mining, battery manufacturing and metal processing 
have received increasing attention due to their high toxicity 
and non-biodegradability [1–3]. Copper is one of the most 
widely used heavy metals in various industrial applications 
because of its excellent physical and mechanical proper-
ties. Although ultra-trace amount of copper is nutritionally 
essential for human life and health, it can cause serious 

and detrimental effects when it exceeds a certain threshold 
amount. It has been reported to cause itching, stomach, intes-
tinal distress, kidney damage, Wilson’s disease and eventual 
death [4,5]. The maximum contaminant level for copper in 
drinking water, as recommended by the Environmental 
Protection Agency is 1.3 mg L–1 [6]. Therefore, cost-effective 
treatment methods are highly needed to satisfy the environ-
mental regulations.

Owing to their adverse impacts on environment and 
human life, various technologies and processes have been 
utilized for efficient removal of heavy metals from solu-
tions, including but not limited to chemical precipitation, ion 
exchange, electrolysis, reverse osmosis, solvent extraction, 
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membrane filtration and adsorption [7,8]. Among these tech-
niques, adsorption is regarded as one of the most promising 
and recommended methods because it is highly efficient, 
cost effective and versatile. So far, numerous natural and 
synthetic materials have been employed as effective adsor-
bents such as carbon materials [9,10], oxide minerals [11–13], 
resins [14], clays [15,16], fly ash [17], chitosan [18] and so on. 
However, most of these adsorbents suffer from high cost and 
low adsorption capacities. Therefore, searching for novel 
adsorbents with low cost, high efficiency and high adsorp-
tion capacity is still a challenging task.

Transition metal-based orthovanadates (MVO4) have 
attracted considerable attention due to their applications in 
various fields. Among the metal vanadates, iron vanadate 
(FeVO4) has been intensively investigated because of its 
 electrochemical, catalytic, magnetic properties and specific 
structure. Deng et al. [19] prepared FeVO4 by a wet chemical 
process for the heterogeneous Fenton degradation of Orange 
II. Kaneti et al. [20] synthesized FeVO4 via a facile hydrother-
mal approach and subsequent calcination and investigated its 
gas-sensing capabilities toward volatile organic compounds. 
He et al. [21] fabricated large-sized FeVO4 by a flux method, 
and its magnetic behaviors were investigated by means of sus-
ceptibility, magnetization and heat capacity measurements. 
Shad et al. [22] synthesized Ce-doped FeVO4 nanocomposite 
and used it as anode material in Li-ion batteries. However, 
according to our knowledge, there is no report regarding the 
application of FeVO4 for heavy metal removal to date.

Herein, FeVO4 was synthesized by a co-precipitation 
method and was firstly used as an adsorbent for the removal of 
Cu2+ ions from aqueous solution. Effects of solution tempera-
ture, pH, initial Cu2+ concentration and equilibrium time on the 
sorption performance of FeVO4 were evaluated systematically. 
The adsorption kinetics, isotherms and probable adsorption 
mechanism were also investigated. Moreover, the adsorbate–
adsorbent interaction was explored by desorption studies.

2. Experimental setup 

2.1. Materials

Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O) was pro-
vided by Scharlau (Barcelona, Spain), while copper standard 
solution and ammonium monovanadate (NH4VO3) were pur-
chased from Merck (Darmstadt, Germany). All other reagents 
were of analytical reagent grade and were used without fur-
ther purification. Deionized water was used in the whole 
experiment. The initial pH was adjusted by the addition of 
NaOH or HNO3 solution.

2.2. Preparation of FeVO4

FeVO4 was synthesized by co-precipitation method using 
Fe(NO3)3·9H2O and NH4VO3 as precursors [19]. In a typical 
procedure, 4.68 g of NH4VO3 was added into 200 mL deionized 
water at 70°C under vigorous stirring. Then, 100 mL of 0.4 M 
Fe(NO3)3 solution was added dropwise into the above solution 
with constant stirring. After the NH3·H2O solution was added 
to adjust the solution pH to 7, the mixture was maintained at 
70°C for 1 h. The precipitate was separated by centrifuging, 
washed with deionized water and dried at 100°C.

2.3. Characterization

The crystalline structures of the as-prepared samples were 
determined by powder X-ray diffraction (XRD) on a D/MAX-RB 
diffractometer with Cu Kα radiation. The morphology and micro-
structure of the FeVO4 adsorbent were analyzed by SEM model 
JSM 5610LV (JEOL, Japan). The Brunauer–Emmett–Teller (BET) 
surface area was measured through N2 adsorption–desorption 
isotherms using a TriStar II 3020 V1.03 nitrogen adsorption appa-
ratus (Micromeritics, USA). The point of zero charge (PZC) was 
determined using 0.1 M NaNO3 solution as a background elec-
trolyte. FeVO4 (30 mg) was added into 40 mL of 0.1 M NaNO3 
solution in reaction flasks, and the initial pH values were 
adjusted in the range of 3–9. The flasks were placed in a shaker 
bath for 12 h at 298 K, and the final pH of the suspension was 
noted. The difference between initial and final pH (ΔpH) values 
was plotted against the initial pH values, and the pH at which 
the curve crosses zero was taken as the PZC of FeVO4.

2.4. Adsorption studies

Adsorption of Cu2+ from aqueous solutions was studied 
using batch experiments. All experiments were carried out 
by adding 30 mg of the adsorbent into 40 mL of Cu2+ solu-
tions. The reaction vessels were then equilibrated in shak-
ing bath with a speed of 180 rpm at 298, 308 and 318 K, 
respectively. Effects of pH (3–8) and initial concentration 
(10–160 mg L–1 Cu2+) were also studied. Unless otherwise 
specified, the experiments were carried out at 298 K, in which 
the pH was maintained at 5.0 ± 0.1 and the initial Cu2+ con-
centration was 60 mg L–1. After equilibrium, the suspensions 
were filtered to determine the residual concentration of Cu2+ 
with Perkin-Elmer 800 atomic absorption spectrometer.

For the desorption studies of Cu2+, 30 mg of the used 
FeVO4 was added into 40 mL of 0.1 M EDTA, 0.1 M HNO3 
and deionized water (pH 3–10), respectively, and was shaken 
for 4 h. The suspensions were filtered and then analyzed for 
the Cu2+ desorbed from the FeVO4.

3. Results and discussion

3.1. Characterizations

As shown in Fig. 1(a), the XRD pattern of the as- prepared 
FeVO4 presented a weak and broad peak at the 2θ angle of 
about 27°, indicating that the sample was a kind of  amorphous 
compound. The SEM image confirmed the amorphous state of 
the FeVO4. As can be seen from Fig. 1(b), the adsorbent parti-
cles are non-homogeneous in respect of size and shape. The N2 
adsorption–desorption isotherms and Barrett–Joyner–Halenda 
pore size distributions of FeVO4 are shown in Fig. 1(c). The BET 
 surface area and total pore volume of FeVO4 are 135 m2 g–1 and  
0.37 cm3 g–1, respectively. The PZC of the FeVO4 was deter-
mined to understand and optimize the influence of pH on the 
removal of Cu2+. The interaction of cations with the surface 
of a material is favored at pH > pHPZC while the interaction 
of anions is favored at pH < pHPZC. As presented in Fig. 1(d), 
the PZC of FeVO4 is 6.8, suggesting that the surface of FeVO4 
is predominated by positive charges at pH lower than 6.8 
while the surface is predominated by negative charges at pH 
higher than 6.8. The result is comparable in magnitude to the 
reported value of PZC (6.3) for FePO4 [23]. 
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3.2. Effect of pH

Solution pH is an important controlling parameter since 
it affects the degree of ionization, surface charge and the spe-
ciation of Cu2+, all of which would affect the uptake capacity 
as well as the adsorption mechanism. Hence, the influence 
of solution pH on Cu2+ adsorption by the FeVO4 was investi-
gated at pH 2.0–8.0. It can be seen from Fig. 2 that the removal 
of Cu2+ by FeVO4 is highly pH-dependent, and the adsorption 
of Cu2+ increases with the increase of the solution pH from 2.0 
to 6.0. The reason is that at low pH (<6.0), the concentration 
of H+ is much higher than that of the Cu2+; as a result, the 
H+ occupies the binding sites on the FeVO4 and leaves Cu2+ 
free in solution, thereby low value of adsorption capacity was 
obtained at pH 2.0. As the solution pH increased, the amount 
of H+ in the solution was decreased, and the sites on the sur-
face of FeVO4 were mainly turned into a dissociated form and 
could exchange H+ with Cu2+ in solution, thus resulted in the 
increase of the adsorption capacity [24]. On the other hand, 
regarding the PZC 6.8 of FeVO4, since the solution pH is lower 
than 6.8, the surface hydroxyl sites could be protonated and 

Fig. 1. (a) XRD pattern of FeVO4, (b) SEM image of FeVO4, (c) N2 adsorption–desorption isotherms and pore structure distribution 
of FeVO4, and (d) point of zero charge of FeVO4.
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Fig. 2. Effect of pH on the adsorption Cu2+ by FeVO4 at 298 K.
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positively charged, as the pH increased from 2.0 to 6.0, the 
negatively charged sites were increased, and the positively 
charged sites were decreased, which were in favor of the Cu2+ 
adsorption. It is also observed that the adsorption capacity 
was significantly increased at pH from 6.0–8.0. As we know, 
copper ions in solution can be present in several forms, such 
as Cu2+, Cu(OH)+, Cu(OH)2, Cu(OH)3

– and Cu(OH)4
2–. Cu2+ is 

the predominant species at pH < 6.0 [25]. However, when the 
solution pH is higher than 6.0, the precipitation of Cu(OH)2 
in the solution may be responsible for the increase of adsorp-
tion capacity. Thus, further experiments were carried out at 
pH 5.0 to eliminate the interruption of Cu2+ precipitation.

3.3. Kinetic study

The effect of contact time on the removal of Cu2+ by FeVO4 
was studied at pH 5.0, and the results are shown in Fig. 3. The 
curves show significant removal of Cu2+ in the first 30 min 
and then gradually reach an equilibrium value in ~4 h regard-
less the effect of temperature. The initial rapid adsorption 

could be ascribed to the availability of more vacant sites on 
the FeVO4 surface, whereas the low adsorption after 30 min 
may be attributed to the competition among the Cu2+ for the 
limited number of available surface sites.

To further understand the adsorption process, pseu-
do-first-order, pseudo-second-order and Elovich models 
were applied to fit the adsorption kinetic data.

The pseudo-first-order rate equation of Lagergren and 
Kungliga based on solid capacity is generally expressed as 
follows [26]:

log( ) log
2.303

1q q q
k t

e t e− = −  (1)

The pseudo-second-order rate equation developed by Ho 
and McKay [27] is given as follows:

t
q k q

t
qt e e

= +
1

2
2  (2)

The linear form of the Elovich equation is given as 
 follows [28]:

q = b ab + b tt ln( ) ln  (3)

where qe and qt (mol g–1) are the amount of Cu2+ adsorbed 
at equilibrium and time t (min), respectively; k1 (min–1) and 
k2 (g mol–1 min–1) are the pseudo-first-order and pseudo- 
second-order rate constants of adsorption, respectively; 
a (mol min g–1) is the initial adsorption rate; and b (g mol–1) is 
the desorption constant related to the extent of surface cov-
erage and activation energy of chemisorption.

The calculated parameters and the corresponding cor-
relation coefficient R2 are summarized in Table 1. As can be 
seen from Table 1, the data shows good correspondence with 
the pseudo-second-order model, and the values of correla-
tion coefficient (R2) are superior to 0.999, which are higher 
than those for the pseudo-first-order and Elovich models. 
On the other hand, the calculated qe values are close to the 
experimental data in the case of pseudo-second-order model 
while there is a large difference of qe between the experimen-
tal and calculated results in pseudo-first-order model. All 
these  suggested that the adsorption process best fits the pseu-
do-second-order model and chemisorption is the  possible 
route of Cu2+ adsorption onto the FeVO4.

3.4. Adsorption kinetics mechanism

From the mechanism point of view, it is necessary to iden-
tify the rate-controlling steps involved during the adsorption 
process. In general, adsorption reaction follows three consecu-
tive steps [29]: (1) transport of solute ions to the external surface 
of the adsorbent (film diffusion); (2) transfer of ions from the 
surface to the pores of the adsorbent (particle diffusion) and 
(3) adsorption of ions on the interior surface of the adsorbent. 

In order to get insight into the adsorption mechanism, the 
experimental data were subjected to the intraparticle diffu-
sion model, formulated as follows [30]:

q k t Ct i= +id
0 5.   (4)
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Fig. 3. (a) Effect of contact time on the adsorption Cu2+ by FeVO4 
and (b) pseudo-second-order plot for Cu2+ adsorption on the 
FeVO4 at different temperatures.
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where kid is the intraparticle diffusion rate constant  
(mol g–1 min–1/2); Ci (mol g–1) is the intercept at stage  
i, which reflects the boundary layer effect. The larger  
Ci represents the greater boundary layer effect. The plots 
of qt vs. t0.5 at  different initial concentrations are shown in 
Fig. 4. Intraparticle diffusion is considered to be the rate- 
controlling factor if the plot is linear and passes through the 
origin. As we can see from Fig. 4, none of plots gives linear 
straight line passing through the origin, indicating that the 
intraparticle diffusion is not the only rate-controlling step. 
Moreover, the initial curved portion of the plots suggests 
film diffusion, and the subsequent linear portion could be 
ascribed to the intraparticle diffusion.

The Richenberg model was further applied to differenti-
ate between film diffusion and intraparticle diffusion, which 
can be employed as follows [31]:

F
n

n Bt= −


















 −∑1 6 1

2 2
1

2

π

∞

exp( )   (5)

where F is the fractional attainment of equilibrium at time t, 
which is obtained as follows:
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Rearranging the above equation gives:
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where Bt is a mathematical function of F, and m is an  integer 
that defines the infinite series solution. The linear plots of Bt 
against t at different temperature differentiate film  diffusion 
and intraparticle diffusion. If the plot is linear passing 
through the origin, adsorption will be governed by intrapar-
ticle diffusion; otherwise, it is governed by film diffusion. 
As is obvious from Fig. 5, the plots are straight lines and 
do not pass through the origin. All these results indicate 
that the adsorption of Cu2+ onto FeVO4 is mainly controlled 
by film diffusion, along with a considerable contribution 
of intraparticle diffusion. Similar results were reported for 
the adsorption of Cu2+ onto poly(acrylamide)/attapulgite 
 composite [32].

3.5. Isotherm study

The equilibrium adsorption models are commonly 
used to describe the adsorption system and its mechanism. 
Hence, the adsorption data were studied by Langmuir 
and Freundlich isotherms with various initial concentra-
tions of Cu2+ at 298, 308 and 318 K. The Langmuir isotherm 

Table 1 
Calculated kinetic parameters for the adsorption of Cu2+ by FeVO4

Temperature, 
K

qe,exp,  
mol g–1

Pseudo-first-order model Pseudo-second-order model Elovich model

k1,  
min–1

qe1,cal,  
mol g–1

R2 k2, g mol–1 
min–1

qe2,cal,  
mol g–1

R2 a, mol  
min g–1

b,  
g mol–1

R2

298 0.0005539 0.0125 0.0001490 0.9178 544.85 0.0005617 0.9998 3,808.77 0.0003 0.9276
308 0.0005728 0.0166 0.0001475 0.9701 746.65 0.0005791 1 3,729.56 0.0004 0.8404
318 0.0006146 0.0185 0.0001920 0.9775 795.51 0.0006225 0.9998 2,832.87 0.0004 0.8599
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Fig. 4. Intraparticle diffusion plot for the adsorption Cu2+ by FeVO4.
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considers the adsorption to be monolayer and ignores the 
mutual interaction among the adsorbed molecules, whereas 
the Freundlich isotherm is used to estimate the adsorption 
intensity of the adsorbent toward the adsorbate. The linear 
equations can be represented as follows [33,34]:

C
q q K

C
q

e

e m L

e

m

= +
1   (9)

log log logq K
n

Ce F e= +
1   (10)

where qe is the equilibrium adsorption capacity of adsorbent 
(mol g–1); Ce is the equilibrium concentration (mol L–1); qm is 
the maximum adsorption capacity (mol g–1); KL (L mol–1) is 
the Langmuir sorption constant; KF (L mol–1) is the Freundlich 
constant; and 1/n is the heterogeneity factor.

The plots of Langmuir and Freundlich for the adsorp-
tion of Cu2+ onto FeVO4 at different temperatures are shown 
in Figs. 6 and 7, respectively. The results obtained from the 
two adsorption isotherms are listed in Table 2. It is obvi-
ously that the Langmuir model gives better fittings than the 
Freundlich model, and the values of qm are in good agreement 
with experimental data. In addition, the values of qm and KL 
increase with the increase of temperature, which indicate the 
endothermic behavior of the adsorption process. Moreover, 
the maximum adsorption capacity collected from the litera-
tures for several well known and commonly used adsorbents 
are given in Table 3. The comparison of adsorption capacity 
indicates that FeVO4 is a promising material for the removal 
of Cu2+ from solution as compared with other adsorbents.

In order to investigate whether the Cu2+ adsorption onto 
FeVO4 is favorable, the dimensionless separation factor (RL) 
can be calculated from the Langmuir plot by the following 
equation [42]:

R
K CL
L

=
+
1

1 0

  (11)
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Fig. 7. Freundlich plot for the adsorption Cu2+ by FeVO4.

Table 2 
Calculated isotherm parameters for the adsorption of Cu2+ by FeVO4

Temperature,  
K

qe,exp,  
mol g–1

Langmuir model Freundlich model D–R model

kL, L mol–1 qm, mol g–1 R2 KF, L mol–1 n R2 E, kJ mol–1 R2

298 0.0008750 8,662.7 0.00085763 0.9728 0.001911 7.0225 0.8419 18.26 0.9711
308 0.0010449 5,915.0 0.00010417 0.9341 0.003197 5.0531 0.8624 16.22 0.9418
318 0.0011561 7,396.4 0.00011211 0.9392 0.003930 4.7619 0.8735 15.81 0.9620

Table 3 
Comparison of maximum adsorption capacities with various 
 adsorbents for Cu2+ removal

Adsorbent Maximum Cu2+ 
uptake (mg g–1)

Optimum  
pH

References

GO/Fe3O4 18.30 5.3 [25]
G-ZnO 37.54 6.0 [35]
γ-Fe2O3 27.70 6.5 [36]
EDTA-Fe3O4 46.27 6.0 [37]
Iron oxide modified 
sewage sludge

17.30 5.0 [38]

Nanometer-size TiO2 26.50 6.0 [39]
Chitosan 16.80 5.0 [40]
Spent activated clay 10.90 5.0 [41]
FeVO4 55.60 5.0 This study
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where C0 is the initial concentration (mol L–1). The value of 
RL indicates the type of adsorption process to be irrevers-
ible (RL = 0), favorable (0 < RL < 1) or unfavorable (RL > 1). 
In the present study, all the values of RL lie between 0.0407 
and 0.5061, indicating the favorable adsorption of Cu2+ onto 
FeVO4.

To further probe into the mechanism of the adsorp-
tion process, whether it is physisorption or chemisorption, 
Dubinin–Radushkevich (D–R) equation was applied, which 
can be written as follows [43]:

ln lnq qm= −βε2   (12)

ε = RT
Ce

ln 1 1
+









   (13)

where β is a constant related to mean adsorption energy 
(mol2 J–2); R is the gas constant; and ε is the Polanyi poten-
tial (kJ2 mol–2). The data was interpreted by D–R model that 
showed reasonable fit to the experimental data with R2 > 0.94 
(Table 2). The mean free energy (E), which is defined as the 
change in free energy when one mole of ion from infinity in 
solution is transferred to the surface of the solid, can be cal-
culated using the following expression [44]:

E =
1
2β

  (14)

The magnitude of this parameter gives information about 
the type of adsorption accordingly: E < 8 kJ mol–1, the adsorp-
tion process occurs physically; E > 8 kJ mol–1, the adsorption 
proceeds chemically. In the present case, the values of E are 
found to be within the energy range of 15.81–18.26 kJ mol–1 
(Table 2), which indicates that the chemisorption process is 
responsible for the Cu2+ adsorption onto FeVO4.

3.6. Desorption

Desorption of Cu2+ from FeVO4 was first studied using 
deionized water under different pH (3.0–10.0). As can 
be seen from Fig. 8, the maximum desorption of Cu2+ in 

deionized water was 38% at pH 3.0; thereafter, it sharply 
decreased toward strong alkaline region. However, when 
using HNO3 (0.1 M) and EDTA (0.1 M) as regenerants, 
the desorption ratios of Cu2+ were increased to 95% and 
98%, respectively. The high desorption efficiency could 
be attributed to that when HNO3 is used as regenerant, 
the desorbed Cu2+ could be ascribed to the ion exchange 
between H+ in the solution and the Cu2+ adsorbed on the 
adsorbent site. Compared with HNO3, EDTA showed bet-
ter desorption ability of Cu2+ that could be ascribed to the 
higher chelating stability constant of EDTA with Cu2+. The 
results showed that FeVO4 would be a promising adsorbent 
for removing Cu2+ from water.

4. Conclusions

FeVO4 was synthesized, characterized and applied for 
the removal of Cu2+ ions from aqueous solution. The results 
showed that FeVO4 was highly efficient for the removal of 
Cu2+ from aqueous solution. The adsorption process was 
favorable at higher pH and temperature. The adsorption 
kinetics data followed pseudo-second-order model, sug-
gesting the chemical adsorption of the process. Equilibrium 
study showed that the Cu2+ adsorption of FeVO4 followed 
the Langmuir isotherm model, suggesting that the pro-
cess was mainly controlled by monolayer adsorption. 
The desorption study revealed that 95% and 98% of Cu2+ 
was desorbed from FeVO4 using HNO3 (0.1 M) and EDTA 
(0.1 M), respectively. Moreover, the maximum adsorption 
capacity of FeVO4 toward Cu2+ was found to be 55.6 mg g–1  
at pH 5.0, which is higher than most of the currently 
reported adsorbents. Our research demonstrates that 
FeVO4 can be a promising and effective adsorbent for toxic 
heavy metal removal.
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