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a b s t r a c t

This research deals with the chemical modification of activated carbon surface with the iron functional 
groups to enhance the adsorption ability. The modification process was optimized and the effects 
of three factors (temperature, reaction time, and iron concentration) on the removal abilities of iron 
impregnated activated carbon (I-AC) adsorbents were investigated. The adsorbent prepared at opti-
mum conditions (I-AC-OP) was able to remove about 99.70% of vanadium in 3 h. The iron impregnated 
adsorbents were characterized using different techniques. Acid-base titrations of activated carbon and 
I-AC-OP were performed and the surface charge characteristics of adsorbents were determined using 
FITEQL software. The effects of pH, ionic strength, time and temperature on vanadium removal abili-
ties of adsorbents were evaluated in batch method. Experimental data showed that ionic strength had 
no influence on vanadium removal. The experimental data of vanadium (V) removal in various pH was 
modelled by diffuse double layer model (DDLM) using FITEQL software. The results demonstrated 
that the DDLM is able to fit the removal process in the pH range measured. The kinetic data suggested 
that chemical adsorption was the controlling step for vanadium removal process, rather than the mass 
transfer. The maximum adsorption capacity of I-AC-OP for vanadium was 81.96 mg·g–1.

Keywords:  Activated carbon; Surface modification; Optimization; Surface complexation modeling; 
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1. Introduction

Heavy metals in aqueous mediums, as the main indus-
trial pollutants, are known as hazardous materials due to 
their toxic effects on human health, and animals. These haz-
ardous materials are non-biodegradable and release to the 
environment from various industries. One of these metals 
is vanadium that has been discharged to the environment 
through different industrial plants. The existence of vana-
dium in the environment has critical impacts on the human 
health. An excess amount of vanadium in humans can 
cause various diseases such as anaemia, cough, emaciation, 
irritation of mucous membrane, gastrointestinal distur-

bances and bronchopneumonia. Likewise, excess amount 
of this hazardous metal in the environment can reduce the 
productivity of the plants [1–3]. Due to the toxic effects 
and economic conditions, the removal of vanadium from 
industrial wastes is essential. The vanadium separation 
from industrial wastes has been investigated via several 
processes including precipitation, extraction, membrane 
process, ion-exchange and adsorption [3–7]. Some of these 
processes have high capital and operational costs. There 
are also some problems in disposal of the impure solvents 
(that contain pollutants) and the residual metal sludge. The 
results of some research in this area show that the adsorp-
tion process can be a satisfying treatment process for the 
separation of heavy metal ions from aqueous solutions [8].
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Because of the unique porous structure, high specific 
surface area and special chemical structure activated car-
bons can adsorb many kinds of pollutants from industrial 
streams, but the selectivity of these adsorbents is low for 
special pollutant such as vanadium [9,10]. In recent years, 
the chemical surface modification of activated carbons 
has attracted extensive interest in order to enhance the 
ion exchange properties of these adsorbents for selective 
adsorption of special pollutants. Results of previous inves-
tigations indicated that modification of the activated carbon 
surface can improve the adsorption ability and selectiv-
ity of this adsorbent with iron functional groups [11–13]. 
There are different modification processes that have been 
suggested for impregnation of iron onto activated carbon 
surface. In these processes, different iron salts and pre-ox-
idation agents are used to modify the activated carbon 
surface under different process conditions [11–16]. Due to 
reduce the energy and cost of the modification process and 
suggest an easy process, it is important to study the effects 
of the main process factors such as temperature, reaction 
time, iron salt kind and its  concentration. 

However, there is still a lack of a thorough investiga-
tion of the influence of modification process factors on 
adsorption ability of iron impregnated activated carbon 
(I-AC) adsorbents [17]. In the previous paper, we modi-
fied commercial activated carbon surface by anchorage 
ferric oxide-hydroxide nanoparticles onto carbon sur-
face and used it for the vanadium removal; but we didn’t 
investigate the effects of modification process factors [18]. 
Similarly, we used iron sulphate and KMnO4 as pre-ox-
idation agent [18,19]. To evaluate the effects of iron salt 
and pre-oxidation agent, we used iron nitrate salt and 
nitric acid as iron source and pre-oxidation agent, respec-
tively and compared the adsorption ability of this adsor-
bent with our previous results. The vanadium adsorption 
process was also modelled using surface complexation 
method for the first time. Therefore, this study focuses on 
the following subjects:

•	 Optimization of the surface modification of activated 
carbon and synthesis I-AC adsorbents

•	 Characterization of these adsorbents
•	 Investigation of the influences of operating parameters 

on vanadium ion removal 
•	 Modelling of vanadium removal using the surface com-

plexation method
•	 Study the kinetics, equilibrium and desorption 

processes  

2. Experiments

2.1. Raw materials

The starting extruded activated carbon (ROY 0.8) was 
purchased from Norit and applied for the surface modifica-
tion. The starting carbon was denoted as EAC. 

2.2. Chemical modification procedure 

To chemical modification of EAC surface, 15 g of EAC 
sample was oxidized as follows: 

200 mL nitric acid solution (Merck Co., 63%) and EAC 
sample were placed into glass round-bottom flask and agi-
tated at 45°C for 3 h. After this time, the pre-oxidized EAC 
was separated from solution and washed several times 
with ultra pure water until the pH of washing water would 
become constant and then, it was dried at 60°C in an air 
oven overnight. 

Each modification test was performed as follows: 
0.5 g of pre-oxidized EAC was immersed in 10 mL 

Fe(NO3)3 solution with pre-determinediron concentration 
(mol L–1),and the suspension was shaken at a selected tem-
perature for certain reaction time. After finishing the reac-
tion time, the iron impregnated activated carbon (I-AC) 
adsorbent was separated from iron-containing solution and 
washed with ultra pure water several times until the iron 
content of washing water becomes zero [18]. The adsorbent 
was oven-dried at 60°C for 1 day.  

2.3. Experimental design for modification process

In this study, the effects of three main process factors 
were studied: iron concentration, reaction time and tem-
perature. The Taguchi method was used for the experi-
mental design and the influences of these factors as well as 
the optimum process conditions for modification process 
of activated carbon surface was determined [19,20]. The 
Taguchi model is one of the most general and widely used 
experimental design methods that leads to reduce the cost 
and time [20].

According to Taguchi method, the standard orthogonal 
array L9, with three columns and nine rows can be used for 
this process [19]. Table 1 presents the process factors and 
the settings of these factors for the modification process 
experiments. In order to validate the predicted results, con-
firmation experiments were performed twice for optimum 
process conditions.

The I-AC synthesized samples were applied as adsor-
bent for vanadium removal according to Table 1 from aque-
ous solution and removal percentage was selected as the 
performance characteristic of modification process and the 
optimum process conditions were determined based on 
this parameter. Vanadium removal experiments were per-
formed as follows: 

Table 1
Arrangement of parameters in L9 orthogonal array

Parameters Fe(NO3)3 

Conc. (M)
Contact 
time (h)

Temp. 
(°C )

Removal 
% (Exp.)

Removal 
% (Calc.)Experiment

1 0.2 5 35 77.81 78.95
2 0.2 14 55 84.64 85.78
3 0.2 24 85 88.95 94.24
4 0.4 5 55 98.00 82.17
5 0.4 14 85 90.30 90.12
6 0.4 24 35 89.95 89.62
7 0.6 5 85 89.10 86.51
8 0.6 14 35 85.00 85.50
9 0.6 24 55 100.00 92.84
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0.05 g I-AC was put into contact with 50 mL vanadium 
solution with an initial concentration of 70 mg L–1 at ini-
tial pH 4.5 and shaken at 200 rpm at the room temperature 
for 3 h. After this time, the adsorbent was separated and 
V (V) concentration in the residual solution was analysed 
using atomic absorption spectrophotometer (AAS) (Varian 
AA240, wave length of 318 nm). The percentage of vana-
dium ions removed by I-AC was calculated and used for 
analysing using Taguchi method. All the above-mentioned 
removal experiments were repeated twice times and the 
average values were reported.

2.4. Characterization of adsorbents

The characterization tests have been done for EAC 
and I-AC sample that prepared at optimum conditions 
(I-AC-OP)).

In order to measure the pHZPC (point of zero charge) of 
EAC and I-AC-OP, a 50 mL of 0.1 mol L–1 NaCl solution was 
put into glass containers and the initial pH of these solu-
tions was adjusted in the range of 1–12 using 0.1 mol L–1 
HCl or NaOH solutions (Merck Co.). Then, 0.1 g of adsor-
bent was added to each container. The containers were agi-
tated for 48 h at 25°C. At the end of this time, filtration was 
done and the final pH of residual solutions was measured. 
The point that final pH equals initial pH of NaCl solution, 
is defined as pHZPC [8]. 

The amount of iron, which impregnated onto activated 
carbon surface, was determined by using X-ray fluores-
cence (XRF, Unisantis, and XMF-104).

The adsorption-desorption isotherms of N2 onto EAC 
and I-AC-OP were measured using an automatic volu-
metric system (Quantachrome NOVA 1000) and applied to 
calculate the specific surface area and pore volume of adsor-
bents according to BET method [21]. 

Scanning electron micrograph equipped with EDS 
(SEM-EDS, Tescan) was used to determine the morphology 
of iron structures that impregnated onto activated surface. 
The iron distribution and vanadium distribution were ana-
lysed by EDS microanalysis and element mapping analysis 
after adsorption throughout I-AC-OP surface. 

The surface chemistry of EAC and I-AC-OP samples 
was determined by using Fourier transform infrared radia-
tion (Nicolet FT-IR spectrophotometer, NEXUS 670), 4 cm–1 
resolution, sample/KBr = 1/100 within the range of 400–
4000 cm−1 wave number. 

In order to determine the structure of iron nanoparti-
cle, I-AC-OP sample was analyzed by applying an X-ray 
diffractometer (XRD, Philips X’ Pertdiffractometer, Cu Kα 
rad).

2.5. Potentiometric titrations for surface complexing modelling

The potentiometric acid-base titration was conducted to 
determine the surface acidity of EAC and I-AC-OP. Before 
starting the titration process, 3 g L–1 of adsorbent and 50 
mL of 0.01 mol L–1 NaClO4 as background electrolyte were 
added to vessel. The suspension was purged with argon gas 
for 200 min. The initial pH of suspension was adjusted to 
pH 2.5 by adding 1.5 mol L–1 HCl solution. After 1 h, the sus-
pension was slowly titrated with standard NaOH solution 
(0.05 mol L–1) to pH 11.20. The amount of NaOH solution 

added during titration process was variable between 0.1 to 
0.2 mL. The pH was recorded when the pH variation was 
less than 0.01 unit per minute. The data sets of pH were 
used to calculate intrinsic acidity constants versus net con-
sumption of H+ or OH–1 [22].

2.6. Vanadium removal experiments

Effect of pH and ionic strength: In order to investigate 
the vanadium removal efficiency as a function of initial pH, 
removal experiments were performed at various initial pH 
values. In these experiments, initial vanadium concentra-
tion, adsorbent dose, agitation speed and temperature were 
60 mg L–1, 1 g L–1, 250 rpm and 25°C, respectively. After 3 
h, the solution was filtered and vanadium concentration in 
residual was determined using AAS. To study the effect of 
ionic strength, the vanadium removal experiments at vari-
ous pH were conducted without and in the presence of 0.01 
mol·L−1 NaClO4as background electrolyte. 

Kinetics experiments: Kinetics experiments were con-
ducted as follows: 

50 mL of vanadium solutions with the initial concentra-
tion of 60 mg L–1 and initial pH 4.5 were poured into glass 
Erlenmeyers containing adsorbent (adsorbent dosage = 
1 g L–1). The Erlenmeyers were shaken at 200 rpm for the 
pre-selected times (5, 10, 15, 30, 45, 60, 90, 120, 180, 240 min) 
at 25°C, 35°C and 45°C. After filtration, the concentration 
of the vanadium in residual was analysed and the amount 
of vanadium ions adsorbed by EAC and I-AC-OP, q, was 
calculated. 

Equilibrium experiments: To study the equilibrium 
isotherms, 0.05 g of adsorbent was put into six Erlenmey-
ers. Then, 50 mL vanadium ion solution at various initial 
concentrations (25–50–75–100–150–200 mg L–1) was added 
to each Erlenmeyer. The initial pH of vanadium solutions 
was 4.5. The Erlenmeyers were shaken on an orbital shaker 
incubator at 200 rpm for 24 h at 25°C, 35°C and 45°C. After 
filtration and analysing the residual solution, the amount 
of vanadium ions adsorbed by EAC and I-AC-OP, q, was 
determined.

2.7. Desorption experiments

For investigation of the desorption of vanadium from 
adsorbents, the adsorbents (EAC and I-AC-OP) were satu-
rated with vanadium ions by contacting 1.2 g of adsorbent 
with 1 L of vanadium solution (100 mg L–1 and pH 4.5) for 
48 h. Then, the adsorbents were filtered, washed with dis-
tilled water to remove the un-adsorbed vanadium ions and 
dried in an oven at 70°C overnight.

In desorption experiments, the effects of extractant type 
(HCl, H2SO4, NaOH and Na2CO3) and its concentration 
(0.25–2 mol L–1) were studied. In desorption experiments, 
0.1 g of the V(V)-loaded adsorbents was agitated with 50 
mL of extractant solution at a speed of 200 rpm at 25°C for 
4 h. After filtration, the concentration of vanadium ions 
was determined in the solution by AAS. The percentage of 
desorption was calculated by dividing the amount of vana-
dium ions desorbed by the amount of metal ions adsorbed. 

Each desorption run was performed at least two times 
under identical conditions and the average values were 
reported.
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3. Results and discussion 

3.1. Optimizing the modification process

The experimental data obtained for removal of vana-
dium using I-AC samples is presented in Table 1 and ana-
lysed by Taguchi method. The mean effect for each level 
of the experimental factors is shown in Fig. 1. This figure 
indicates that the vanadium removal efficiency is increased 
by increasing the iron concentration, but, at 0.6 mol L–1 is 
slightly decreased. As can be seen in Fig. 1b, an increase in 
reaction time leads to an increasing vanadium removal effi-
ciency. This may be attributed to increase in the iron con-
tent of I-AC samples by increasing the reaction time [19]. By 
increasing reaction time, the iron molecules have enough 
time to interact with the functional groups of activated car-
bon surface and create more active adsorption sites onto 
I-AC surface. The XRF results showed that the iron content 
of I-AC samples synthesized at the experimental conditions 

1, 4 and 7 in Table 1 were 4.56 wt.%, 7.04 wt.% and 7.30 
wt.%, respectively. The initial decrease may be due to an 
interaction of iron concentration-reaction time and tem-
perature (Fig. 1e, f, g).

The results indicate that the optimum modification 
conditions are: concentration of iron = 0.4 mol L–1, reaction 
time = 24 h, and temperature = 55°C. The I-AC adsorbent 
synthesized at optimum process conditions has the ability 
to remove about 98.7% the vanadium ions from the aqueous 
solutions. 

Table 2 is the ANOVA results for the modification process. 
The contribution percentage of error is 7.317, which is not 
significant [19]. According to the Fisher tables with 90% con-
fidence for vanadium removal by I-AC adsorbents, the signif-
icance rate is F0.1, 2, 2 = 9 [23]. Therefore, the calculated F-value 
in the ANOVA table is bigger than the standard F-value for 
iron concentration and temperature factors, and these factors 
have great effects on the performance characteristic. 

Fig. 1. Effect of process factors on average response: (a) Iron concentration, (b) Reaction time, (c) Temperature, (e) Interaction be-
tween Conc. and Time, (f) Interaction between Conc. and Temperature, (g) Interaction between Time and Temperature for modifi-
cation process.
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Taguchi method was used to develop a correlation 
between performance characteristic and process factors. Eq. 
(1) describes the relation between vanadium removal % and 
process factors. 

R(%) . . . .= + + +71 5 4 9 0 51 0 112Conc. Time Temp  (1)

The predicted values using this equation were reported 
in Table 1. The results show that this model can describe the 
modification process efficiently. The standard error of these 
predicted values was 6.329 that is close to the contribution 
percentage of error presented in ANOVA Table. 

3.2. Characterization of adsorbents

3.2.1. Physical and chemical properties

The amount of iron (wt. %) impregnated onto I-AC-OP 
surface was 11.64. The iron content of EAC was <0.2 wt. % 
[18–19]. The pHZPC of EAC and I-AC-OP samples were 6.50 
and 5.05, respectively. The reduction of pHZPC is the result 
of the formation of more positive charges on the surface of 
I-AC-OP. The BET specific surface area and total pore vol-
ume of EAC and I-AC-OP were 1062 m2 g–1, 0.66 mL g–1 and 
918 m2 g–1, 0.556 mL g–1, respectively. These results indicate 
the iron molecules are impregnated onto EAC surface effi-
ciently [18–19].

Fig. 2(a) and (b) show the SEM micrographs of the 
commercial activated carbon (EAC) and I-AC-OP adsor-
bent. These micrographs indicate that the iron molecules 
are impregnated onto EAC surface as nanoparticles, and 
these nanoparticles have “silvered almonds shape”. The 
size of these nanoparticles ranged from a width of 50 nm 
to 100 nm and a length of less than 500 nm. Likewise, Fig. 
2c and 2d show the EDS and element mapping of I-AC-OP. 
These figures show the presence of iron on the surface of 
the adsorbent. Element mapping also shows that the iron 
is widely distributed on I-AC-OP surface. Fig. 2e and 2f 
show the presence and distribution of vanadium after 
adsorption using I-AC-OP by EDS and element mapping 
analysis.

Fig. 3a shows the FTIR spectra of EAC and I-AC-OP. 
Table 3 presents the assignments of IR absorption bands 
[18,24–27]. The data in Table 3 indicate that the iron mol-
ecules have chemical interaction with functional groups of 
activated carbon surface and create new bonds.

The XRD pattern of I-AC-OP sample is demonstrated 
in Fig. 3b. This figure shows the peaks at 21.3322, 28.9914, 
33.1092 and 36.7017 correspond to the standard 00-003-
0251. These peaks validate that the FeOOH structures are 
formed onto EAC surface. 

3.2.2. Surface acidity of EAC and INAC-OP: 

In Fig. 4a, the acid-base titration data for EAC and 
I-AC-OP and predicted curves have been illustrated. The 
total concentration of consumed protons (TOTH) in the 
titration process was calculated from Eq. (2): [28]:

TOTH
V V C
V V
b eb b

b

=
− −

+
( )1

0

 (2)

where V0, Vb, Cb are the initial volume of suspension 
(mL), the volume of OH–1 added at the different titration 
points (mL) and the concentration of NaOH solution (M), 
respectively. Veb1 (mL), the zero point of titration (ZPT) was 
obtained from the linear regression analysis of Gran values 
that were calculated from the following equations and pre-
sented in Fig. 5 [28]:

on the acidic side: G V V Va at b
pH= + + × ×−( )0 10 100  (3)

on the basic side: G V V Vb at b
pH= + + × ×− −( ) ( . )

0
13 810 100  (4)

where Vat presents the total volume of acid solution that was 
added to the suspension.

Result has shown the amphoteric character of activated 
carbon which contains one type of amphoteric surface 
hydroxyl group ≡ SOH, where S is the activated carbon sur-
face [29].

The adsorbent surface was modelled using the single 
site two-pK model, where the single surface adsorption site 
may exist on three protonation states: SOH2+, SOH and SO–. 
The surface protonation and deprotonation reactions can be 
presented as follows: 

≡ → ≡+ +SOH + H  SOH( )s 2  (5)

≡ → ≡ +− +SOH  SO H( )s
 (6)

The surface acidity constants for these reactions are 
defined respectively by:

K
SOH

SOH H
S a

s

−

+

+
=

≡{ }
≡{ }{ }1

2int  (7)

K
SO H

SOHS a
s

−

− +

=
≡{ }{ }

≡{ }2
int  (8)

where { SOH},{SOH }≡ +
2  and { SO }≡ −  are the concentra-

tion of un-protonated, protonated ions and deprotonated 
amphoteric hydroxyl group, respectively. The titration data 
were used to determine the surface acidity constants with 

Table 2
Results of ANOVA table for modification process

Synthesis 
parameters

Sum of 
squares

Variance 
(V)

F-ratio Contribution 
percentage

Iron conc. 
(mol L–1)

174.303 87.151 27.777 39.832

Reaction time 
(h)

63.463 31.731 8.293 13.339

Temp. (C) 172.965 86.482 22.603 39.512
Error 7.651 3.825 7.317
Total 418.384 87.151 27.777 100.000
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the diffuse double layer model (DDLM) using FITEQL v. 
4.0 code [30]. The results of the modelling are presented in 
Table 4. The surface speciation diagram of the surface sites 
is displayed in Fig. 4b as a function of pH (concentration of 
surface sites versus pH). Based on the WSOS/DF (weighted 

Fig. 2. (a) SEM micrograph of EAC; (b) SEM micrograph of I-AC-OP; (c): EDS analysis of I-AC-OP; (d): Element mapping of I-AC-OP; 
(e): Element mapping analysis of I-AC-OP after vanadium removal; (f): EDS analysis of I-AC-OP nanocomposite after vanadium 
adsorption.

Fig. 3. (a) The FTIR spectra of EAC and I-AC-OP adsorbents;  
(b) XRD patterns of I-AC-OP composite.

Table 3
Assignments of IR absorption bands for adsorbents [18,24–27]

σ (cm–1) Comments

3434, 3388 Hydroxyl groups (O–H) 
2922–2930 C–H aliphatic stretching  
2844–2850 –O–CH3 of the aldehyde group
1630 stretching vibrations of C=O in 

carbonyl, lactone and carboxyl groups
1455 stretching of C–O or O–H deformation 

in carboxylic acids
638 Formation of C–O–Fe bonds
790–880 Formation of Fe-O band
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sum of squares of residuals divided by the degree of free-
dom) parameter values in the range of 0–20, there is a good 
fitting of experimental data with DDLM model [28]. The 
WSOS/DF presented in Table 4 indicates that DDLM model 
provided a good description of surface charge characteris-
tics of I-AC-OP and EAC.

The following equation can been used to calculate the 
pHZPC according to acidity constants [28]:

Fig. 4. (a) Acid-base titration diagrams, (b) Surface speciation repartition diagram of adsorbents surface sites as a function of pH, 
(c) Effect of Ionic strength on vanadium removal, (d) Effect of initial pH on vanadium removal (Points: experimental data; lines: 
DDLM model predictions).

Fig. 5. Gran plots of EAC and I-AC-OP adsorbents.

Table 4
Surface complexation modelling constants and site concentration

Parameters EAC I-AC-OP

Intrinsic acidity constants and site concentration

log intKS a− 1
4.273 3.085

log intKS a− 2
–8.891 –7.027

Surface site density (mol g–1) 3.14 × 10–3 2.97 × 10–3

WSOS/DF 13.20 8.98

Surface complexation constants for vanadium adsorption

Log K1 2.515 4.831
Log K2 7.810 19.263
Log K3 3.671 5.782
WSOS/DF 14.10 10.71
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log logint intK K
pH

S a S a
ZPC

− −+
=1 2

2
 (9)

Based on Eq. (9), pHZPC was obtained 5.06 and 6.58 for 
I-AC-OP and EAC, respectively. These values are very close 
to the experimental values (Section 3.2.1). 

3.3. Vanadium removal 

3.3.1. Effect of initial pH and ionic strength

Fig. 4c presents the experimental data of vanadium 
removal at two values of ionic strength (zero and 0.01 mol 
L–1). These data show that the ionic strength has no effect on 
vanadium removal and it can be suggested that the inner-
sphere surface complexation dominates vanadium removal 
on I-AC-OP and EAC [22]. Other researchers found that 
vanadium (V) adsorbs onto activated alumina by forming 
inner-sphere complexes [31]. 

Fig. 4d shows the effect of initial pH on vanadium 
removal efficiency of EAC and I-AC-OP. The pH of solution 
affects the surface charge of adsorbent and the chemical 
species of adsorbate. The distribution diagram of vana-
dium species at various pH was evaluated by using FITEQL 
v4.0 code. According to FITEQL software results, the vana-
dium exists in the solution as cation (VO2

+) species at ini-
tial pH < 3, and at 4 < initial pH < 11, this metal exists as 
anionic species (VO2 (OH)2

–1 and VO3(OH)2–). The removal 
efficiency first increased by increasing initial pH (1–4), and 
then decreased (4.5–9). The pHZPC of adsorbents was 6.50 
and 5.05. The low vanadium removal efficiency at pH < 3 
is due to the repulsion between vanadium cations and the 
positive surface of adsorbents. At higher pH (3.5 < pH < 
5), the chemical species of vanadium are anions and can be 
adsorbed by the positive surface of EAC and I-AC-OP. At 
pH > 5.5, the surface of adsorbents has a negative charge 
and therefore, the vanadium removal is decreased [25]. 

3.3.2 Modelling of Vanadium ion removal using surface 
complexation method

Vanadium (V) removal data were fitted with DDLM 
using FITEQL 4.0. Based on the distribution of vanadium 
species in aqueous solution (Figure has not been shown), 
the main species of vanadium are VO2

+ at pH < 3 and 
VO2(OH)2

– and VO3(OH)2– at 4 < pH < 11. Therefore, the 

removal data were optimized to simplify their removal pro-
cesses throughout a wide pH range. The main adsorption 
reactions can be described by:

≡ + = ++ ° +SOH VO   SOVO H                         K12 2  (10)

≡ + = ++ − °SOH VO (OH)   SOH VO H O           K2 22 2 2 3 2  (11)

≡ + ++ − −SOH VO (OH)  =  SOVO (OH) H O          K3 22
2

2
1

3  (12)

The log K values of Eqs. (10), (11) and (12) are obtained 
by the best fitting of vanadium removal on I-AC-OP and 
EAC (Table 4). The calculated curves in Fig. 4d show that 
DDLM can fit the experimental removal data well. The 
higher Log K values prove higher vanadium removal 
capacity of I-AC-OP in comparison with EAC. 

3.3.3. Adsorption equilibrium 

In order to understand the adsorption process clearer, 
the available equilibrium data were fitted using the Lang-
muir and Freundlich isotherms. The isotherm equation, 
isotherm parameters and regression coefficient (R2) for 
these isotherms are reported in Table 5. The comparison 
among the regression coefficients indicates that the Fre-
undlich isotherm can describe the experimental data well. 
The results of Table 5 suggest that vanadium adsorption 
on EAC and I-AC-OP takes place as a heterogeneous pro-
cess. As reported in Table 5, the maximum adsorption 
capacity of I-AC-OP is 81.96 mg g–1 that is higher than 
that of EAC, and it is as a results of impregnation of iron 
functional groups with positive charges onto EAC surface 
[18–19]. The adsorption capacity of I-AC-OP is compa-
rable with the adsorption capacities of other adsorbents 
for vanadium such as chitosan derivation (12.22 mg g–1), 
ZnCl2 modified activated carbon (24.90 mg g–1), Fe (III)/Cr 
(III) hydroxide waste (11.43 mg g–1), Zr (IV)-loaded orange 
juice residue (51.9 mg g–1), PGTFS–NH3

+Cl− (51.98 mg g–1), 
and polypyrrole coated magnetize d natural zeolite (65.05 
mg g–1) [3,32–36]. 

Our results show that the vanadium adsorption 
capacity of iron impregnated adsorbent that was synthe-
sized using iron nitrate as iron source and nitric acid as 
pre-oxidation agent is lower than that adsorbent which 
was synthesized using iron sulphate and KMnO4 [18,19]. 

Table 5
Constant parameters and regression coefficients for Langmuir and Freundlich isotherms (C0 = 25–200 mg L–1, m = 1 g L–1, V = 50 mL)

Isotherm Parameter Adsorbent

EAC I-AC-OP

Langmuir 
1 1 1 1
q q K C qe L e

= +





max max

.
KL (L mg–1) 0.076 0.174
qmax (mg g–1) 37.780 81.967
R2 0.940 0.950

Freundlich log log logq
n

C Ke e f= +





1 Kf 5.220 26.668
n 2.280 4.545
R2 0.990 0.970
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This difference can be related to the difference of chemical 
activity and ionic radius of iron source and pre-oxidation 
agent.  

3.3.4. Kinetic and activation parameters

The adsorption kinetics of vanadium onto EAC and 
I-AC-OP were investigated by three common models, 
namely pseudo-first-order model, pseudo-second-order 
model and intra particle diffusion model.

The pseudo-first-order model assumes that the limiting 
step of the adsorption process is the physical interaction 
between adsorbate molecules (vanadium ions) and adsor-
bent active sites, and that this interaction can be kinetically 
described by a first order kinetic equation with no role 
played by liquid–solid and intra particle diffusion. If this 
model is appropriate, then the adsorption kinetics can be 
described by the following equation:

q q et e
k t= −( )1 1  (13)

where t is the time (min), qe and qt are the amount of vana-
dium adsorbed at equilibrium and at time t (mg g–1), respec-
tively, and k1is the rate constant for the adsorption (pseudo) 
reaction (min–1).

The experimental data were also analyzed by the 
pseudo–second–order model, which once again assumes 
that the overall process is limited by the adsorbent–adsor-
bate interaction (chemical), but then assumes that this can 
be described by a second order kinetic equation. In this 
case, the adsorption kinetics can be described by the follow-
ing equation:

t
q k q

t
qt e e

= +
1

2
2  (14)

in which k2 (g mg–1 min–1) is the rate constant for the adsorp-
tion (pseudo) reaction.

Eventually, the possibility that adsorption process 
is controlled by intra particle diffusion was taken into 
account. If this is the case, then the adsorption kinetics can 
be described by the Morris–Weber model [8] according to 
which it is: 

q k tt id= +1 2/ .θ  (15)

in which kid is the intra particle diffusion rate constant, and θ 
is a constant, the value of which depends on the role played 
by external (fluid–solid) mass transfer.

The kinetic data were illustrated in Fig. 6 relative to 
vanadium removal using EAC and I-AC-OP at three differ-
ent temperatures. Parameters and R2 values for these mod-
els are reported in Table 6. The R2 values and the comparison 
between qe,cal and qe,exp indicate that experimental results are 
much better interpreted by the pseudo-second-order model 
than by the other models taken into account. This suggests 
that vanadium adsorption on EAC and INAC-OP is con-
trolled by chemical reaction and can be described by a sec-
ond order kinetic equation in particular, with a negligible 
contribution of diffusion, at least in the experimental con-
ditions considered.

These kinetics data can be used for the calculation of 
the activation energy according to the Arrhenius equation 
at different temperatures [37]:

ln k lnA
E
RT

a
2 = −  (16)

where Ea and A are the activation energy (kJ mol–1) and 
the frequency factor in Arrhenius equation (g gm–1 min–1), 
respectively. The activation energies were –23.91 and 
–28.04 kJ mol–1 for vanadium adsorption onto EAC and 
I-AC-OP, respectively. The R2 values for Arrhenius equa-
tion were 0.945 and 0.995, respectively. The decrease in the 
kinetic constant (k2) with temperature increasing (Table 6) 
and negative values of activation energy indicate the exo-
thermic nature of vanadium adsorption using EAC and 
I-AC-OP.

3.3.5. Vanadium desorption

To achieve the practical adsorption, the adsorbate 
needs to be desorbed and adsorbent reused. The results of 
desorption experiments are listed in Table 7. According to 
this table, the best extractant for vanadium ions from two 
adsorbents was hydrochloric acid 2 M with about 47–50% 
of vanadium desorption. It can be suggested that in the pH 
< 2–3, the positive functional groups onto adsorbent surface 

Fig. 6. Amount of vanadium removal as a function of time: (a) 
EAC; (b) I-AC-OP.
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repulse the vanadium cations and cause the desorption of 
vanadium. In accordance with Pearson theory [38], vana-
dium ions are hard acid groups and have high affinity to 
hard base groups such as Cl–1 ions [18]. 

4. Conclusions

In this work, commercial extruded activated carbon 
(EAC) was modified with iron nanoparticles and I-AC 
adsorbents were synthesized via modification process. 
Taguchi analysis of experimental data showed that the 
optimum modification conditions were iron conc. = 0.4 
mol L–1, reaction time = 24 h and temperature = 55°C. The 
vanadium removal with EAC and I-AC-OP (the adsor-
bent synthesized at optimum conditions) was investi-
gated under various conditions. The results indicated 
that I-AC-OP was an effective vanadium adsorbent. The 
maximum vanadium adsorption capacities were 37.87 mg 
g–1 and 81.961 mg g–1 for EAC and I-AC-OP, respectively. 
The concentration of surface sites of adsorbents at differ-
ent pH was determined using DDLM method with the 
aid of FITEQL software. The experimental data of vana-
dium (V) removal has been fitted well versus pH by the 
diffuse double layer model. The kinetics results showed 

that the experimental data are much better interpreted by 
the pseudo-second-order model than by the other models 
taken into account. The maximum desorption percentage 
of vanadium ions was obtained when the 2 mol L–1 HCl 
solution was used for EAC and I-AC-OP.

There are different metal ions in industrial waste such 
as aluminium and zinc. Therefore, it is necessary to inves-
tigate the competitive adsorption of vanadium in the pres-
ence of other metals. 

These batch adsorption data can be used easily in the 
laboratory for the treatment of small volume of effluents, 
but less convenient to use on industrial scale, where large 
volumes of wastewater are continuously generated.
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