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a b s t r a c t
Extraction with an aqueous solution of ethylenediaminetetraacetic acid (EDTA) is a convenient 
method to recover vanadium and nickel from their secondary resources, such as spent catalysts 
and fly ash. In this paper, V-EDTA and Ni-EDTA complexes were adsorbed from aqueous phase 
using activated carbon (NAC) in single and competitive adsorption systems. The operational 
parameters were metal concentrations (Ci,M), EDTA concentration (L/M), solution pH (pHi), and 
adsorbent dosage (CAds). At single adsorption of these complexes, the maximum q was obtained 
15.39 mg g–1 for V-EDTA and 15.82 mg g–1 for Ni-EDTA. Competitive studies were conducted at three 
concentrations of the initial metal. At the following conditions, Ci,V = 120 mg L–1, Ci,Ni = 40 mg L–1, 
pHi = 3.0, and CAds = 12 g L–1, the ratio of adsorbed vanadium to nickel (qV/qNi) was obtained 11.84 
after 7  h. Likewise, a modified pseudo-second-order kinetic model was given for the first time 
to describe the whole competitive adsorption process. Moreover, adsorptions of free EDTA and 
Na+ at competitive experiments were investigated. The results of equilibrium and kinetics exper-
iments illustrated that the pseudo-second-order kinetic model and Freundlich and Dubinin–
Radushkevich isotherms could describe experimental data well.
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1. Introduction

Vanadium and nickel are two toxic heavy metals that 
have many applications in industries. The known oxidation 
states of vanadium are –1 to +5 that the states +3, +4, and +5 
are the most common [1]. For nickel, the states –1 to +4 are 
known while the +2 state is the most common [2,3]. These 
two heavy metals have extensive usage in many industries 
such as metalworking, steel, glass, ceramic, textile, photog-
raphy, and producing pigments, catalysts, and some kind 
of batteries [1,4–12]. Due to the toxicity and useful applica-
tions of these two heavy metals, it is necessary to remove 
and reuse them.

There are several methods to recover vanadium and 
nickel from their secondary resources such as heavy cuts 
of crude oil [4], spent catalysts [13–16], and fly ash pro-
duced in heavy fuel power plants [17]. Chemical deposition, 
extraction, membrane filtration, adsorption, and distilla-
tion are some effective methods to be mentioned [4,18–21]. 
Among the mentioned methods, extraction with organic 
acids is taken into consideration in this study. The extraction 
with organic acids is taken place in milder operational 
conditions in comparison to the inorganic ones [16].

Among various kinds of inorganic acids, ethylenedi-
aminetetraacetic acid (EDTA) is a strong chelating agent 
extract vanadium and nickel from their secondary resources 
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[4,15,17]. After the extraction process by the aqueous solution 
of EDTA, it is a desire to move out V-EDTA and Ni-EDTA 
compounds from the aqueous solution. According to the 
non-biodegradability of EDTA [22], this action has benefits 
that reuse the water for the extraction process cycle and 
vanadium and nickel in relevant industries. In this work, 
adsorption of V-EDTA and Ni-EDTA from EDTA aqueous 
solution is investigated due to the adsorption method ben-
efits that are its low cost, flexibility, and easy operation [6]. 
An activated carbon was used as an adsorbent because of its 
efficiency to adsorb the organic compounds [23–25].

According to the literature review, there was no simi-
lar work about the adsorption of V-EDTA complex and its 
competitive adsorption in the presence of Ni-EDTA complex. 
This work and our previous study [26] are trying to investi-
gate the influences of operational parameters to design and 
operate a cyclic process of vanadium and nickel extraction 
from their secondary resources. The main aims of this 
study are as follows:

•	 To optimize the operational parameters including metal 
concentrations, EDTA concentration, solution pH, and 
adsorbent dosage in adsorption of V-EDTA and Ni-EDTA 
complexes individually and find a well-describing 
model based on the operational parameters for each one.

•	 To study the kinetics and equilibrium of each metal-
ligand system and describe the experimental data with 
a proper model.

•	 To study the competitive adsorption of V-EDTA and 
Ni-EDTA systems in the optimum operational conditions 
derived from the individual adsorption experiments.

•	 To obtain the best modified kinetic model for the first 
time to describe the whole competitive adsorption 
process.

2. Materials and methods

2.1. Materials

A commercial activated carbon produced by Norit 
Company (GAC 830 W) was used as an adsorbent and named 
NAC in this investigation. Extra pure grade of salts V2O5, 
NiN2O6·6H2O, and C10H14N2Na2O8·2H2O were used to pre-
pare stock solutions of V-EDTA and Ni-EDTA (2,000 mg L–1 
based on metals). To adjust the initial pH of the metal-ligand 
containing solutions, 1.0 N NaOH or 1.0 N HNO3 were used. 
pHpzc characterization of NAC adsorbent was measured by 
using NaCl solution. All chemicals were purchased from 
Merck Company. Deionized water with specific conduc-
tance 18.2 MΩ cm at 25°C and total organic carbon (TOC) 
6  ppb produced by Milli-Q water purification system was 
used to prepare all solutions.

2.2. Characterization of adsorbent

Some characteristics of NAC such as adequate particle 
size, iodine number, apparent density, ball-pan hardness, 
moisture, and ash content were measured using the follow-
ing standard test methods, respectively:

•	 ASTM D 2862-97, D 4607-94, D 2854-96, D 3802-79, 
D 2867-99, and D 2866-94.

The porous textures of NAC, including specific surface 
area, average pore radius, and pore volume, were analyzed 
by applying the Brunauer–Emmett–Teller (BET) method on 
N2 adsorption at 77 K [27]. These measurements were done 
before and after the adsorption process by using BEL Belsorp-
mini instrument. Surface functional groups of NAC and 
their changes after the adsorption process were determined 
by studying the Fourier transform infrared (FTIR) spectrum. 
This analysis was done with NEXUS Nicolet 670 instru-
ment. The point of zero charge pH (pHpzc) was measured 
using several NaCl solutions with a concentration of 0.1 N 
at different pH. The procedure is available in reference [28].

2.3. Experimental procedures

At the first step, adsorption of V-EDTA and Ni-EDTA 
individually on NAC were investigated. In the second step, 
the competitive adsorption of them was studied at optimum 
conditions derived from the first step.

To study the adsorption of V-EDTA and Ni-EDTA indi-
vidually onto NAC, the response surface method (RSM) was 
used to design the experiments. In these tests, the experi-
mental design was performed to investigate the influence 
of main operating variables, including initial metal con-
centration, EDTA concentration, initial pH, and adsorbent 
dosage for each system. The adsorption experiments were 
done in 50 mL of a solution containing metal-ligand compo-
nents. The initial pH of the solutions was adjusted by add-
ing 1.0 N NaOH or 1.0 N HNO3. The pH was controlled by 
a digital pH meter with an accuracy of 0.1 (Genway, model 
3345). A shaker incubator (N-BIOTEK, model NB-205) was 
used to agitate the mixtures at 25°C. The agitation speed 
and adsorption time were set 230  rpm, and 4  h, respec-
tively. In the end, the adsorbents were separated using 
Whatman no. 1  filter papers, and metal concentration in 
each solution was determined with ICP-OES (Varian, model 
730-ES Axial) analysis instrument. The adsorbent capacity, 
qM (mg g–1), was chosen as a response and calculated from Eq. (1).

q
C C
CM

i M f M=
−, ,

Ads

	 (1)

where Ci,M, and Cf,M are the initial and final concentration 
of metal (mg  L–1), and CAds is the adsorbent dosage (g  L–1), 
respectively.

Competitive adsorption experiments were investigated 
kinetically. Operating conditions were selected based on 
the optimum operating conditions obtained from the indi-
vidual adsorption systems. Accordingly, the initial pH and 
adsorbent dosage were set 3.0 and 12  g  L–1, respectively. 
The ligand to the metal molar ratio (L/M ratio) that indicates 
EDTA concentration was set 1 in Ni-EDTA stock solution, 
but in V-EDTA stock solution, it was set 3. It was desired 
to investigate NAC performance in selective adsorption 
of metal-ligand components in the presence of free EDTA 
and Na. The complex of V-EDTA or Ni-EDTA is 1:1, which 
means that 1 mol of vanadium or nickel reacts with 1 mol of 
EDTA to form 1 mol of V-EDTA or Ni-EDTA complex [29,30]. 
At L/M ratio equals 1, there is no free EDTA in solution, 
but at other amounts greater than 1, free EDTA will appear 
in the solution.
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To determine the initial concentrations of V-EDTA and 
Ni-EDTA at competitive experiments, previous works 
were considered [17]. Accordingly, the ratio of initial vana-
dium concentration to nickel concentration was set three in 
competitive experiments, and three series of experiments 
were done as follows:

•	 Ci,V = 120 mg L–1, Ci,Ni = 40 mg L–1

•	 Ci,V = 40 mg L–1, Ci,Ni = 120 mg L–1

•	 Ci,V = 120 mg L–1, Ci,Ni = 120 mg L–1

where Ci,V and Ci,Ni are the initial vanadium concentration 
and the nickel concentration, respectively. To perform these 
experiments, 50  mL of containing metal-ligand solution 
was contacted at 25°C to the adsorbents at different contact 
times (20–420  min). After each time, the metal concentra-
tions were measured and adsorbent capacity was calculated 
by Eq. (1) and the adsorption percentage was determined 
by using Eq. (2).

Metal Adsorption % = 100
C C
C

i M f M

i M

, ,

,

−
× 	 (2)

It was required to measure the free EDTA and Na con-
centration in the competitive adsorption process. The con-
centration of free EDTA was measured by titration with 
0.001  M ZnCl2 solution in the presence of a buffer solu-
tion to keep the pH constant at 5.5 [31]. Xylenol orange 
(XO) was used to recognize the titration endpoint. The 
titration was finished when the color of the solution turns 
into purple-red that indicates forming of Zn–XO complex. 
To measure the concentration of Na, a flame photome-
ter (Sherwood, model 410) was used. The adsorption per-
centage and adsorbent capacity of free EDTA and Na were 
calculated by using Eqs. (3) and (4), respectively.

EDTA/Na Adsorption % =
−

×
C C
C
i f
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100 	 (3)
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where Ci and Cf are the concentrations of free EDTA or Na 
at the initial and end of the adsorption process (mmol L–1), 
respectively.

2.4. Modeling and optimization procedures for 
non-competitive adsorption

In this work, experiments were designed by Design 
Expert software (version 8.0.6) from Stat-Ease Company. 
The central composite design (CCD) was used as a method 
of designing due to some advantages like its ability to 
fit the quadratic model and insensitive to missing data 
[26,32]. At CCD, the parameter alpha (α), which locates the 
star points, was set 1 due to limitations of the initial pH 
of the solutions, especially for Ni-EDTA system [30].

According to our previous work and literature review, 
four independent variables were selected as the opera-
tional factors. Metal concentrations (X1), EDTA concentra-
tion, which is defined as the molar ratio of EDTA (ligand) to 
metal called L/M (X2), initial pH of the solution (X3), and 
adsorbent dosage (X4). The ranges of these variables were 
defined based on previous investigations and listed in Table 
1 for both V-EDTA and Ni-EDTA systems with their coded  
levels.

For each metal-ligand system, 30 experiments were 
done. The number of these experiments could be calcu-
lated from the relation 2K + 2K + 6, where K is a number 
of the independent variables [33]. As the RSM result, a 
model describing the adsorption of metal-ligand com-
plex onto NAC has been reported. For this purpose, sev-
eral models, including linear, quadratic, and cubic were 
tested. These models are shown in Eqs. (5)–(7), respectively 
[32,33]. The coefficient of the proper model was estimated 
by performing the least square method and the adsorp-
tion capacity was maximized by solving the regression  
model [32,33].
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Table 1
Ranges and levels of RSM operational factors

Factors Coded levels

–α –1 0 +1 +α

V-EDTA Ni-EDTA V-EDTA Ni-EDTA V-EDTA Ni-EDTA V-EDTA Ni-EDTA V-EDTA Ni-EDTA

X1 Ci,M (mg L–1) 40 40 40 40 120 120 200 200 200 200
X2 L/M 1 1 1 1 2 2 3 3 3 3
X3 pHi 2.0 3.0 2.0 3.0 5.0 6.0 8.0 9.0 8.0 9.0
X4 CAds (g L–1) 2 2 2 2 7 7 12 12 12 12
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where i, j, and k are the index numbers and y is the sys-
tem response means adsorbent capacity based on the metal 
adsorption. β0, βi, βii, and βiii are the regression coefficient, 
linear effect, squared effect, and cubic effect terms, respec-
tively. βij represents the interaction effect of the quadratic 
model. Similarly, βijk and βijj are the interaction effects of the 
cubic model. Xi, Xj, and Xk indicate the coded independent 
variables.

2.5. Equilibrium studies

The equilibrium studies were carried out individually 
for adsorption of V-EDTA and Ni-EDTA onto NAC. The 
equilibrium adsorption of V-EDTA was investigated in our 
previous work in the following operational condition:

•	 initial vanadium concentration  =  100–320  mg  L–1, 
L/M ratio  =  3, initial pH of the solutions  =  2.0, adsorbent 
dosage = 12 g L–1, and temperature = 25°C–45°C [26].

In this paper, equilibrium adsorption of Ni-EDTA com-
plex was investigated at different initial concentrations 
(60–360  mg  L–1 nickel), and temperatures (25°C, 35°C, and 
45°C). The adsorbent dosage was set to 12 g L–1, and other 
operational parameters including L/M ratio, and initial pH. 
were set to their optimum values derived from RSM analysis.

The mixtures containing 50  mL of Ni-EDTA solution 
and NAC were agitated at 230  rpm for 24  h in the orbital 
shaker incubator. After reaching the equilibrium, the mix-
tures were filtered, and the remaining solutions were ana-
lyzed for nickel concentration. The equilibrium adsorbent 
capacity, qe (mg  g–1), was found from Eq. (1) by replacing 
the final concentration as the equilibrium concentration.

2.6. Kinetic studies

In this step, the kinetics of individual V-EDTA and 
Ni-EDTA complex adsorption onto NAC were studied. The 
kinetic results of V-EDTA adsorption have been reported 
in our previous work [26]. However for Ni-EDTA com-
plex, 50 mL of its solution with an initial concentration of 
120 mg L–1 was contacted with NAC at 25°C and 230 rpm 
at different time steps. The adsorbent dosage was set to 
12 g L–1, and the values of L/M ratio and initial pH of the 
solution were set to their optimum values derived from 
the model predicted by RSM. The solution was filtered 
after each time step and analyzed for nickel concentration. 
The adsorbent capacity at each time step, qt (mg g–1), could 
be calculated from Eq. (1) by replacing the final concentra-
tion as the concentration at time t (min).

3. Results and discussions

3.1. Characteristics of adsorbent

Some characteristics of NAC are reported in Table 2. 
The parameters such as total surface area, mean pore diam-
eter, and total pore volume were measured after the adsorp-
tion process at optimum conditions of maximum adsorbent 
capacity, qmax (mg g–1), for both V-EDTA and Ni-EDTA sys-
tems. The porous texture characteristics after the process are 
as follows:

•	 At V-EDTA system: total surface area  =  846.7  m2  g–1, 
mean pore diameter  =  2.141  nm, and total pore 
volume = 0.453 cm3 g–1.

•	 At Ni-EDTA system: total surface area  =  926.0  m2  g–1, 
mean pore diameter  =  2.247  nm, and total pore 
volume = 0.520 cm3 g–1.

As expected, the total surface area of NAC was decreased 
after the adsorption process at both systems. However, 
the increase in mean pore diameters and a decrease in 
total pore volumes at both systems show that the adsorp-
tion of V-EDTA and Ni-EDTA complexes occurred in NAC 
micro pores.

The NAC functional groups were investigated by 
studying the FTIR spectra before and after the adsorption 
process in each system. This analysis was done for the adsor-
bents, which were used in optimum operational conditions. 
The obtained results were analyzed by using reference [34] 
and are illustrated at Fig. 1. According to the NAC spectra 
before the adsorption process, the O–H functional group is 
detected at a wide peak at 3,422  cm–1. By considering the 
C–O sharp peak at 1,089  cm–1, it could be concluded that 
the detected O–H belongs to alcohols or phenols. The peaks 
at 2,922 and 2,838 cm–1 may point to stretching C–H in an 
alkane. The peak at 1,736 cm–1 attributes to C=O functional 
group at an ester. It is probable that the peak at 1,623 cm–1 
attributes to a bending N–H in primary or secondary amides.

Several moderate peaks at the range of 1,300–1,600  cm–1 
may introduce the bending C–H groups in an alkane with 
bonds of –CH2– and –CH3. The existence of a rocking bend-
ing C–H in an alkane or aromatic can be seen at 798 cm–1. 
After the adsorption process, at the spectra of both V-EDTA 
and Ni-EDTA systems, a severe decrease in the intensity of 
O–H and C–O peaks is seen. It means that OH– was released 
into the solution during the adsorption process that the 
pH measurements prove this happening. At the spectra 
of V-EDTA and Ni-EDTA system, a sharp peak at 673 cm–1 
has appeared. This peak may belong to C–H functional 
group that was hidden in the before adsorption spectra.

3.2. Model analysis for non-competitive adsorption

By using CCD, 30 experiments for V-EDTA and 
Ni-EDTA systems were designed individually. Table 3 

Table 2
Characterization of NAC before adsorption

Parameter Value

Effective particle size (mm) 1.6
Iodine number (mg I2 g–1) 950
Apparent density (g mL–1) 0.47
Ball-pan hardness (%) 95
Moisture (wt.%) 5
Ash content (wt.%) 12
pHpzc 8.3
Total surface area (m2 g–1) 1,021.5
Mean pore diameter (nm) 2.073
Total pore volume (cm3 g–1) 0.529
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Fig. 1. FTIR spectra of NAC before and after of the adsorption for both metal-ligand systems.

Table 3
Experiments of the central composite design including corresponding responses

Run Independent variables in coded levels Response q (mg g–1) Comment

X1 X2 X3 X4 V-EDTA Ni-EDTA

1 –1 –1 –1 –1 7.02 6.35 FP
2 +1 +1 +1 +1 1.10 2.82 FP
3 0 +1 0 0 2.99 2.31 SP
4 +1 +1 –1 +1 9.22 4.11 FP
5 0 0 –1 0 8.71 4.30 SP
6 –1 +1 +1 –1 1.85 1.87 FP
7 +1 –1 –1 +1 11.51 6.45 FP
8 +1 –1 –1 –1 16.83 17.04 FP
9 0 0 0 0 2.67 2.28 CP
10 0 0 +1 0 0.68 0.43 SP
11 0 0 0 0 2.20 2.32 CP
12 –1 +1 –1 +1 3.28 1.22 FP
13 +1 +1 –1 –1 9.88 12.27 FP
14 0 0 0 –1 1.32 2.80 SP
15 –1 +1 –1 –1 7.04 2.15 FP
16 0 0 0 0 3.90 2.27 CP
17 0 –1 0 0 2.07 4.20 SP
18 0 0 0 0 3.04 1.91 CP
19 0 0 0 0 2.75 2.38 CP
20 0 0 0 +1 1.97 1.84 SP
21 –1 –1 +1 –1 2.53 5.55 FP
22 –1 –1 +1 +1 1.44 1.85 FP
23 +1 –1 +1 +1 2.09 3.81 FP
24 +1 +1 +1 –1 0.69 12.23 FP
25 –1 0 0 0 2.06 1.75 SP
26 –1 +1 +1 +1 1.27 1.56 FP
27 +1 –1 +1 –1 2.13 10.25 FP
28 0 0 0 0 2.71 3.12 CP
29 +1 0 0 0 3.61 4.66 SP
30 –1 –1 –1 +1 2.56 2.83 FP

FP: factorial point, SP: star point, CP: central point.
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indicates the designed experiments with their operational 
conditions and corresponding response obtained from 
each experiment. According to the obtained results, the 
maximum q at V-EDTA and Ni-EDTA systems were 16.83 
and 17.04 mg g–1, respectively. The maximum responses are 
approximately equal to each other, and both of them occurred 
at run 8. It could be concluded that the mechanism of the 
adsorption process for both systems is nearly the same.

To obtain the best model describing the experimental 
data, analysis of variance (ANOVA) was done. For each 
regression parameter, F-value and Prob.  >  F parameters 
were investigated. These two parameters at the ANOVA 
table demonstrate the importance and effectiveness of a 
model term. If the Prob. > F of a source is less than 0.0500, 
it could be concluded that it is a significant model term. 
Otherwise, if the Prob. > F is greater than 0.1000, the source 
is not a significant model term and should be omitted to 
improve the model accuracy [35]. Tables 4 and 5 are ANOVA 
results for V-EDTA and Ni-EDTA systems, respectively. 
According to these tables, F-value and Prob.  >  F of model 
source for V-EDTA system are 39.39 and <0.0001, and for 
Ni-EDTA system are 60.32 and <0.0001, respectively. These 
values demonstrate that both models describing V-EDTA 
and Ni-EDTA systems are significant. Also, the values of 
lack of fit indicate that lack of fitness of the models is not 
significant relative to their pure errors.

According to the ANOVA tables, there are some non-
significant model terms that their Prob.  >  F values are 
greater than 0.1000, but they still exist in the models. These 
non-significant terms were not omitted. Because remain-
ing them in the models will improve the model’s adequa-
cies. The final models for V-EDTA and Ni-EDTA systems 
in terms of substituted operational factors (Table 1) are 
written in Eqs. (8) and (9), respectively.

Sqrt (qV) = 4.2097 – 0.0131X1 – 0.3114X2 – 0.3993X3 –  
  0.2036X4 + 9.3612E-03X1X2 – 5.1023E-03X1X3 +  
  2.7253E-03X1X4 + 9.5585E-03X3X4 + 1.0428E-04X1

2 +  
  0.0369X3

2 – 4.6330E-05X1
2X2 + 1.5340E-05X1

2X3 –  
  1.0113E-05X1

2X4	 (8)

Sqrt (qNi) = 4.3012 + 0.0171X1 – 2.4840X2 + 0.1616X3 –  
  0.2170X4 + 3.2428E-03X1X2 – 7.4463E-03X1X3 +  
  2.7456E-03X1X4 + 0.0354X2X3 + 0.0452X2X4 –  
  4.2004E-05X1

2 + 0.3901X2
2 – 2.8306E-04X1X2X4 +  

  2.9478E-05X1
2X3 – 1.1567E-05X1

2X4	 (9)

According to Table 3, ratios of the maximum response 
to the minimum response in each metal-ligand system were 
higher than 10. So, a transformation is required to perform 
on the responses to obtain the proper model. By investigat-
ing the Box–Cox plots for each system, which were reported 
by Design Expert, the square root transform (l  =  0.5) 
was selected.

The models reported for adsorption of metal-ligand 
components are non-complete cubic models. It was not 
possible to use a complete cubic model for each system 
because of non-adequacy and aliasing some model terms 
with each other. Likewise, the estimation of the least square 
parameters in the complete cubic model was not unique. 
The same non-complete cubic model has been used in our 
previous work [26] and Mehrabi’s investigation [33].

The models statics including R2, adjusted R2, predicted 
R2, adequate precision, and coefficient of variation have 
been reported in Table 6 for both systems. As it is evident, 
there are reasonable agreements between adjusted R2 and 
predicted R2 for both models. Also, adequate precision 
of the systems, which measures the adequacy of signal 
to noise, is greater than 4. It indicates an adequate signal 

Table 4
ANOVA table for V-EDTA adsorption

Source Sum of squares Degree of freedom Mean square F-value Prob. > F

Model 18.170 13 1.400 39.39 <0.0001
X1 1.350 1 1.350 38.14 <0.0001
X2 0.042 1 0.042 1.18 0.2932
X3 2.270 1 2.270 63.89 <0.0001
X4 0.033 1 0.033 0.92 0.3510
X1X2 0.320 1 0.320 8.92 0.0087
X1X3 1.860 1 1.860 52.42 <0.0001
X1X4 0.230 1 0.230 6.41 0.0222
X3X4 0.330 1 0.330 9.27 0.0077
X1

2 0.043 1 0.043 1.22 0.2853
X3

2 0.380 1 0.380 10.70 0.0048
X1

2X2 0.160 1 0.160 4.40 0.0521
X1

2X3 0.150 1 0.150 4.35 0.0535
X1

2X4 0.190 1 0.190 5.25 0.0359
Residual 0.570 16 0.035 – –
Lack of fit 0.430 11 0.039 1.48 0.3502
Pure error 0.130 5 0.027 – –
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[36,37]. Moreover, the parameter specifies that the repeat-
ability and precision of a model (C.V.%) has an acceptable 
value for both systems.

Comparing the experimental data with models predic-
tion (Fig. 2) showed that the actual and predicted data are 
nearly the same. Finally, by considering all of the analysis 
done to examine the models, it could be claimed that the 
obtained models have a great ability to describe the design 
spaces.

3.3. Parameter optimization for non-competitive adsorption

The optimization of operational parameters was 
carried out to obtain the maximum capacity of NAC (qM). 
This numerical optimization was done with Design Expert. 
At the software optimization module, maximization of the 
qM for both systems was set as the “goal,” and the status of 
the operational parameters were set to “in range” criterion.

The maximum q for vanadium adsorption at V-EDTA 
system was predicted 15.39  mg  g–1 by the model with a 
desirability value of 0.910 in the following conditions:

•	 Ci,V = 200 mg L–1, L/M = 1, pHi = 2.0, and CAds = 2 g L–1.

Similarly, the maximum q for nickel adsorption at 
Ni-EDTA system was predicted 15.82  mg  g–1 by the model 
with a desirability value of 0.927 in the following conditions:

•	 Ci,Ni = 200 mg L–1, L/M = 1, pHi = 3.0, and CAds = 2 g L–1.

The optimum results were tested by repeating the 
experiments to ensure their validity. The relative errors 
obtained from the verification experiments for V-EDTA and 
Ni-EDTA systems were only 8.6% and 8.7%, respectively.

3.4. Comparison the results with other researches

The comparison of the RSM optimum results with other 
similar works was carried out and tabulated in Table 7. 
Except for this work and our previous work, there is no study 
on adsorption of V-EDTA complex onto an adsorbent. There 
was also just one work that insignificantly investigated the 
Ni-EDTA adsorption onto a commercial activated carbon 
[30]. So, the results of this work are compared with other 
works that investigated the adsorption of vanadium and 
nickel metals in the absence of EDTA component. However, 
the obtained values for the adsorption of metal-ligand 
complex were in reasonable agreement with other studies.

At Bhattacharyya and Cheng’s work [30], where Ni-EDTA 
adsorbed onto a commercial activated carbon, the opera-
tional conditions were as follows:

•	 Ci,Ni = 50 mg L–1, L/M = 1, pHi = 5.0, and CAds = 20 g L–1. 
At these operational conditions, the qmax for Ni was 
reported 2.5 mg g–1, which is relatively low. In this paper, 
by optimizing the operational conditions, the qmax for Ni 
was increased to 15.82 mg g–1 that has grown significantly.

Table 5
ANOVA table for Ni-EDTA adsorption

Source Sum of squares Degree of freedom Mean square F-value Prob. > F

Model 17.740 14 1.270 60.32 <0.0001
X1 5.840 1 5.840 278.17 <0.0001
X2 1.060 1 1.060 50.60 <0.0001
X3 1.010 1 1.010 47.98 <0.0001
X4 0.050 1 0.050 2.36 0.1450
X1X2 0.160 1 0.160 7.75 0.0139
X1X3 0.130 1 0.130 6.06 0.0264
X1X4 0.910 1 0.910 43.38 <0.0001
X2X3 0.180 1 0.180 8.60 0.0103
X2X4 0.051 1 0.051 2.42 0.1405
X1

2 0.410 1 0.410 19.50 0.0005
X2

2 0.520 1 0.520 24.95 0.0002
X1X2X4 0.210 1 0.210 9.76 0.0070
X1

2X3 0.570 1 0.570 27.11 0.0001
X1

2X4 0.240 1 0.240 11.59 0.0039
Residual 0.320 15 0.021 – –
Lack of fit 0.240 10 0.024 1.50 0.3431
Pure error 0.079 5 0.016 – –

Table 6
Models statics and constants

Model statics Value

V-EDTA system Ni-EDTA system

R2 0.9697 0.9825
Adjusted R2 0.9451 0.9663
Predicted R2 0.8799 0.9176
Adequate precision 24.042 31.279
C.V.% 10.20 7.54
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3.5. Effects of operational parameters

In this paper, the influence of four operational param-
eters on adsorption of V-EDTA and Ni-EDTA individually 
onto NAC was investigated. Among these parameters, the 
initial concentration of adsorbates and adsorbent dosage 
have well-known influences on an adsorption process. At 
constant L/M ratio, by increasing the metal ion concen-
tration, the concentration of metal-ligand complex will 
increase. This increase leads to an increase in the adsorp-
tion driving force, and greater amounts of metal-ligand 
complex will be adsorbed.

As the adsorbent dosage decreases, less of the adsorbate 
is adsorbed, and its concentration remains high, so the driv-
ing force in the adsorption process remains high too and 
it resulting an increasing q parameter. Nevertheless, not in 
this work, some adsorbents have unpredictable behaviors 
that influenced the adsorption process. Agglomeration and 
dissolving in the solution are some behaviors that could 
be mentioned [44,47].

According to the above, the optimum q occurred at 
the maximum value of initial metal concentration range, 
and the minimum value of adsorbent dosage range are 
defined in Table 1. Among the operational parameters, the 
L/M and initial pH are more important. For better physi-
cal justification of the EDTA concentration, the L/M ratio is 
replaced. It demonstrates the molar ratio of ligand (EDTA) 
to metal (V or Ni). Since the V-EDTA and Ni-EDTA com-
plexes are 1:1, it means that one mole of EDTA and 1  mol 
of each metal are required to form one mole of metal-li-
gand complex [29,30], there was free EDTA in the solution 
at L/M values greater than 1. The existence of free EDTA 
has a negative influence on the adsorption of metal-ligand 
complex (the reason is explained in the following section). 
So at L/M = 1, there was no free EDTA in the solution, and 
the maximum q for both metal-ligand complexes occurred.

But, the most important operational parameter was ini-
tial pH of the solution. Because this factor sets the charge 

 

(a) 

 

(b) 

Fig. 2. Predicted vs. actual values plot for (a) V-EDTA and 
(b) Ni-EDTA system.

Table 7
Results of other works for vanadium and nickel adsorption

Adsorbent Ci,M (mg L–1) pHi CAds (g L–1) qmax (mg g–1) References

V Ni V Ni

Commercial activated carbon – 50.0 5.0 20.0 – 2.5 [30]
Modified clinoptilolite – 5.9–5,869.3 1.0–12.0 10.0 – 528.2 [38]
EDTA functionalized silica – 20.0–200.0 1.5–6.5 1.0 – 67.6 [39]
EDTA/DTPA functionalized silica gel – 1.0–250.0 1.0–7.0 2.0–25.0 – 21.6 [40]
Modified activated carbon – 25.0–700.0 2.0–10.0 3.3 – 166.7 [41]
Silylated clays – 10.0–2,000.0 1.0–6.0 0.1–17.0 – 17.1 [42]
Modified tamarind fruit shell 5.0–50.0 – 2.0–8.0 0.5–5.0 45.9 – [43]
Calcined Mg/Al hydrotalcite 50.0 – 2.0–9.0 0.2 230.0 – [44]
Waste metal sludge 7.6–48.4 – – 10.0 24.8 – [45]
Commercial activated carbon 25.0–200.0 – 4.5 1.0 37.8 –

[6]
Fe modified activated carbon 25.0–200.0 – 4.5 1.0 119.0 –
Protonated chitosan flakes 1.0–5.0 – 4.4–5.0 5.0 12.2 – [18]
ZnCl2 activated carbon 40.0–120.0 – 4.0–9.0 4.0 24.9 – [46]
Commercial activated carbon 40.0–200.0 40.0–200.0 2.0–9.0 2.0–12.0 15.4 15.8 This work
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of the metal-ligand complex, free EDTA component, and 
surface charge of NAC. The surface charge of NAC is posi-
tive when the solution pH is lower than its pHpzc (8.3). So in 
almost all RSM experiments, the surface charge of NAC was 
positive, and anions had more tendencies to be adsorbed. 
At L/M ratios greater than 1, there were free EDTA species 
that their charges were changed by pH solution. At RSM 
experiments in which initial pH was in the range of 2.0–9.0, 
all EDTA compounds had negative charges. At the range 
of pH mentioned earlier, the dominant species of EDTA 
are H3[EDTA]–, H2[EDTA]2–, and H[EDTA]3– [48]. Due to 
the negative charge of EDTA species and positive charge of 
NAC surface, free EDTA was adsorbed with metal-ligand 
complex onto NAC and occupied some of the adsorbent 
active sites. Therefore, the existence of free EDTA in the 
solution decreases the adsorption of metal-ligand complex.

At weak acidic solutions, the dominant species of 
V-EDTA was VO2[EDTA]3– and at pH lower than 3.5, the 
dominant species was VO2H[EDTA]2– [29]. For Ni-EDTA 
complex, at pH below 2.0, no Ni-EDTA complex formed. 
At pH between 2.0 and 6.0, NiH[EDTA]– and at pH higher 
than 6.0, Ni[EDTA]2– species was formed [30]. According 
to the negative charge of both V-EDTA and Ni-EDTA 
species and positive charge of NAC at the range of opera-
tional pH at RSM experiments, more numbers of the met-
al-ligand complex were adsorbed at the lower pH. The 
lower the pH, the greater the positive charge of the NAC 
surface. But, at the competitive experiments, differences 
between the charge of the V-EDTA and Ni-EDTA species 
made a difference, and selective adsorption occurred.

3.6. Adsorption isotherms

Fig. 3 shows the V-EDTA and Ni-EDTA experimental iso-
therms at three temperatures. As it is obvious, the amount 
of metal-ligand adsorption in both systems is decreased 
by temperature increase. So, it may be concluded the 
metal-ligand adsorption onto NAC is exothermic.

Four common isotherm models including Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich, were 
studied for the equilibrium data. The Langmuir equa-
tion is shown at Eq. (10). Two consumptions were used to 
define this model, monolayer adsorption, and equal energy 
of all active sites [49]. By using the Langmuir constant 
(KL), a dimensionless constant of separation factor, RL, was 
defined. The relation between RL and KL constants is illus-
trated at Eq. (11). The adsorption process is favorable if 
0  <  RL  <  1. In the case of RL  >  1, the adsorption process is 
not favorable. Also, RL  =  1 and RL  =  0 indicate linear and 
irreversible adsorption process, respectively [50].

1  = 1  × 1  + 1

max maxq q K C qe L e

	 (10)

R
K CL
L i M

 = 1
1 + ,

	 (11)

The parameter description of each isotherm model is 
reported in the nomenclature table.

Unlike the Langmuir isotherm, Freundlich isotherm 
could describe multilayer adsorption on heterogeneous 

surfaces [51]. Moreover, it is assumed that active sites of 
the adsorbent have unequal energies, and stronger active 
sites are occupied first [52]. The Freundlich isotherm is 
shown at Eq. (12).

log log + logq
n

C Ke e F=
1 	 (12)

At Temkin isotherm (Eq. (13)), the heat of adsorption 
for all adsorbate molecules in a layer follows from the lin-
ear decreasing form at the average concentration of the 
adsorbate [53].

q B K B Ce T e= +ln ln 	 (13)

To investigate the nature of the adsorption process 
(physical or chemical nature), Dubinin–Radushkevich 
isotherm was used (Eqs. (14) and (15)). The parameter  
E (J  mol–1), which demonstrates the free energy required 
for adsorption of one mole of adsorbate form bulk of 
the solution to the adsorbent surface, is used to find the 
adsorption nature. The relation between the parameter 
E and Dubinin–Radushkevich isotherm is as Eq. (16). The 
adsorption process has physical nature if the value of E is 
less than 8 kJ mol–1. However, for the values between 8 and 

 

(a) 

 

(b) 

Fig. 3. Adsorption isotherms for (a) V-EDTA and (b) Ni-EDTA 
systems.
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16 kJ mol–1, it could be claimed that the process has chemical 
nature and controlled by electrostatic forces [54].

ln lnq qe m= −βε2 	 (14)

ε = +








RT

Ce
ln 1 1 	 (15)

E =
( )

1
2

0 5
β

. 	 (16)

The parameters and constants of the four mentioned 
isotherm models are listed in Table 8. By investigating 
the R2 values, it was found that Freundlich and Dubinin–
Radushkevich isotherms were the best models at all 
temperatures for both systems. The Langmuir isotherm 
predicted the qmax to 17.67 mg g–1 vanadium and 16.41 mg g–1 
nickel for V-EDTA and Ni-EDTA systems at 25°C, respec-
tively. Also, by considering the KL parameter and calculating 
the RL values, it could be concluded that both metal-ligand 

adsorptions were favorable. But, the RL values for both 
systems were close to zero, which could be claimed the irre-
versibility. The values of the parameter n at Freundlich model 
proved favorability of the adsorption process. Similarly, 
this favorability was derived from the Langmuir model.

By analyzing the Temkin model, it was found that there 
is a proper fitting between the model behavior and exper-
imental data. So, it seems that the heat of the adsorption 
processes followed a linear form. According to the Dubinin–
Radushkevich isotherm and β parameter, the magnitude of 
the parameter E was calculated for both systems. According 
to these calculated values, the adsorption of V-EDTA and 
Ni-EDTA onto NAC had chemical nature, and the pro-
cess was controlled by electrostatic attraction due to the 
charges of each component.

3.7. Thermodynamic parameters

The thermodynamic parameters, including change in 
free energy (∆G°), change in enthalpy (∆H°), and change 
in entropy (∆S°) were calculated by using the Langmuir 

Table 8
Parameters and constants of the isotherm models for both systems

Model Parameter Temperature (K)

298 308 318

Langmuir [52]

KL

V-EDTA 9,701.220 9,317.603 2,545.879
Ni-EDTA 1,308.213 1,348.944 1,279.935

qmax

V-EDTA 17.67 16.07 18.56
Ni-EDTA 16.41 15.24 14.44

RL

V-EDTA 0.016–0.050 0.017–0.052 0.059–0.167
Ni-EDTA 0.111–0.428 0.108–0.420 0.113–0.433

R2 V-EDTA 0.95 0.92 0.98
Ni-EDTA 0.98 0.97 0.97

Freundlich [53]

n
V-EDTA 3.648 3.860 2.615
Ni-EDTA 1.932 1.952 2.016

KF

V-EDTA 5.499 5.124 2.815
Ni-EDTA 1.097 1.049 1.033

R2 V-EDTA 0.98 0.98 0.99
Ni-EDTA 1.00 1.00 0.99

Temkin [54]

KT

V-EDTA 2.236 2.117 0.391
Ni-EDTA 0.169 0.160 0.159

Β
V-EDTA 3.446 3.097 4.383
Ni-EDTA 4.355 4.186 3.854

R2 V-EDTA 0.97 0.95 0.98
Ni-EDTA 0.97 0.94 0.95

Dubinin–Radushkevich [55]

b
V-EDTA 2.844 × 10–9 2.545 × 10–9 3.794 × 10–9

Ni-EDTA 5.991 × 10–9 5.564 × 10–9 5.122 × 10–9

qm

V-EDTA 7.344 × 10–4 6.245 × 10–4 8.945 × 10–4

Ni-EDTA 9.870 × 10–4 9.125 × 10–4 8.146 × 10–4

E
V-EDTA 13.260 14.018 11.479
Ni-EDTA 9.136 9.479 9.881

R2
V-EDTA 0.98 0.97 0.99
Ni-EDTA 1.00 0.99 0.98
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constant, KL. By considering Eqs. (17)–(19), these thermody-
namic parameters were calculated [6]. The plot of Eq. (19) 
for both V-EDTA and Ni-EDTA systems is illustrated in Fig. 4.

ln K H
RT

S
RL( ) = − °

+
°∆ ∆ 	 (17)

∆G RT KL° = − ( )ln 	 (18)

T S H G∆ ∆ ∆° = ° − ° 	 (19)

The thermodynamic parameters for both systems 
are reported in Table 9. According to this table, the nega-
tive values of ∆G° represent spontaneous adsorption for 
both V-EDTA and Ni-EDTA complexes. The adsorption 
of Ni-EDTA complex onto NAC was less exothermic than 
the V-EDTA adsorption. For this reason, the temperature 
had less effect on the Ni-EDTA isotherms (Fig. 3). The val-
ues of ∆H° confirmed this result. The negative and pos-
itive values of ∆S° represent decreasing and increasing of 
irregularities at the intersection of the adsorbent and solu-
tion at each system.

3.8. Adsorption kinetics

The kinetic tests were performed to determine the 
rate-controlling mechanism. At the mass transfer process, 
two mechanisms involved that are external diffusion (con-
trolled by film resistance) and internal diffusion (controlled 
by intra-particle resistance) [6]. The effect of contact time 
for both V-EDTA and Ni-EDTA adsorptions onto NAC 
is shown in Fig. 5. The difference between the final qt of 
these two systems is due to the differences in their opera-
tional parameters. The operational parameters at V-EDTA 
system are as follows:

•	 Initial vanadium concentration = 200 mg L–1, L/M ratio = 3, 
initial pH of the solutions  =  2.0, and adsorbent 
dosage = 12 g L–1.

At earlier times of the process, the adsorption rate was 
high because of the high driving force at the first minutes 
of the process. Unlike conventional adsorption processes, 
this process is not merely incremental. Irregular increase 
and decrease, especially in the Ni-EDTA system are seen 
in the amount of q. This is probably due to the changes in 
the adsorbent and adsorbate charge during the process. 
According to section 3.1 (Characteristics of adsorbent), 

during the process, OH– is released into the solution and 
leads to increase the solution pH. By increasing the pH of 
the solution, according to the adsorbent pHpzc (=8.3), electro-
static attraction between adsorbate and adsorbent becomes 
weak, and as a result, desorption occurs. After desorption, 
the adsorbate concentration increases in the solution and 
leads to increase in adsorption driving force; then adsorp-
tion process becomes dominant again. The continuous 
adsorption and desorption processes are the cause of fluc-
tuations in the figure.

Four common kinetic models were used to investigate 
the adsorption kinetics of V-EDTA and Ni-EDTA. These 
models are pseudo-first-order, pseudo-second-order, intra-
particle diffusion, and Boyd. The equations of these mod-
els are written in Table 10, including their parameters 
calculated by fitting them to the experimental data.

 
(a)

 

 
(b) 

Fig. 4. Plot of ln(KL) vs. T–1 for (a) V-EDTA and (b) Ni-EDTA 
systems.

Table 9
Thermodynamic parameters of V-EDTA and Ni-EDTA adsorptions

Temperature 
(K)

∆G° (kJ mol–1) ∆H° (kJ mol–1) T∆S° (kJ mol–1) ∆S° (kJ mol–1 K–1)

V-EDTA Ni-EDTA V-EDTA Ni-EDTA V-EDTA Ni-EDTA V-EDTA Ni-EDTA

298 –22.756 –17.789
–52.196 –0.826

–29.440 16.963
–0.097 0.057308 –23.415 –18.464 –28.781 17.638

318 –20.743 –18.925 –31.435 18.099
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According to Table 10 data and specifically the R2 val-
ues, it is evident that pseudo-second-order was the best 
model that can describe the experimental data for both 
V-EDTA and Ni-EDTA adsorptions onto NAC. The rela-
tive errors between experimental qe and predicted qe by 
this model are 0.46% and 1.15% for V-EDTA and Ni-EDTA, 
respectively. By considering the basis of the pseudo-second-
order kinetic model is derived from a chemical reaction 
concept [58] and Dubinin–Radushkevich isotherm, which 
described the equilibrium data well, chemical nature 
(electrostatic attraction) of the V-EDTA and Ni-EDTA 
adsorption onto NAC is approved.

By analyzing the intra-particle diffusion model, the 
intra-particle diffusion mechanism was not rate controlling 
for the adsorption process in both systems. Hence in this 
model, the values of R2 at both systems are relatively low 

and indicate a lack of fitness between the model behavior 
and experimental data. Also, the parameter C (intercept) 
indicates the model did not pass through the origin. To 
validate the result obtained from the intra-particle dif-
fusion model, the Boyd model was analyzed. According 
to the low R2 values that indicate non-linearity and exis-
tence of intercepts in Boyd model, it could be concluded 
that the film diffusion mechanism controls the rate of 
mass transfer at both V-EDTA and Ni-EDTA adsorption  
processes.

3.9. Competitive adsorption

After investigating the adsorption of V-EDTA and 
Ni-EDTA individually on NAC, competitive experiments 
were done at three conditions:

Fig. 5. Effect of contact time on metal-ligand adsorption.

Table 10
Equations and constants of kinetic models for metal-ligand adsorption

Kinetic model Equation Parameter Value

V-EDTA Ni-EDTA

Experimental qe (calculated in kinetic investigations) 13.03 4.33

Pseudo-first-order [55] ln lnq q q k te t e−( ) = − 1

k1 0.0016 0.0029
qe 6.06 1.04
R2 0.76 0.47

Pseudo-second-order [56]
t
q k q q

t
t e e

= +
1 1

2
2

k2 0.0012 0.0107
qe 12.97 4.28
R2 1.00 0.99

Intra-particle diffusion [57] q k t Ct = +dif
05

kdif 0.2260 0.0656
C 4.7634 2.7025
R2 0.78 0.62

Boyd [6]

− − −( ) =0 4977 1. ln F Bt B 0.0016 0.0029

F
q
q
t

e

= Intercept 0.2671 0.9313

B
D
r

e=
π2

2 R2 0.76 0.47
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•	 Condition 1: Ci,V = 120 mg L–1, Ci,Ni = 40 mg L–1, pHi = 3.0, 
and CAds = 12 g L–1.

•	 Condition 2: Ci,V = 40 mg L–1, Ci,Ni = 120 mg L–1, pHi = 3.0, 
and CAds = 12 g L–1.

•	 Condition 3: Ci,V = 120 mg L–1, Ci,Ni = 120 mg L–1, pHi = 3.0, 
and CAds = 12 g L–1.

To evaluate NAC performance and its selectivity in 
adsorption of metal-ligand complexes, both adsorption per-
centage and qM were reported in Figs. 6 and 7, respectively.

In Fig. 6a, the adsorption percentages after 7  h for 
V-EDTA and Ni-EDTA systems were 50.52% and 12.17%, 
respectively. Also, by considering Fig. 7a, the ratio of qV/qNi 
was 11.84 at the end of the adsorption process. This ratio 
is perfect for a selective process. Two factors were involved 
to obtain this proper ratio. The first factor was higher 
V-EDTA complex driving force due to its higher initial con-
centration, and the second factor was NAC selectivity on 
V-EDTA complex, which is more important.

According to Fig. 6b, after 7 h, 73.92% of V-EDTA com-
plex was adsorbed. While in the same period, just 26.59% 
of Ni-EDTA complex was adsorbed. In this condition, 
although the adsorption driving force for Ni-EDTA com-
plex was higher than V-EDTA, higher amounts of V-EDTA 
complex were adsorbed due to NAC selectivity to V-EDTA 
complex. But, the higher initial concentration of Ni-EDTA 
complex influenced adsorbent capacities that is visible 
in Fig. 7b. It caused an increase in Ni-EDTA adsorbent 
capacity compared to condition 1. The qM at the end of the 
process for V-EDTA and Ni-EDTA systems were 2.86 and 
2.94 mg L–1, respectively.

The results related to equal initial concentrations 
(condition 3) are illustrated in Figs. 6c and 7c. After 7h, 
54.30% of V-EDTA and 19.97% of Ni-EDTA were adsorbed. 
Due to the equal initial concentration of both complexes, 
the selectivity of NAC on V-EDTA complex was clear. Also, 
the end of the process qV/qNi was 2.68, which is a good 
value. According to the literature review, in most cases, 
which vanadium and nickel metals need to be separated 
from their resources, the amount of nickel is less than 
vanadium amounts [4,15,17,59]. It is equivalent to condi-
tion 1, and the results obtained from this condition indicate 
that the adsorbent (NAC) has very good selectivity.

To justify the selectivity of NAC on V-EDTA complex, 
two mechanisms were investigated. First, the tendency of 
NAC surface to make a chemical bond with metal-ligand 
complex and at the second step, diffuse of the metal-ligand 
complexes from the bulk of the solution to inner layers 
of the adsorbent were studied. To do this, the results of 
equilibrium and kinetic studies were used.

By studying the pseudo-second-order kinetic model 
and Dubinin–Radushkevich isotherm, it was found that the 
natures of the adsorption for both systems are chemical. 
Also, the E parameters at 25°C for V-EDTA and Ni-EDTA 
systems were 13.260 and 9.136 kJ mol–1, respectively. It was 
also mentioned that if the value of parameter E is smaller 
than 8  kJ  mol–1, the nature of the adsorption is physical. 
It means as the amount of the parameter E decreases, the 
strength of the bond between the adsorbent surface and 
the components decreases too. So, the strength of the bond 
between Ni-EDTA complex and NAC surface was weak 

in comparison to V-EDTA complex. Moreover, the cal-
culated values of ∆G° at 25°C for V-EDTA and Ni-EDTA 
systems (–22.756 and –17.789  kJ  mol–1) indicate the more 
adsorption tendency for V-EDTA onto NAC surface.

The Boyd model was used to distinguish the mass 
transfer resistance between film diffusion and intra-particle 
diffusion. It was found that the film diffusion mecha-
nism may be the rate-controlling step in both adsorp-
tion systems. In Boyd model, according to the R2 values, 
the non-linearity of experimental data in comparison to 
the model behavior at Ni-EDTA system was higher than 
V-EDTA system. Moreover, the intercept at Ni-EDTA system 
was more than the intercept at V-EDTA system. These two 
may indicate the more significant film diffusion resistance 
for Ni-EDTA complex.

At initial pH = 3.0, V-EDTA species is VO2H[EDTA]2– and 
Ni-EDTA species are NiH[EDTA]– and Ni[EDTA]2– [29,30]. 
Based on the obtained results, it could be concluded that 
chemical structure differences in V-EDTA and Ni-EDTA 
species, such as the existence of oxygen in V-EDTA species, 
made differences in the number of their adsorptions and 
more NAC tendency to adsorb V-EDTA complex.

3.10. Kinetics in competitive adsorption

The experimental data of competitive adsorption were 
investigated with the following kinetic models at each condi-
tion to obtain a modified kinetic model that can describe the 
whole process:

•	 Pseudo-first-order, pseudo-second-order, intra-particle, 
and Boyd.

The results of this investigation are listed in Table 11. 
According to this table, the pseudo-second-order kinetic 
model could describe the adsorption data well. So, this 
model was chosen, and its parameters including qe and k2 
were found in terms of initial concentrations ratio of metals 
(Ci,V/Ci,Ni).

To find the relationship between the model parame-
ters (qe and k2) and the initial concentration ratio of metals, 
the same pseudo-second-order model was used for the 
first time in this paper. As time passes, concentrations 
of the components vary, too. So in the pseudo-second-
order model, the parameter that indicates the time (t) was 
substituted with the concentration indicator term (Ci,V/
Ci,Ni). The parameter qt in the model was also substituted 
with qe and k2, which have the same concept according to  
their units.

The modified pseudo-second-order kinetic model that 
is describing the competitive adsorption of V-EDTA com-
ponent is shown in Eqs. (20)–(22). The regression coefficient 
of both Eqs. (21) and (22) was 0.98.

t
q k q q

t
t e e, , , ,V V V V

= +
1 1

2
2 	 (20)
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where qt,V and qe,V are the amounts of vanadium adsorbed per 
unit weight of NAC (mg g–1) at time t (min) and equilibrium, 
respectively. k2,V is the rate constant of pseudo-second-order 

kinetic model (g  mg–1  min–1) modified for describing 
V-EDTA competitive adsorption.

Similarly, the modified pseudo-second-order kinetic 
model for competitive adsorption of Ni-EDTA component 
onto NAC is illustrated in Eqs. (23)–(25). For both Eqs. (24) 
and (25), the regression coefficient was found 0.98.

t
q k q q

t
t e e, , , ,Ni Ni Ni Ni

= +
1 1

2
2 	 (23)

Table 11
Parameters of kinetic models for metal-ligand adsorption in competitive experiments

Ci,V/Ci,Ni Kinetic model Parameter Value

V-EDTA component Ni-EDTA component

1/3

Experimental, qe (after 7 h) 2.86 2.94

Pseudo-first-order
k1 0.0115 0.0108
qe 1.63 1.81
R2 0.90 0.85

Pseudo-second-order
k2 0.0141 0.0109
qe 3.02 3.13
R2 1.00 1.00

Intra-particle diffusion
kdif 0.1257 0.1309
C 0.8183 0.7526
R2 0.77 0.81

Boyd
B 0.01147 0.0108
Intercept 0.0627 –0.0150
R2 0.90 0.85

1

Experimental, qe (after 7 h) 5.63 2.10

Pseudo-first-order
k1 0.0084 0.0087
qe 4.26 1.46
R2 0.97 0.72

Pseudo-second-order
k2 0.0031 0.0195
qe 6.21 1.92
R2 1.00 0.93

Intra-particle diffusion
kdif 0.2595 0.0943
C 0.9250 0.4418
R2 0.92 0.84

Boyd
B 0.0084 0.0087
Intercept –0.2192 –0.1335
R2 0.97 0.72

3

Experimental qe (after 7 h) 5.21 0.44

Pseudo-first-order
k1 0.0138 (Not applicable)
qe 5.00 (Not applicable)
R2 0.97 (Not applicable)

Pseudo-second-order
k2 0.0036 0.0355
qe 5.83 0.69
R2 1.00 0.96

Intra-particle diffusion
kdif 0.2467 0.0203
C 0.9153 0.2156
R2 0.90 0.52

Boyd
B 0.0138 (Not applicable)
Intercept –0.4559 (Not applicable)
R2 0.97 (Not applicable)
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where qt,Ni, qe,Ni, and k2,Ni are the same as the previous model 
but for Ni-EDTA competitive adsorption. It should be noted 

that these modified kinetic models are valid in the concen-
tration range of 40–120  mg  L–1 for each metal and in the 
period of at 0–7 h.

3.11. Free EDTA and Na adsorptions in competitive  
experiments

As mentioned earlier, the dominant species of free 
EDTA at competitive experiments (pHi = 3.0) are H3[EDTA]– 
and H2[EDTA]2– [48]. Due to the negative charge of these 
species, adsorptions of them occurred. The adsorption 
percentage and qEDTA vs. time are illustrated in Fig. 8. 

 

(a) 

 

(b) 

 

(c) 

Fig. 6. Adsorption percentage of metal-ligand vs. time (min) in 
competitive experiments at (a) condition 1, (b) condition 2, and 
(c) condition 3.

 

(a) 

(b) 

 

(c) 

Fig. 7. qM of metal-ligand systems vs. time (min) in com-
petitive experiments at (a) condition 1, (b) condition 2, and 
(c) condition 3.
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The initial concentration of EDTA was measured 5.20  mM 
at both conditions 1 and 3. Because in these conditions, the 
initial concentration of vanadium is equal to 120 mg L–1 and 
the molar ratio of EDTA to vanadium is constant and equal 
to 3. In condition 2, the initial concentration of EDTA was 
measured 1.84 mM.

According to Fig. 8, after 7 h, the EDTA adsorption per-
centage in condition 2 becomes 61.96% and 42.69% and 
42.31%, respectively, in conditions 1 and 3. In condition 2, 
due to the lower initial concentration of EDTA, the value of 
adsorption percentage has become higher than the values in 
conditions 1 and 3. Since the initial concentration of EDTA 
is higher in conditions 1 and 3, the qEDTA in these conditions 

was found higher than condition 2. After 7  h, the qEDTA in 
conditions 1, 2, and 3 were 0.185, 0.095, and 0.183 mmol g–1, 
respectively.

Because the sodium salt of EDTA was used to prepare 
the solutions, Na+ cation was present in all experiments. 
According to the EDTA salt (Na2EDTA·2H2O), the molar 
ratio of Na to total EDTA (including in complex and free 
EDTA) was 2. It is predicted that Na+ has low adsorption 
onto NAC due to its positive charge in low concentrations. 
But in competitive experiments, the Na concentrations were 
relatively high, which were 500, 356, and 631 mg L–1 at con-
ditions 1, 2, and 3, respectively. These high concentrations 
result in having a high driving force for Na adsorption.

In Fig. 9, the adsorption percentage and qNa are shown. 
According to the results, in condition 1 where the nickel 
concentration was low, the adsorption of Na was high in 
comparison to the other conditions. The reason may be the 
existence of nitrate in the solution that came from nickel salt 
(NiN2O6·6H2O). The [NO3]2– component that has a negative 
charge, is adsorbed onto NAC and block the active sites. 
So, in conditions 2 and 3 where the nickel concentration is 
higher than condition 1, the nitrate may block some of NAC 
active sites and as a result, the lower amounts of Na were 
adsorbed.

The adsorption percentage and qNa in condition 1 after 
7  h were 17.07% and 7.13  mg  g–1, respectively. Similarly in 
condition 2, at the end of the process, the adsorption per-
centage and qNa were 6.83% and 2.27  mg  g–1, respectively. 
In condition 3, where both initial concentrations of metals 
were equal to 120  mg  L–1 and according to the maximum 
existence of nitrate and V-EDTA component, the value of Na 
adsorption was lower than the values at other conditions. 
The values of 2.95% and 1.55  mg  g–1 were the adsorption 
percentage and qNa at condition 3 after 7 h, respectively.

4. Conclusion

At optimum operational conditions in individual 
investigations, the qmax at V-EDTA system was predicted 
15.39 mg g–1 V with a relative error of 8.67% and at Ni-EDTA 
system was predicted 15.82 mg g–1 Ni with a relative error 
of 8.73% by the models. The optimum operational con-
ditions at V-EDTA system were Ci,V  = 200 mg L–1, L/M  = 1, 
pHi = 2.0, and CAds = 2 g L–1, and at Ni-EDTA system were 
Ci,Ni = 200 mg L–1, L/M = 1, pHi = 3.0, and CAds = 2 g L–1, and 
contact time at both systems was 4  h. The statistical data 
and diagnostic plots showed the significance of the models. 
The pseudo-second-order kinetic model described the exper-
imental kinetic data well for both systems. The Freundlich 
and Dubinin–Radushkevich isotherms were fitted to the 
equilibrium data at both V-EDTA and Ni-EDTA systems. 
According to the kinetics and equilibrium investigations, it 
was found that both adsorptions of V-EDTA and Ni-EDTA 
complexes onto NAC had the chemical nature (electrostatic 
attraction) and controlled by film diffusion. Likewise, they 
were exothermic, spontaneous, and feasible. Competitive 
experiments were done kinetically at three operational 
conditions based on the optimum results derived from the 
RSM. At one of these conditions that were closer to indus-
trial cases, the ratio of complexed vanadium to nickel 
adsorbed (qV/qNi) was found 11.84 that is acceptable for a 

 

(a) 

 

(b) 

 

(c) 

Fig. 8. Adsorption percentage and qEDTA vs. time (min) in com-
petitive experiments at (a) condition 1, (b) condition 2, and 
(c) condition 3.
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selective adsorption process. Moreover, a modified pseudo-
second-order kinetic model was introduced for the first time 
to describe the whole competitive adsorption process well.
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Symbols

B	 —	� Constant of Temkin isotherm that is related to the 
heat of adsorption, J mol–1

C	 —	� Intercept of intra-particle diffusion kinetic model, 
mg g–1

Ce	 —	 �Concentration of vanadium or nickel at equilib-
rium, mg L–1 or mol L–1

De	 —	 �Effective diffusion coefficient of Boyd kinetic 
model, m2 s–1

k1	 —	� Rate constant of pseudo-first-order kinetic 
model, min–1

k2	 —	� Rate constant of pseudo-second-order kinetic 
model, g mg–1 min–1

kdif	 —	� Rate constant of intra-particle diffusion kinetic 
model, mg g–1 min–0.5

KF	 —	� Constant of Freundlich isotherm that is related 
to the adsorption capacity of the adsorbent, 
mg1–(1/n) L1/n g–1

KL	 —	� Constant of Langmuir isotherm that is related to 
the energy of adsorption, L mol–1

KT	 —	� Equilibrium binding constant that is related to 
the maximum binding energy, L mg–1

n	 —	 �Exponent of Freundlich isotherm that is related 
to the adsorption intensity

qe	 —	� Amount of vanadium or nickel adsorbed per unit 
weight of the adsorbent at equilibrium, mg g–1

qm	 —	 Theoretical saturation capacity, mol g–1

qmax	 —	� Maximum adsorption capacity of the adsorbent, 
mg g–1

qt	 —	� Amount of vanadium or nickel adsorbed per unit 
weight of the adsorbent at time t, mg g–1

r	 —	 Radius of the adsorbent particles, m
R	 —	 Universal gas constant, 8.3145 J mol–1 K–1

t	 —	 Time, min
T	 —	 Temperature, K
Β	 —	 �Constant term of Dubinin–Radushkevich iso-

therm that is related to the mean free energy of 
adsorption per mole of the adsorbate, mol2 J–2

ε	 —	 �Polanyi potential term of Dubinin–Radushkevich 
isotherm that is related to the equilibrium con-
centration, J mol–1
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