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ABSTRACT: Many hydrometallurgy methods, including chemical 10 ——H:VuOs”
precipitation, ion exchange, solvent extraction, and adsorption, have :Ezzzo();
been used to recover vanadium from vanadium solution, but the final — HViOR"
step of these methods involved precipitation with ammonium salts, high ¢ ——HVuOx"
concentrations of which are harmful to the environment. The key point E 0 :::’/’8’1
is to find a new compound to replace ammonium salts without reducing &  hvor
the vanadium precipitation efficiency. The adsorption process of 5 40 — V0"
vanadium with glutamic acid is investigated. The effects of experimental = — V0"
factors, including dosage of glutamic acid, reaction temperature, 20 _zjgi}_
concentration of H,SO,, and reaction time, on the adsorption process — VO
are investigated. The results show that nearly 91.66% vanadium is 0 Viou*
1 2 3 4 5 6 7——vo:'

adsorbed under the following reaction conditions: reaction temperature
of 90 °C, H,SO, concentration of 20 g/L, glutamic acid dosage at
n(glu)/n(V) = 3.0:1, and reaction time of 60 min. The response surface
methodology is applied to optimize the reaction conditions. The analysis results indicate that the reaction temperature has the
greatest effect on the adsorption eficiency of vanadium and the influence of experimental factors follows the order: reaction
temperature > dosage of glutamic acid to vanadium > reaction time > concentration of H,SO,. The pseudo-second-order model is
selected to describe well the adsorption kinetic behavior, and the thermodynamic analysis results indicate that the adsorption process
of vanadium is unspontaneous and exothermic. The results will be useful for further applications of glutamic acid, and they provide a
bright future for vanadium recovery.

. utamic aci is a white powder widely used in foo

1. INTRODUCTION Gl d (GA hite powd dely used in food
Vanadium is widely used in the petrochemical industry, additives, medicine, feed, industry, and reagents. In this paper,
catalysts, and iron steel, due to the excellent physicochemical GA is used as an adsorbent to adsorb vanadium. The effects of

properties, and it is called “the vitamin of modern in dustry”.l_é experimental f.actors, including dosage of Gj'\, cogcentratlon of
H,SO,, reaction temperature, and reaction time, on the

It is mainly leached out from titanium magnetite and stone ) - - ] h
coal by hydrometallurgy technologies’"* and recovered by adsorption process are investigated. Meanwhile, the reaction
conditions are optimized with response surface method-

technologies like chemical precipitation,'®™*° jon ex-

chang621§2 solvent extraction 113(),23—56 and ’adsorptionn_m ology.””~* Also, the adsorption kinetic behavior and
) ) o .

Among them, chemical precipitation with ammonium salts is thermodynamic analyses are performed.

the most common method, and vanadium is precipitated in the

form of (NH,),V40,.. The whole vanadium recovery 2. RESULTS AND DISCUSSION

efficiency can be up to 95%. However, the large amount of

. i< still blem, 1732-34 2.1. The Composition in the Solution. A mole fraction
ammonium wastewater is still a problem. " ~

distribution diagram of V(V)-species in a V-H,O system is
In recent years, many methods have been developed to obtained at pH = 1—7 and [V] = 0.05 mol/L at 25 °C, and the

achieve high vanadium recovery efficiency. The key poin.t is to results are shown in Figure 1.° It can be seen that the V(V)
find a new compound to replace ammonium salts without

reducing the vanadium precipitation efficiency. Adsorption
technology has been proven to be an efficient and economical
technique because of high efficiency, low input, and simple
i 35-37 . . < 27,28,38 ;
operation. In our previous studies, melamine
exhibited nearly 100% vanadium adsorption efficiency due to
the functional group —NH,; thus, kinds of amino acid have
attracted our attention.
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Figure 1. V-species in the V-H,O system at 25 °C with [V] = 0.0§
mol/L.
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Figure 2. Effect of dosage of glutamic acid on the adsorption
efficiency of vanadium.
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Figure 3. Effect of the concentration of H,SO, on the adsorption
efficiency of vanadium.

exists in the form of VO,', HVO,”, H,VvO,”, V,0,*,
HV20673_) H2V26072_) V40124_) V4OI36_; }_IV40135_) Vsolsi_;
Vs015°7, Vi9055°7, HV 005", HyV40,5"7, and H3V,0057"
At the pH range of 1—7, the main species of V(V) in the
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Figure 4. Effect of reaction temperature on the adsorption efficiency
of vanadium.
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Figure S. Effect of reaction time on the adsorption efficiency of
vanadium.

Table 1. Independent Variables and Factor Levels

level
independent variable unit -1 0 1
A: concentration of H,SO, g/L 0.00 15.00 30.00
B: reaction temperature °C 30.00 60.00 90.00
C: reaction time min 10.00 35.00 60.00
D: n(glu)/n(V) 0.00 1.50 3.00

solution areVO,*, H;V;,0,4°7, and HV,,0,,°". Almost 100%
of V(V) in the solution exists in the form of VO," when pH =
1. As the pH value increases, the mole fraction of VO,*
decreases gradually and VO,* starts to transform into
H,V,,0,5*, and the mole fraction of HV,(0,s*" reaches
63.8% at pH = 3. On further increasing the pH, HyV,(0,5>~
gradually transforms into HV,,0,5°~, with the corresponding
mole fraction reaching the max value of 86.5% at pH = S.5.
2.2. Single-Factor Experiments. 2.2.1. Effect of Dosage
of GA. The dosage of GA has a significant effect on the
adsorption efficiency, which plays the role of a reaction
reagent. A series of experiments is conducted to investigate the
effect of n(glu)/n(V) on the adsorption efficiency. The dosage

https://doi.org/10.1021/acsomega.1c02590
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Table 2. CCD Experimental Matrix and Experimental Results for This Study

run n(glu)/n(V) concentration of H,SO, reaction time/min reaction temperature/°C adsorption efficiency/%
1 1.5 10 35 30 3.61
2 1.5 20 10 30 63.88
3 1.5 20 60 30 S5.42
4 3.0 20 35 30 10.90
N 0.0 20 35 30 4.55
6 1.5 30 35 30 5.29
7 0.0 10 35 60 27.0S
8 1.5 10 10 60 73.40
9 1.5 10 60 60 35.57
10 3.0 10 35 60 66.59
11 1.5 20 35 60 22.70
12 3.0 20 60 60 42.73
13 3.0 20 10 60 27.14
14 1.5 20 35 60 36.75
15 1.5 20 35 60 36.75
16 0.0 20 10 60 20.31
17 1.5 20 35 60 36.75
18 0.0 20 60 60 9.36
19 1.5 20 35 60 36.75
20 1.5 30 60 60 542
21 1.5 30 10 60 13.48
22 0.0 30 35 60 6.30
23 3.0 30 35 60 7.17
24 1.5 10 35 90 90.72
25 1.5 20 60 90 76.79
26 0.0 20 35 90 61.82
27 3.0 20 35 90 81.61
28 1.5 20 10 90 70.12
29 1S 30 35 90 57.44
100 | B adsorption efficiency increases with a continuous increase of
GA dosage. The adsorption efficiency of vanadium increased
g from 74.48 to 91.66% as dosage of GA increased from n(glu)/
& 80 n(V) = 0.6 to n(glu)/n(V) = 3.0. A further increase of GA had
g no obvious effect on adsorption efficiency; thus, n(glu)/n(V) =
g o0 r 3.0 is selected as an optimal condition for further experiments.
g A Though the adsorption efficiency is not as good as that of
E 40 | D melamine, which has three —NH,, while GA has only one
. c —NH,,””*® the vanadium can still be recovered efficiently.
2 |B A 2.2.2. Effect of the Concentration of H,SO,. The existence
L L L L L of vanadium ions has a significant effect on the vanadium
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Figure 6. Perturbation plot for the adsorption efficiency of vanadium
in the design space. Concentration of H,SO, (A), reaction
temperature (B), reaction time (C), and dosage of glutamic acid to

vanadium (n(glu)/n(V)) (D).

of GA is set as n(glu)/n(V) = 0.6, 1.2, 1.8, 2.4, 3.0, and 3.6,
respectively. In addition, the other reaction conditions are as
follows: a reaction time of 60 min, reaction temperature of 90
°C, and H,SO, concentration of 20 g/L. The results shown in
Figure 2 indicate that the dosage of GA has a significant effect
on the adsorption process and the adsorption efficiency of
vanadium increases with the increasing n(glu)/n(V) value.
During the adsorption process, the VO,* was adsorbed on the
surface of GA by hydrogen bonds or van der Waals force.
There are not enough vacant sites for vanadium adsorption on
the GA surface at low GA dosage, and the number of vacant
sites increases with the increase of GA dosage.43 Thus, the

21565

recovery process. A series of experiments is conducted to
investigate the effect of the concentration of H,SO, on the
adsorption efliciency of vanadium, which is set as 10, 15, 20,
25, and 30 g/L, while other reaction conditions are kept
constant: n(glu)/n(V) = 3.0, a reaction time of 60 min, and a
reaction temperature of 90 °C. Figure 3 shows that the
adsorption efficiency of vanadium increases with the increasing
concentration of H,SO,. Only 46.85% vanadium is adsorbed at
a concentration of 10 g/L as vanadium exists as polyanions,
which is not beneficial for adsorption.”® Increasing the
concentration of H,SO, can make the solution acidic, and
vanadium will transform into cations. When the concentration
of H,SO, is over 20 g/L (pH < 1.5), vanadium mostly exists as
VO,", which makes a great contribution to high adsorption
efficiency of vanadium.”®*>** Further increasing the concen-
tration has no obvious effect on adsorption efficiency; thus, 20
g/L is chosen as the optimal concentration of H,SO, for
further experiments.

https://doi.org/10.1021/acsomega.1c02590
ACS Omega 2021, 6, 21563—21570
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Table 3. Analysis of Variance (ANOVA) for the Response

source sum of squares Df
model 26.56 14
A 5.66 1
B 14.03 1
C 0.97 1
D 1.33 1
A*B 0.17 1
A*C 0.13 1
A*D 0.15 1
B*C 1.63 1
B*D 0.089 1
C*D 0.38 1
A*A 1.62 1
B*B 0.009819 1
C*C 0.0004498 1
D*D 0.41 1
residual S5.12 14
lack-of-fit 4.84 10
pure error 0.28 4
cor total 31.68 28

mean square F value p-value Prob > F
1.90 5.19 0.0020
5.66 15.47 0.0015
14.03 38.38 <0.0001
0.97 2.66 0.1252
1.33 3.63 0.0775
0.17 0.48 0.5008
0.13 0.36 0.5588
0.15 0.41 0.5347
1.63 4.46 0.0532
0.089 0.24 0.6304
0.38 1.03 0.3271
1.62 4.43 0.0538
0.009819 0.027 0.8722
0.0004498 0.00123 0.9725
0.41 1.12 0.3070
0.37
0.48 6.94 0.0385
0.070

2.2.3. Effect of Reaction Temperature. The reaction
temperature is ranged from 30 to 90 °C with an interval of
15 °C to investigate the effect of reaction temperature on the
adsorption efficiency of vanadium. The other reaction
conditions are kept constant: n(glu)/m(V) = 3.0, a reaction
time of 60 min, and a H,SO, concentration of 20 g/L. Figure 4
shows that the adsorption efficiency of vanadium increases
linearly with the increase of reaction temperature. A low
diffusion rate and high viscosity are obtained at low reaction
temperature; only 16.81% vanadium is adsorbed at a reaction
temperature of 30 °C. A higher reaction temperature can
increase the diffusion rate and molecule activity, decrease the
viscosity, promote the reaction extent, and enhance the
adsorption of vanadium.”>~* Thus, a reaction temperature
of 90 °C is selected for further experiments as a high
adsorption efficiency of 91.66% is achieved.

2.2.4. Effect of Reaction Time. The results shown in Figure
S display the effect of reaction time on the adsorption
efficiency of vanadium. The reaction time has a positive effect
on adsorption of vanadium, and the adsorption efficiency of
vanadium increases with the increasing reaction time. The
adsorption efficiency increased rapidly up to 82.28% in the first
20 min, indicating that the adsorption of vanadium is a rapid
reaction. With the increasing reaction time, the vacant sites on
the surface of GA will reach its saturation, resulting in a lower
adsorption rate, and the adsorption efficiency increases slowly:
only 7 percentage increase when the reaction time increases
from 20 to 40 min and just 0.4 percentage increase from 50 to
60 min. In other words, a further increase in reaction time has
no obvious significant effect on the adsorption process; the
reaction time can be shortened to some extent.

2.2.5. Response Surface Methodology. The single-factor
experiments just investigate the effect of one factor at a time
and ignore their interactions on the adsorption process. Thus,
the response surface methodology is applied to investigate the
interactions and optimize the reaction conditions via Design
Expert 8.0 software.*”*’~* During the analysis process, the
single factors are set as independent variables (concentration
of H,SO, (A), reaction temperature (B), reaction time (C),
and dosage of GA to vanadium (n(glu)/n(V)) (D)), and the

adsorption efficiency of vanadium is set as the response
variable. The actual values for experimental parameters are
confirmed according to the single experimental results, which
are detailed in Table 1.*%*~*

2.2.6. Model Fitting. The experimental results after
completing the experiments according to the corresponding
experimental conditions are shown in Table 2. The natural log
is used to express the simulated results (eq 1):

Ln(y) = 341 — 0.69A + 1.08B — 0.28C + 0.33D

— 0.21AB + 0.18 AC — 0.19 AD + 0.64 BC
— 0.15BD + 0.31CD — 0.50A> + 0.039B>
— 8.328E — 003C* — 0.25D” (1)

The coefficients before each parameter represent the
direction and influence of the factors on the response (Figure
6). Their coefficients are —0.69, 1.08, —0.28, and 0.33,
respectively, which confirms that reaction temperature and
dosage of GA show positive impact and that the concentration
of H,SO, and reaction time show negative effect on the
response, respectively. The order of influence is reaction
temperature > dosage of GA > reaction time > concentration
of H,SO,.

The variance analysis of the polynomial equation is shown in
Table 3. The Model F-value of 5.19 indicates that the model is
significant. The value of “Prob > F” of 0.0020, which is less
than 0.0500, indicates that the model terms are significant and
the model can be used to optimize the reaction conditions.

2.2.7. Response Surface Analysis. The contour plots for the
effect of the interactions between independent factors on the
adsorption efficiency of vanadium are shown in Figure 7.
According to the contour plots, the degree of influence of the
experimental factors can be judged. As far as the influence of
individual experimental factors is concerned, all four factors
have great effects on the adsorption efficiency. It is clear that
the adsorption efficiency increases with the reaction temper-
ature and dosage of GA and decreases with the concentration
of H,SO, and reaction time. The interactions between reaction
time and other three factors all have positive effect on the
adsorption efficiency, which indicates that long reaction time is

https://doi.org/10.1021/acsomega.1c02590
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Figure 7. Response surface plots for factors (A to B, Ato C, Ato D, B to C, B to D, and C to D).

beneficial for the adsorption process, while the interactions effect on the adsorption process. The results are consistent
between other two factors except reaction time have negative with the above analysis.

21567 https://doi.org/10.1021/acsomega.1c02590
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Table 4. Optimization of Reaction Conditions via RSM

optimum conditions

adsorption efficiency/%

concentration of H2504 n(glu)/n(V) reaction time

20 g/L 3.0 35

reaction temperature actual predicted

90 °C 87.25% 86.81%

Table 5. Constants and Correlation Coefficients of Pseudo-
Second-Order Kinetic Models for Adsorption of Vanadium
with GA (3.0)”

temperature q. (mg/g) K R?
30 33.30 0.00014 0.9911
45 81.96 0.00017 0.9923
60 108.46 0.00029 0.9978
75 125.34 0.00034 0.9964
90 141.64 0.00108 0.9934

“q. is the adsorption capacity at equilibrium, mg/g; g, is the
adsorption capacity at time t, mg/g. K is the pseudo-second-order
sorption model rate constant, g/(mg-min).

Table 6. Thermodynamic Factors of Vanadium Adsorption
onto GA (3.0)

temperature  AG (kJ/mol)  AH (kJ/mol)  AS (J/mol K) R?
303 K —0.052 58.50 247.17 0.9718
318 K —0.066
333 K -0.072
348 K -0.079
363 K —0.085

2.2.8. Optimization. The optimal reaction conditions are
obtained by response surface methodology (RSM), and the
results are shown in Table 4. The adsorption efficiency of
vanadium is predicted as 86.81% under selected optimum
conditions, while the actual adsorption efficiency is 87.25%,
which indicates that the selected analysis model is suitable for
simulating the adsorption process.

2.3. Kinetic Analysis. In order to better understand the
adsorption kinetics of vanadium with GA, the pseudo-second-
order kinetic model is selected to analyze the experimental
data.””?*° The kinetic model is expressed as eq 2.

t 1 1

—=— + —t

9 Kq& q, )

The obtained constant coeflicients of the kinetic models for
vanadium adsorption with GA at different reaction temper-
atures are shown in Table 5. The adsorption kinetic behavior is
significantly affected by the properties of vanadium and GA
and reaction conditions. The results displayed in Table 5
showed that the correlation coefficients (R*) are nearly 1.00,
which confirms that the pseudo-second-order model is suitable
for describing the adsorption kinetic behavior of vanadium.
The g, and K are calculated with eq 3, and it is observed that
the g, value increased with an increase in reaction temperature,
which is consistent with the above analysis that the reaction
temperature has the greatest effect on the adsorption efficiency
of vanadium. Increasing the reaction temperature can enhance
the diffusion rate of vanadium ions to the pores to form new
adsorption sites, strengthen the strong bond between
vanadium ions and active sites of GA, and increase the
chemical interaction between vanadium and GA. Otherwise,
the obtained results are in line with some research studies.””**

2.4. Thermodynamic Analysis. The adsorption thermo-
dynamic parameters, including standard Gibbs free energy,
standard entropy, and standard enthalpy, are measured to
investigate the system energy and matter transformation based
on the following equations (eqs 456).

AG = —RTIn K, 3)
AG = AH — TAS 4)
K=t
C. (8)
AS AH
hK,= — — —
BT T T RT (6)

where R is the universal gas constant, 8.314 J/(mol K); T is the
reaction temperature, K; K, is the equilibrium constant; g, is
the equilibrium concentration of vanadium on the surface of
GA, mg/g; C, is the equilibrium concentration of vanadium in
the solution, mg/L.

The thermodynamic analysis is helpful to investigate the
reaction mechanism during the adsorption process.”'~>> The
calculated results are shown in Table 6. First, the negative
value of AG displays that the adsorption reaction is feasible
thermodynamically and confirms that the adsorption process
was physio-sorption (—20 and 0 kJ/mol indicate physio-
sorption, —20 to —80 kJ/mol indicates physio-chemi-sorption,
and —80 to —400 kJ/mol indicates chemi-sorption). Second,
the positive enthalpy (AH) indicates that the adsorption
process of vanadium with GA was an unspontaneous and
exothermic process; meanwhile, it also confirms that the
adsorption process is physio-sorption. Finally, the positive
entropy (AS) value confirms that the adsorption reaction is
quite random at the interface of the liquid/solid phase for the
vanadium adsorption using GA. Therefore, it is concluded that
the adsorption process of vanadium onto GA is an
unspontaneous, exothermic, and physio-sorption process.

3. CONCLUSIONS

This paper focused on the adsorption behavior of vanadium
with GA. The following conclusions can be obtained:

(1) The optimal processing factors are obtained by RSM,
and the influence of processing parameters on the adsorption
efficiency of vanadium follows the order reaction temperature
> dosage of GA > reaction time > concentration of H,SO,.
Nearly 91.66% vanadium (adsorption capacity of 101.53 mg/
g) can be adsorbed under the optimal conditions: GA dosage
at n(glu)/n(V) = 3.0:1, a reaction time of 60 min, a reaction
temperature of 90 °C, and a H,SO, concentration of 20 g/L.

(2) The results of the thermodynamic study show that the
adsorption process is unspontaneous and exothermic. The
values of free energy (AG) and standard enthalpy (AH)
disclose that the mechanism of vanadium adsorption with GA
is physio-sorption.
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4. MATERIALS AND METHODS

4.1. Materials. All the reagents including sulfuric acid
(H,S0,), sodium vanadate (Na;VO,), and GA (C;H,NO,)
are of analytical grade, which are purchased from Kelong Co.,
Ltd., Chengdu, China, and used as received without
purification.

4.2. Experimental Procedure. All adsorption experiments
are performed in a 300 mL beaker. First, a concentration
vanadium solution is added to the beaker, and then, a certain
amount of H,SO, is added. The beaker is placed in a water
bath. When the solution is heated to a scheduled temperature,
GA is added into the solution and then stirred at 500 rpm for
the required reaction time.”””***** The reaction solution is
filtrated by vacuum filtration, and then, the concentration of
residual vanadium is determined by inductively coupled
plasma—optical emission spectrometry. The adsorption
efficiency of vanadium is calculated as follows (eq 7):

Co (7)

where Cj is the initial concentration of vanadium, mg/L; C, is
the concentration of vanadium at different times t, mg/L.

n(%) =
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