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Abstract: The adsorption kinetics of polystyrene [1-butyl-3-methylimidazolium][bis(2,4,4-trimethylpentyl)phosphinate] 
(PS[C4mim][C272]) towards V(V) in acidic leachate was explored under ultrasound. The effects of ultrasonic power 
and V(V) concentration on the adsorption performance of PS[C4mim][C272] were investigated. The results showed that 
ultrasonic radiation significantly shortened the adsorption equilibrium time and improved the adsorption performance of 
PS[C4mim][C272] compared with the conventional oscillation. At an ultrasonic power of 200 W, the equilibrium 
adsorption capacity of PS[C4mim][C272] reached its maximum of 311.58 mg/g. The kinetic model fitting results 
showed that the adsorption process of PS[C4mim][C272] strictly followed the pseudo-second-order kinetic model under 
ultrasound. Analysis using the shrinking core model and the Weber−Morris model showed that the adsorption process of 
PS[C4mim][C272] was primarily controlled by intra-particle diffusion mechanism. The adsorption isotherm model 
study showed that the Langmuir isotherm model could effectively fit the adsorption process of PS[C4mim][C272] under 
ultrasound. 
Key words: kinetics; ultrasound; vanadium; polystyrene [1-butyl-3-methylimidazolium][bis(2,4,4-trimethylpentyl)- 
phosphinate]; conventional oscillation; adsorption 
                                                                                                             

 
 
1 Introduction 
 

Vanadium, a rare high-melting-point metal 
with excellent physical, chemical, and catalytic 
properties, is one of the strategic metals of the 
country [1]. Vanadium and its compounds are 
widely used in industrial fields, such as steel, 
non-ferrous alloys, chemical industry, refining, 

glass, and ceramics [2]. Most vanadium is extracted 
by acid leaching from vanadium-bearing resources 
and the vanadium concentration in acidic leachate is 
low [3]. Extraction and ion exchange are commonly 
used to enrich metal ions in leachate, but they have 
drawbacks such as complex operation, low processing 
capacity, and large reagent usage. Therefore, new 
adsorption materials need to be developed. Ionic 
liquids (ILs) are a new type of “designable” green 
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solvents, and immobilizing them on carriers is an 
effective way to solve the above problems. By 
modifying the cations and anions of ILs with 
different functional groups, bifunctionalized ionic 
liquids with different physical and chemical 
properties can be obtained [4]. As a new type of 
functional composite material adsorbent in recent 
years, supported bifunctionalized ionic liquids 
(SBILs) have attracted widespread attention in the 
enrichment of metals due to their excellent 
extraction performance and selectivity [4,5]. The 
large specific surface area, porous structure and 
abundant functional groups of SBILs can provide 
sufficient adsorption sites for vanadium, and thus 
they have been proved to be good materials for 
metal adsorption [6]. This study investigated    
the adsorption characteristics and kinetics of 
PS[C4mim][C272] prepared for V(V). 

Currently, the enrichment process of vanadium 
from leaching solutions is usually carried out in a 
constant temperature water bath oscillator [6,7], or 
magnetic stirrer [8]. However, these conventional 
reaction processes have problems such as long 
adsorption equilibrium time and decreased stability 
of cycling adsorption. This leads to low product 
lifespan and high raw material consumption, which 
seriously hinders industrial applications. Therefore, 
it is of great significance to develop effective 
methods to improve the adsorption performance of 
vanadium on supported ILs. 

As one of the forefront fields in chemical 
research [9,10], sonochemistry has wide 
adaptability to various systems, and its application 
fields are continuously expanding [11,12], 
especially in chemical reaction intensification, 
chemical process intensification, wastewater 
treatment, and new material synthesis [13,14]. The 
application of ultrasound in mass transfer 
separation is also very active, and many studies 
have been reported on the adsorption and 
desorption processes of porous materials (e.g., 
resins, activated carbon, and rubber) under 
ultrasound [15−17]. Many applications of 
ultrasound are mainly based on the cavitation effect 
generated by ultrasound, which refers to the 
appearance of tiny bubbles in a liquid under a 
certain ultrasonic intensity [13,18]. These extreme 
conditions create high temperature, high pressure, 
and high-speed microjets when the cavitation 

bubbles bursts can significantly enhance mass 
transfer processes, increase reaction rates, and may 
simultaneously improve the interaction between the 
solute and the adsorbent [19−21]. The primary 
resistance to mass transfer in porous materials is the 
concentration diffusion of solutes between the 
solution and the adsorption surface. Therefore, 
utilizing the cavitation effect generated by 
ultrasound can reduce the thickness of the mass 
transfer boundary layer and increase the creep in 
pores to improve the total mass transfer efficiency 
and rate. 

Ultrasound has unparalleled advantages over 
traditional mechanical methods, such as stirring and 
vibration in the above aspects. Based on current 
research [16], it can be found that ultrasonic field 
not only enhances the mass transfer in the 
adsorption process of polymer resin and activated 
carbon, but also improves the reaction rate constant 
and particle diffusion coefficient [22]. ENTEZARI 
et al [23] studied the effect of ultrasound on Cd(II) 
adsorption in waste tire rubber. The results showed 
that the cavitation effect of ultrasound strengthened 
the diffusion of solute inside the rubber. Under 
ultrasound conditions, the diffusion coefficient of 
tire rubber was about three times that under normal 
conditions. WEN et al [24] studied the adsorption 
performance and mechanism of ion exchange resin 
(201×8) on uranium in leach solution under 
ultrasonic. The results showed that the introduction 
of ultrasound could increase the adsorption capacity 
of the resin by more than 15%. The adsorption 
capacity, reaction rate constant and particle 
diffusion coefficient of the resin increased with the 
increase of ultrasonic power. The particle diffusion 
coefficient under ultrasound was about twice that in 
the absence of ultrasound. 

Ultrasound-assisted recovery of metals from 
leach solutions offers an exciting opportunity for 
efficient resource utilization. In addition, the 
application of SBILs as adsorbents for vanadium 
extraction process becomes a sustainable and green 
approach [25]. The application of ultrasound- 
assisted SBILs for vanadium adsorption and the 
optimization of adsorption kinetics are less studied, 
and more comprehensive studies are needed to 
understand the effect of ultrasound on vanadium 
adsorption processes and mechanisms. Therefore, in 
order to solve the issues of long adsorption 
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equilibrium time and low adsorption performance 
in existing processes, this study proposed a method 
to optimize the adsorption process by introducing 
ultrasound. By comparing experimental results 
under ultrasound-assisted and conventional 
oscillation adsorption conditions, the potential of 
ultrasound in enhancing the adsorption rate and 
performance of PS[C4mim][C272] for V(V) was 
evaluated. The kinetics and isotherm models of 
vanadium adsorption onto PS[C4mim][C272] were 
discussed in detail, revealing the mechanism of 
ultrasound’s influence on the adsorption process. 
Different characterization techniques were 
employed to analyze the changes in functional 
groups and microstructure of PS[C4mim][C272] 
before and after adsorption. Additionally, the 
recycling feasibility of PS[C4mim][C272] under 
ultrasonic-assisted and conventional oscillation 
conditions were compared. This study will provide 
a novel idea to improve the adsorption performance 
of the adsorbent towards other metals in complex 
aqueous solutions with the assistance of ultrasound. 
 
2 Experimental 
 
2.1 Raw materials and reagents 

The preparation of PS[C4mim][C272] was 
carried out according to our previous studies [6]. 
Supported 1-butyl-3-methylimidazole chloride ILs 
(PS[C4mim][Cl]) were subjected to anion exchange 
with bis(2,4,4-trimethylpentyl) phosphine acid 
(Cyanex272) to prepare PS[C4mim][C272] under 
certain conditions. The vanadium(V)-containing 
leaching solution was prepared by dissolving 
sodium metavanadate in ultrapure water [26,27], 
and the pH of the vanadium(V)-containing solution 
was adjusted using concentrated sulfuric acid. Both 
sodium metavanadate and concentrated sulfuric 
acid are analytical grades provided by Shanghai 
McLean Biochemical Technology Co., Ltd. Other 
reagents used in this experiment are also of 
analytical grade. 
 
2.2 Instruments and characterization methods 

Routine oscillation adsorption experiments 
were carried out in a constant temperature water 
bath oscillator (SHA-2 type, Jiangsu Jintan Yitong 
Electronics Co., Ltd.). Ultrasonic adsorption 
experiments were conducted using an ultrasonic 
generator (VS-SHX−1500W, Wuxi Wuxin Instrument 

Manufacturing Co., Ltd.) and a digital intelligent 
temperature-controlled magnetic stirrer (SZCL−2, 
Shanghai Borna Instrument Co., Ltd.). The solution 
pH was measured using a SevenCompactTM pH/ion 
meter (S220, Mettler-Toledo Instrument Co.,  
Ltd.). 

The vanadium content of the solution was 
determined by the ammonium ferrous sulfate 
titration method (GB/T 8704.5 — 2020). The 
functional group types of PS[C4mim][C272] before 
and after adsorption were analyzed by FTIR 
(Nicolet™ iS™ 10, Thermo Nicolet Corporation 
Co., Ltd.). The overall morphology and structure  
of PS[C4mim][C272] were observed by SEM 
(JSM-IT300, JEOL). 
 
2.3 Adsorption study 

The adsorption process of PS[C4mim][C272] 
for V(V) under ultrasound was conducted as follows. 
First, the pH of vanadium(V)-containing solutions 
with different concentrations was adjusted to the 
desired value (pH=1.6) [6]. Dry PS[C4mim][C272] 
was mixed with the solution by stirring at a liquid− 
solid (L/S) ratio of 200:1 mL/g. The purpose of 
mechanical stirring is to disperse PS[C4mim][C272] 
evenly in the solution and eliminate the turbulent 
effect caused by ultrasonic waves. Subsequently, 
the reaction was conducted at a constant 
temperature under different ultrasonic powers. The 
experimental setup is illustrated in Fig. 1. 
Conventional oscillation process is similar to the 
ultrasonic-assisted experiment. The difference is 
that the latter is performed by oscillating at a 
specific rate for different time in a constant 
temperature water bath oscillator to complete the 
reaction. 

After certain reaction time, samples were taken 
from the reaction solution to analyze the 
concentration of vanadium(V). The capacity of V(V) 
adsorbed onto PS[C4mim][C272] was calculated by 
 

0( )= t
t

C C VQ
m

－
                         (1) 

 
where Qt is the adsorption capacity of V(V) by 
PS[C4mim][C272] at t min (mg/g); C0 and Ct are 
the vanadium concentration of the initial and after  
t min reaction in the solution (mg/L), respectively; 
V is the volume of the solution (L); m is the mass of 
PS[C4mim][C272] (g). 
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Fig. 1 Schematic diagram of ultrasonic-assisted adsorption: 1−Magnetic rotor; 2−Magnetic agitator; 3−Solution; 
4−SBILs; 5−Phenomenon of cavitation; 6−Cavitation bubble; 7−Ultrasonic probe 
 

The reuse potential of PS[C4mim][C272] was 
evaluated by examining the effect of ultrasound on 
the recycling process. Ten adsorption−desorption 
cycle experiments were performed under ultrasound 
conditions. After adsorption, the PS[C4mim][C272] 
was mixed with a 4 mol/L NH3·H2O solution at an 
L/S of 200:1 mL/g in a conical bottle. And the 
desorption process was completed by oscillating for 
7 h in a constant temperature water bath oscillator. 
The desorption rate (DV) and the ratio of the 
adsorption capacity to the initial adsorption 
capacity (ηn, %) during the nth cycle were 
calculated by Eqs. (2) and (3), respectively.  

ve
V

v0
100%mD

m
= ×                         (2) 

 
100%n

n
Q
Q

η = ×                          (3) 
 
where mve is the V(V) mass adsorbed by 
PS[C4mim][C272] (mg), and mv0 is the V(V) mass 
in the solution after desorption (mg); Qn is the 
adsorption capacity of V(V) by PS[C4mim][C272] 
in the nth cycle (mg/g), and Q is the initial 
adsorption capacity of V(V) by PS[C4mim][C272] 
(mg/g). 
 
2.4 Study on adsorption model 
2.4.1 Adsorption kinetic model 

The pseudo-first-order kinetic model based on 
solid adsorption is the most used equation for the 
kinetic study of liquid-phase adsorption. The 
pseudo-second-order kinetic model assumes that the 
adsorption rate is controlled by the chemical 
adsorption mechanism, which involves electron 

sharing or transfer between the adsorbent and the 
adsorbate. The pseudo-first-order kinetic model [28] 
and pseudo-second-order kinetic model [29]   
were used to fit the adsorption process of 
PS[C4mim][C272] for V(V) under ultrasound 
conditions, and the adsorption mechanism was 
explored. The equations were expressed as Eqs. (4) 
and (5), respectively.  

1
e (1 e )k t

tQ Q −= −                          (4) 
 

2
2 e

2 e1t
k Q tQ

k Q t
=

+
                           (5) 

 
where Qe is the adsorption capacity at the reaction 
equilibrium (mg/g); k1 is the pseudo-first-order 
kinetic equation adsorption rate constant (min−1); k2 
is the pseudo-second-order kinetic equation 
adsorption rate constant (g/(mg·min)); t is the 
adsorption time (min). 
2.4.2 Shrinking core model 

Generally, kinetic models do not provide 
detailed information about the adsorption 
mechanism and actual rate-limiting steps during the 
adsorption process. Different models can analyze 
this to describe the rate-limiting mechanism of the 
adsorption process, such as Weber−Morris 
intra-particle diffusion model [30], Boyd kinetic 
model [31], and shrinking core model (SCM) [32]. 
The SCM is currently widely used to describe the 
adsorption behavior of porous materials [33]. This 
method is suitable for resins with minor porosity 
and virtually unaffected by fluid reactants. For 
solid−liquid adsorption processes, the transfer of 
adsorbate is usually manifested as liquid film 
diffusion, intra-particle diffusion, or both. The 
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ion-pairing reaction of vanadium oxyanions on 
PS[C4mim][C272] is similar to other multi- 
reactions between solid and liquid [34]. A series of 
rate-controlling steps can describe it: metal ions 
diffused from the solution through a liquid film to 
the surface of PS[C4mim][C272]; metal ions 
diffused from the surface of PS[C4mim][C272] to 
the interior; chemical reactions occurred in metal 
ions at the active positions inside the 
PS[C4mim][C272]. There is usually one step of the 
three steps with greater resistance to the ion bond 
reactions than the other two steps, so the slowest 
step is considered to be the rate-controlling step of 
the adsorption process [35]. 

The control equations of liquid film diffusion 
(Eq. (6)), intra-particle diffusion (Eq. (7)), and 
chemical reaction (Eq. (8)) in the SCM are 
respectively expressed as follows:  

f 0

so

3K CF t
αC r

= ⋅                             (6) 

 
2/3 0

2
so

63 3(1 ) 2 DCF F t
αC r

− − − = ⋅              (7) 
 

1/3 c 01 (1 ) K CF t
r

− − = ⋅                     (8) 
 
where α is the stoichiometric coefficient; F is the 
adsorption rate (%); Kf, D  and Kc are expressed  
as the liquid film diffusion coefficient (m/s), 
intra-particle diffusion coefficient (m2/s), and 
chemical reaction rate constant (m/s); respectively; 
Cso is the molar concentration of the fixed ionic 
groups in the unreacted particles (mol/g); r is the 
particle radius of PS[C4mim][C272] (m). 

The adsorption rate can be calculated by   

e

tQF
Q

=                                 (9) 
 

When the internal diffusion is the rate- 
controlling step of the adsorption process, the 
Weber−Morris intra-particle diffusion model can be 
used for verification. The calculation equation can 
be expressed as   

1/2
idtQ k t= ⋅                            (10) 

 
where kid is the internal diffusion rate constant 
(mg/(g·min1/2)). 
2.4.3 Diffusion coefficient calculation 

If intra-particle diffusion is the rate-controlling 
step of the adsorption process, the Double-driving 

force model [36] can be used to calculate the 
diffusion coefficient, as shown in Eq. (11).  

2
2

2
1

πln(1 ) DF t
r

− = − ⋅                      (11) 
 
where D represents the average particle diffusion 
coefficient of the adsorbent (m2/s); r1 represents the 
average particle radius of the adsorbent (m). 
2.4.4 Adsorption isotherm model 

The adsorption performance of PS[C4mim][C272] 
for V(V) was investigated under the ultrasonic 
power of 200 W. The Langmuir isotherm model and 
Freundlich isotherm model [37] were used to fit the 
adsorption isotherms, expressed as Eqs. (12) and 
(13), respectively. For the adsorption process 
consistent with the Langmuir isotherm model, 
Eq. (14) can be used to calculate the separation 
factor (RL), so as to evaluate the difficulty of the 
adsorption process. 
 

0 L e
e

L e
=

+1
Q K CQ
K C

                          (12) 
 

1/
e F e= nQ K C                              (13) 

L
0 L

1=
+1

R
Q K

                           (14) 

 
where Ce is the equilibrium concentration (mg/L); 
KL and KF are the constants of the Langmuir 
isothermal model (L/mg) and the Freundlich 
isothermal model ((mg/g)(L/mg)1/n), respectively; 
Q0 is the theoretical saturated adsorption capacity 
(mg/g); 1/n is an empirical constant, indicating the 
adsorption strength. 
 
3 Results and discussion 
 
3.1 Effect of ultrasonic power on adsorption 

process 
Adsorption experiments were conducted under 

different power levels (0, 100, 200, 300, and 400 W) 
to investigate the changes in the adsorption 
performance of PS[C4mim][C272] under ultrasonic- 
assisted and conventional oscillation. The 
experimental results are shown in Fig. 2. In Fig. 2, 
the adsorption rates of PS[C4mim][C272] are fast 
under different power conditions, indicating that it 
is an effective vanadium adsorbent. Within the 
studied ultrasonic power range, the equilibrium 
adsorption capacity of PS[C4mim][C272] for V(V) 
reaches its maximum value at an ultrasonic power 
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of 200 W. This is because as ultrasonic power 
increases from 100 to 200 W, the cavitation effect 
of ultrasound can generate high-speed microjets, 
stronger high-pressure shock waves and acoustic 
eddy currents. These effects continuously impact 
the pores of PS[C4mim][C272], and strengthen the 
mass transfer of vanadium at the boundary layer 
and deep in the pores, improving the adsorption 
performance of PS[C4mim][C272] [38]. However, 
with further increase in ultrasonic power (300 and 
400 W), strong high-pressure shock waves and 
acoustic eddy currents are generated, causing some 
bonds to break between IL and the pore surface of 
PS[C4mim][C272], as well as between vanadium 
and the pore surface of PS[C4mim][C272] [39]. 
This results in the desorption of vanadium loaded 
on the surface and the corresponding decrease in 
equilibrium adsorption capacity. Therefore, at an 
appropriate ultrasonic power, ultrasonic irradiation 
can improve the adsorption performance. 
 

 
Fig. 2 Effects of ultrasonic power on adsorption 
properties of PS[C4mim][C272] 
 

By comparing the equilibrium adsorption 
capacity of PS[C4mim][C272] for V(V) under 
ultrasonic power of 200 W and conventional 
oscillation, the adsorption curve results show that 
the adsorption capacity of PS[C4mim][C272] for 
V(V) gradually increases with increasing reaction 
time. Moreover, the adsorption rate and adsorption 
capacity under ultrasound are higher than those 
under the conventional oscillation. Under the 
ultrasound environment, PS[C4mim][C272] reaches 
an equilibrium state at 60 min with an equilibrium 
adsorption capacity of 311.58 mg/g. On the other 
hand, it takes 90 min for PS[C4mim][C272] to reach 
equilibrium under conventional oscillation, and the 

adsorption capacity is also lower, at 285.49 mg/g. 
Therefore, at an ultrasonic power of 200 W, 
ultrasound radiation can significantly enhance the 
adsorption performance of PS[C4mim][C272] for 
V(V). 
 
3.2 Influence of solution concentration on 

adsorption process 
Based on the conclusions in Section 3.1, the 

effects of different vanadium concentrations on the 
adsorption performance of PS[C4mim][C272] under 
ultrasonic power (200 W) and conventional 
oscillation conditions were investigated. Four pure 
solutions with vanadium concentration of 2000, 
2500, 3000 and 3500 mg/L were prepared, with the 
same content of other ions and pH values. The 
experimental results are shown in Fig. 3. Under 
both ultrasound and conventional oscillation, the 
adsorption capacity of PS[C4mim][C272] for V(V) 
increases significantly with the increase of 
vanadium concentration. This is mainly because 
there are a large number of active adsorption sites 
on PS[C4mim][C272] during the initial stage of the 
reaction. The concentration gradient of the solution 
increases gradually with the increase of vanadium 
concentration, resulting in a concentration difference 
between PS[C4mim][C272] and the solution. Under 
the concentration gradient, vanadium oxyanions 
easily diffuse into the gel network structure of 
PS[C4mim][C272]. The probability of PS[C4mim] 
[C272] binding with V=O or V—O increases [40], 
and the adsorption capacity of PS[C4mim][C272] 
for V(V) increases with the increase of initial 
vanadium concentration. As the adsorption time 
continues to increase, the adsorption capacity of 
PS[C4mim][C272] gradually approaches saturation 
and shows no significant change. This is because 
the vanadium oxyanions gradually occupy the 
adsorption sites inside PS[C4mim][C272], and the 
concentration of vanadium in the solution gradually 
decreases. 
 
3.3 Adsorption kinetics analysis 

The influence of adsorption time on the 
adsorption capacity of PS[C4mim][C272] under 
different ultrasonic power conditions (0, 100, 200, 
300 and 400 W) was studied. According to the 
corresponding goodness of fit (R2) and consistency 
between the experimental adsorption capacities and 
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equilibrium adsorption capacities, the suitability of 
the experimental data was fitted by nonlinear 
regression of the pseudo-first-order and pseudo- 
second-order adsorption kinetic models. The kinetic 
fitting curve results are shown in Fig. 4, and the 
essential kinetic parameters obtained from the 
experimental data fitting are shown in Table 1. 
From the perspective of R2 values, the R2 of the 
pseudo-second-order kinetic model is higher than 

the pseudo-first-order model, which is close to 1. 
Moreover, the Qe values calculated by the 
pseudo-second-order kinetic model are in better 
agreement with the experimental data for different 
ultrasonic power conditions. These results indicate 
that the pseudo-second-order kinetic model is more 
suitable for describing the kinetic adsorption of 
PS[C4mim][C272] for V(V), and the adsorption 
process is mainly chemical reaction. 

 

 
Fig. 3 Effects of vanadium concentrations on adsorption properties of PS[C4mim][C272] under ultrasound (200 W) (a) 
and conventional oscillation (b) 
 

 
Fig. 4 Fitting curves of pseudo-first-order (a) and pseudo-second-order (b) kinetic models for adsorption process of 
PS[C4mim][C272] 
 
Table 1 Fitting parameters of pseudo-first-order and pseudo-second-order kinetic models under different ultrasonic powers 

Ultrasonic power/W 
Pseudo-first-order model  Pseudo-second-order model 

k1/min−1 Qe/(mg·g−1) R2  k2/(g·mg−1·min−1) Qe/(mg·g−1) R2 

0 0.0621 278.8 0.9113  0.00027 320.2 0.9859 

100 0.1196 292.6 0.9211  0.00044 318.5 0.9978 

200 0.1135 308.6 0.9192  0.00050 337.7 0.9993 

300 0.1098 300.9 0.8660  0.00054 330.4 0.9852 

400 0.1091 295.0 0.8795  0.00056 324.3 0.9904 
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From Table 1, it can be seen that the adsorp- 
tion rate constant of the pseudo-second-order model 
increases with the increase in ultrasonic power from 
0 to 400 W. The increase of Qe can be attributed to 
the ultrasonic cavitation effect that enhances the 
internal diffusion of the solute [41]. The ultrasonic 
waves push the vanadium oxyanions into the deep 
pores of PS[C4mim][C272], increasing the active 
interface of PS[C4mim][C272] and generating 
additional active adsorption sites [42]. 
 
3.4 Control mechanism of adsorption process 
3.4.1 Shrinking core model analysis 

The non-homogeneous SCM was used to fit 
the data in Fig. 2 and evaluate the kinetic 
mechanism of the adsorption process. The 
rate-controlling step of the adsorption process was 
preliminarily determined to be either liquid film 
diffusion, intra-particle diffusion, or chemical 
reaction. Three fitting curves are shown in 
Figs. 5(a−c). The R2 of SCM is presented in  
Table 2. The results show that the intra-particle 
diffusion step fit well the adsorption process of 
PS[C4mim][C272], and the curve approaches a 

straight line. Additionally, the R2 of intra-particle 
diffusion is the highest among the three 
mechanisms, especially at an ultrasonic power of 
200 W. This indicates that intra-particle diffusion 
might be the rate-controlling step of the adsorption 
process. However, the linear deviation of the three 
kinetic models fitted is slightly more apparent as 
the ultrasonic power increased. 
3.4.2 Weber−Morris internal diffusion model fitting 

The Weber−Morris model represents an 
internal diffusion model commonly used to analyze 
the controlling step in a reaction and determine the 
intra-particle diffusion rate constant of the 
adsorbent. The effect of adsorption time on the 
adsorption performance of PS[C4mim][C272] was 
investigated, and the experimental data were fitted 
to Eq. (10) to verify whether intra-particle diffusion 
was the rate-controlling step of the adsorption 
process. The fitting curve is shown in Fig. 5(d). The 
internal diffusion rate constant and the R2 are 
presented in Table 3. 

As shown in Table 3, the R2 is the smallest 
under conventional oscillation, which is 0.9460. 
Under ultrasound, the R2 ranges from 0.95 to 0.98.  

 

 
Fig. 5 Fitting curves of liquid film diffusion control mechanism (a), intra-particle diffusion control mechanism (b), 
chemical reaction control mechanism (c), and Weber−Morris intra-particle diffusion model (d) 
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Table 2 Goodness of fit of SCM 

Ultrasonic 
power/W 

R2 

F−t [3−3(1−F)2/3−2F]−t [1−(1−F)1/3]−t 

0 0.8678 0.9309 0.9122 

100 0.8517 0.9311 0.9096 

200 0.9230 0.9615 0.9542 

300 0.8711 0.9208 0.9083 

400 0.8961 0.9512 0.9366 

 
Table 3 Fitting parameters of Weber−Morris model 

Ultrasonic power/W kid/(mg·g−1·min−1/2) R2 

0 20.00 0.9460 

100 13.16 0.9789 

200 14.53 0.9558 

300 12.94 0.9650 

400 13.47 0.9598 

 
The internal diffusion rate constant of 
PS[C4mim][C272] is the largest when the ultrasonic 
power is 200 W, while the R2 is the smallest. 
Therefore, it can be inferred that under the 
ultrasonic power of 200 W, ultrasound reduced the 
thickness of the boundary layer around the 
adsorbent particles, thus reducing the resistance of 
the liquid film diffusion mechanism [43]. This 
further enhances the internal diffusion process of 
the solute and weakens the controlling effect of the 
intra-particle diffusion mechanism. The combination 
of ultrasound radiation and mechanical stirring 
provided the maximum possible for the adsorbent to 
adsorb V(V) from the solution. This phenomenon 
can be explained by strong convective transport 
within the reaction system [44]. 
 
3.5 Influence of ultrasonic field on intra-particle 

diffusion coefficient 
Based on the above analysis, it can be inferred 

that the effect of ultrasound mainly affects the 
adsorption process of PS[C4mim][C272] by 
changing the diffusion coefficient of the internal 
diffusion step of the particles. Therefore, the pseudo- 
first-order model, SCM, and double driving force 
model were used to calculate the internal diffusion 
coefficient under different ultrasonic powers. 
3.5.1 Pseudo-steady model 

Under the appropriate ultrasonic power, the 
internal diffusion step of the particles is the rate- 

controlling step of the adsorption process. The 
pseudo-steady-state adsorption rate model was used 
to analyze the kinetic data and calculate the internal 
diffusion coefficient of the adsorption process. The 
pseudo-steady-state kinetic equation is shown in 
Eq. (15):  

0 e
d = ( )
d
Q k C C
t

−                          (15) 
 
where k is the diffusion coefficient of the adsorption 
process (L·g−1·min)). 

It can be seen from Eqs. (4) and (15) that the 
diffusion coefficient (k1) of the pseudo-first-order 
kinetic model is proportional to the adsorption rate 
constant (k). Therefore, assuming the diffusion 
coefficient of the adsorption process under 
conventional oscillation conditions is k0, the diffusion 
coefficient under different ultrasonic powers can be 
calculated using Eq. (15), as shown in Table 4. 
When the ultrasonic power reaches 200 W, the 
diffusion coefficient is 1.828 times the value of k0. 
 
Table 4 Diffusion coefficients for adsorption process by 
pseudo-first-order model under different ultrasonic 
powers 

Ultrasonic power/W k1/min−1 k/(L·g−1·min) 

0 0.0621 k0 

100 0.1196 1.926k0 

200 0.1135 1.828k0 

300 0.1098 1.768k0 

400 0.1091 1.757k0 

 
3.5.2 Shrinking core model 

According to the SCM fitting results, the 
internal diffusion coefficients of the adsorption 
process can be calculated by Eqs. (6)−(8). 
Assuming the internal diffusion coefficient of the 
adsorption process under conventional oscillation is 

0D , the internal diffusion coefficient at different 
ultrasonic powers can be calculated, as shown in 
Table 5. The results indicate that the internal 
diffusion coefficient of vanadium on PS[C4mim] 
[C272] increases initially and then decreases with 
increasing ultrasonic power. When the ultrasonic 
power is 200 W, the internal diffusion coefficient is 
1.348 times the value of 0D . 
3.5.3 Double-driving force model 

The double-driving force model is one of   
the adsorption kinetics models that can be used to 
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Table 5 Diffusion coefficients for adsorption process by 
SCM under different ultrasonic powers 

Ultrasonic  
power/W 

0
2

so

6DC
αC r

/(g·s−1·L−1) 2 1/(m s )D −⋅  

0 0.0023 0D  

100 0.0028 01.217D  

200 0.0031 01.348D  

300 0.0031 01.348D  

400 0.0030 01.304D  

 
calculate the diffusion coefficient of the adsorption 
process. Therefore, the calculated internal diffusion 
coefficients (D) and the R2 based on Eq. (11), are 
shown in Table 6. From Fig. 6, it can be observed 
that there is a good linear relationship in the 
adsorption data under different ultrasonic powers. 
With the increase of ultrasonic power, the slope   
of the fitting line decreases first and then increases. 
Assuming that the internal diffusion coefficient   
of the adsorption process under conventional 
oscillation is D0, the internal diffusion coefficient 
 
Table 6 Calculation of diffusion coefficient for 
adsorption process by double-driving force model under 
different ultrasonic powers 

Ultrasonic power/W R2 
2

2
πD

r
/s−1 D/(m2·s−1) 

0 0.9813 0.0180 D0 

100 0.9330 0.0189 1.050D0 

200 0.9667 0.0218 1.211D0 

300 0.9241 0.0213 1.183D0 

400 0.9625 0.0209 1.161D0 
 

 

Fig. 6 Fitting curve of double-driving force model 

under different ultrasonic powers can be obtained 
by calculating the slope of each line in Fig. 6. When 
the ultrasonic power reaches 200 W, the internal 
diffusion coefficient is 1.211 times the value of D0 
under conventional oscillation. 

The fitting results above show the analyses 
from the pseudo-first-order model, SCM, and 
double-drive force model are basically consistent. 
When the ultrasonic power is 200 W, the internal 
diffusion coefficient of the adsorption process of 
PS[C4mim][C272] is 1.2−1.9 times that of 
conventional oscillation. The increase in diffusion 
coefficient of PS[C4mim][C272] during adsorption 
process under ultrasound can be explained by the 
cavitation effect of ultrasound. 
 
3.6 Influence of ultrasound on adsorption isotherm 

The equilibrium relationship between 
vanadium in solution and PS[C4mim][C272] was 
studied at room temperature, and adsorption 
performances were investigated at different 
ultrasonic powers and vanadium concentrations. In 
order to better quantify the adsorption data and 
reveal the interaction between V(V) and active 
adsorption sites in PS[C4mim][C272], the Langmuir 
and Freundlich models were used to nonlinearly fit 
the experimental data to determine the isothermal 
adsorption equilibrium relationship, as shown    
in Figs. 7(a) and (b), respectively. The fitting 
parameters of the corresponding models are listed 
in Table 7. 

Table 7 shows that the Langmuir isotherm 
model exhibits significantly higher R2 values 
(0.9758−0.9967) compared to the Freundlich 
isotherm model (0.9339−0.9855), indicating a 
better fit to the experimental data. This suggests 
that the Langmuir isotherm model describes the 
adsorption process more consistently, as V(V) is 
adsorbed onto PS[C4mim][C272] in a monolayer 
form. The constants of the Langmuir model reached 
a maximum at an ultrasonic power of 200 W, 
indicating an improvement in the adsorption 
performance of PS[C4mim][C272]. Ultrasonic 
radiation not only enhances the internal diffusion  
of vanadium in PS[C4mim][C272], but also 
increases the active interface of the internal   
pores of PS[C4mim][C272] through interface effects, 
effectively utilizing the active groups in the deeper 
pores. However, at ultrasonic powers of 300 and 
400 W, more powerful high-pressure shock waves 
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Fig. 7 Fitting curves of Langmuir (a) and Freundlich (b) models under different ultrasonic powers 
 
Table 7 Fitting parameters of Langmuir and Freundlich models under different ultrasonic powers 

Ultrasonic power/W 
Langmuir isotherm model  Freundlich isotherm model 

Q0/(mg·g−1) KL/ (L·mg−1) RL R2  n/(L·g−1) KF /(mg·g−1·L1/n·mg−1/n) R2 

0 399.1 0.0025 0.5006 0.9778  3.3148 34.67 0.9695 

100 384.3 0.0027 0.4908 0.9967  3.5265 38.49 0.9736 

200 401.1 0.0038 0.3962 0.9913  4.0534 53.27 0.9855 

300 381.4 0.0035 0.4283 0.9758  3.9271 52.56 0.9339 

400 393.6 0.0027 0.4848 0.9885  3.4833 38.36 0.9553 
 
and acoustic eddy currents can cause some V(V) 
and IL to desorb from the surface of 
PS[C4mim][C272] pores, reducing the adsorption 
performance of PS[C4mim][C272]. The separation 
factor (RL) values of PS[C4mim][C272] range  
from 0.3962 to 0.5006, falling within the favorable 
adsorption range of 0−1. This indicates that under 
the experimental conditions, the adsorption process 
of PS[C4mim][C272] for V(V) is relatively easy  
to occur [45]. The adsorption constant (n) is 
associated with the adsorption strength of the 
adsorbate on the adsorbent. A higher n value 
indicates a stronger adsorption strength [46].   
This also confirms that ultrasonic assistance    
has improved the adsorption process of 
PS[C4mim][C272] for V(V). 
 
3.7 Influence of ultrasound on recycling of 

PS[C4mim][C272] 
As an ideal metal ion adsorbent, it is crucial  

to examine its ability to be reused. Therefore,    
the changes in the adsorption performance of 
PS[C4mim][C272] during 10 adsorption−desorption 
cycles were studied under ultrasonic-assisted   

and conventional oscillation. The recycling of 
PS[C4mim][C272] was evaluated, and the 
influences of ultrasound on the adsorption 
performance and cyclic stability of PS[C4mim][C272] 
were analyzed. The adsorption time is their 
equilibrium time in Section 3.1. After adsorption, 
PS[C4mim][C272] was desorbed using a 4 mol/L 
NH3∙H2O solution [34], and the desorption rate was 
greater than 99% each time. The equilibrium 
adsorption capacity of PS[C4mim][C272] in each 
cycle under ultrasonic-assisted and conventional 
oscillation are shown in Figs. 8(a) and (b), 
respectively. 

As can be seen in Fig. 8, the adsorption 
capacity of PS[C4mim][C272] did not significantly 
change during the adsorption−desorption cycle 
under both ultrasonic-assisted and conventional 
oscillation. In the 10th cycle, the adsorption 
capacity of PS[C4mim][C272] under ultrasound  
was 288.59 mg/g, which was 92.62% of the initial 
value. While under conventional oscillation, the 
adsorption capacity of PS[C4mim][C272] was 
274.93 mg/g, which was 96.30% of the initial  
value. This is because in the cycling experiment, the 
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Fig. 8 Reusability of PS[C4mim][C272] under ultrasonic- 
assisted (200 W) (a) and conventional oscillation (b) 
 

 
Fig. 9 FTIR spectra of PS[C4mim][C272] before 
adsorption (a), after ultrasonic-assisted adsorption (b), 
and after conventional oscillation adsorption (c) 
 
cavitation effect of ultrasound generates microjet 
shock waves that erode and peel off the loaded IL, 
leading to a more significant decrease in the 
adsorption capacity of PS[C4mim][C272] under 
ultrasonic-assisted compared to conventional 
oscillation. The above results indicate that 
PS[C4mim][C272] exhibits good cycle stability, and 
ultrasound has little effect on its adsorption 
performance and reusability. Combined with the 

results of adsorption kinetics, PS[C4mim][C272] 
can be considered as a potential adsorbent for the 
removal or recovery of vanadium. 

The FTIR spectroscopy analysis was used   
to characterize the functional groups of 
PS[C4mim][C272] before and after adsorption. As 
shown in Fig. 9, PS[C4mim][C272] contains 
imidazole rings, and the absorption peak at 
1446 cm−1 is characteristic of the imidazole ring 
skeleton vibration. The absorption peaks at 2920 
and 2860 cm−1 are caused by the asymmetric 
stretching vibration of C—H2 and the symmetric 
stretching vibration of C—H3 on the imidazole ring, 
respectively [47]. In Fig. 9(a), the characteristic 
absorption peaks at 1155 and 1021 cm−1 are 
attributed to the stretching vibrations of P—O and 
P=O in [C272]−, respectively. In Figs. 9(b) and (c), 
the disappearance of the characteristic peak of 
P=O indicates that P=O is disrupted and oxygen 
atoms is coordinate with the central V(V) [40]. The 
absorption peaks at 963 and 592 cm−1 are related to 
the stretching vibrations of V=O and V—O [40]. 
It can be observed that there are no significant 
differences in the FTIR spectra of PS[C4mim][C272] 
after adsorption under ultrasonic-assisted and 
conventional oscillation conditions, indicating that 
the main structure of PS[C4mim][C272] is not 
affected by ultrasound. 

Figure 10 shows the SEM images of the 
microstructure of PS[C4mim][C272] before and 
after adsorption under ultrasonic-assisted and 
conventional oscillation. The low-magnification 
scanning electron microscope images (enlarged 
200−300 times) show that PS[C4mim][C272] is 
spherical. A layer of vanadium element is observed 
to cover the surface of the adsorbed 
PS[C4mim][C272] from the scanning electron 
microscope images at 2500 times magnification. It 
can be seen from Fig. 10 that the integrity of 
PS[C4mim][C272] is well-maintained. This further 
proves that the ultrasonic waves and mechanical 
oscillation do not damage the overall structure of 
PS[C4mim][C272] during the adsorption process. 
 
3.8 Adsorption performance 

The partial study of adsorption vanadium was 
analyzed to evaluate the effectiveness of 
introducing ultrasonic-assisted to improve the 
adsorption performance in this study. The 
experimental results of this study were compared 
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with those of other studies based on the reaction 
method, adsorption equilibrium time, and maximum 
adsorption capacity, as shown in Table 8. 

As can be seen from Table 8, the maximum 
adsorption capacities of ion exchange resins 
Lewatit MP800, Lewatit MP62WS, Lewatit TP260, 

 

 
Fig. 10 SEM images of PS[C4mim][C272] before adsorption (a), after ultrasonic-assisted adsorption (b), and after 
conventional oscillation adsorption (c) 
 
Table 8 Comparison of adsorption performance of PS[C4mim][C272] and other adsorbents toward vanadium on basis 
of reaction method, adsorption equilibrium time, and maximum adsorption capacity 

Adsorbent Processed 
object Treatment method Adsorption 

equilibrium time/min 
Maximum adsorption 

capacity/(mg·g−1) Source 

Lewatit MP800 V(V) Conventional oscillation 1440 9.70 [48] 

Lewatit MP62WS V(V) Conventional oscillation 1440 6.65 [48] 

Lewatit TP260 V(V) Conventional oscillation 1440 3.75 [48] 

Lewatit® MonoPlus TP 209 XL V(V) Conventional oscillation 120 32.86 [49] 

Lewatit® MonoPlus TP 207 V(V) Conventional oscillation 120 31.66 [49] 

Dowex™ M4195 V(V) Conventional oscillation 120 38.65 [49] 

PS[C4mim][C272] V(V) Conventional oscillation 90 285.49 This 
study 

PS[C4mim][C272] V(V) Ultrasonic-assisted 60 311.58 This 
study 



Jia-hao ZHOU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1000−1016 1013 

Lewatit® MonoPlus TP 209 XL, Lewatit® 
MonoPlus TP 207, Dowex™ M4195 for vanadium 
were 9.70, 6.65, 3.75, 32.86, 31.66 and 38.65 mg/g, 
respectively. Research has found that 
PS[C4mim][C272] has a higher adsorption capacity 
for vanadium at 285.49 mg/g compared to other 
adsorbents. Furthermore, the adsorption process of 
PS[C4mim][C272] for vanadium can reach 
equilibrium faster (within only 60 min) under 
ultrasonic-assisted conditions compared to other 
studies (120−1440 min). This is because ultrasound 
is able to widen the pores in the internal structure of 
PS[C4mim][C272], reducing pore blockage and 
promoting solute transport, which significantly 
increases the adsorption capacity and short the 
adsorption time [50]. This indicates that the 
introduction of ultrasonic wave is a feasible method 
to improve the adsorption properties of adsorbents. 
 
4 Conclusions 
 

(1) The equilibrium adsorption capacity of 
PS[C4mim][C272] for V(V) reached a maximum 
value of 311.58 mg/g at an ultrasonic power of 
200 W, and the adsorption capacity increased with 
increasing vanadium concentration. 

(2) Kinetic studies showed that the adsorption 
process of PS[C4mim][C272] for vanadium 
followed the pseudo-second-order kinetic model, 
and the adsorption rate constantly increased with 
increasing ultrasonic power. The fitting results of 
SCM and Weber−Morris intra-particle diffusion 
models showed that the rate-controlling mechanism 
of adsorption process was mainly intra-particle 
diffusion. At an ultrasonic power of 200 W, the 
internal diffusion coefficient reached a value of 
1.2−1.9 times that under conventional oscillation. 

(3) The fitted adsorption isothermal model 
showed that the adsorption process of 
PS[C4mim][C272] for V(V) was in accordance with 
the Langmuir isothermal model, and V(V) was 
adsorbed onto PS[C4mim][C272] in the form of a 
monolayer. The cyclic test results showed that 
PS[C4mim][C272] had good reusability under 
ultrasound, and the adsorption capacity remains at 
92.62% of the initial value after the tenth cycle. 

(4) FTIR and SEM analysis showed that 
ultrasonic radiation and conventional oscillation did 
not damage the overall structure and molecular 
structure of PS[C4mim][C272] during the 

adsorption process. Therefore, ultrasonic-assisted 
adsorption process has essential significance for the 
enrichment of vanadium in acidic leachate. 
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摘  要：探讨聚苯乙烯[1-丁基-3-甲基咪唑][双(2,4,4-三甲基戊基)膦酸盐](PS[C4mim][C272])在超声条件下对酸性

浸出液中钒(V)的吸附动力学。研究超声功率和钒(V)浓度对 PS[C4mim][C272]吸附性能的影响。结果表明，与常

规振荡相比，超声波辐射大大缩短了 PS[C4mim][C272]的吸附平衡时间，提高了其吸附性能。在超声功率为 200 W

时，PS[C4mim][C272]的平衡吸附容量达到最大值 311.58 mg/g。动力学模型拟合结果表明，PS[C4mim][C272]在超

声条件下的吸附过程严格遵循准二级动力学模型。利用收缩核模型和韦伯−莫里斯模型进行分析表明，

PS[C4mim][C272]的吸附过程主要受颗粒内扩散机制控制。吸附等温模型研究表明，Langmuir 等温模型能有效地

拟合 PS[C4mim][C272]在超声下的吸附过程。 

关键词：动力学；超声波；钒；聚苯乙烯[1-丁基-3-甲基咪唑][双(2,4,4-三甲基戊基)膦酸盐]；常规振荡；吸附 
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