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Abstract
Solvent impregnated resins (SIRs) were synthesized by
impregnating Amberlite XAD-16HP with the mixing extractants
with (Di-(2-ethylhexyl)phosphoric acid (D2EHPA) to TBP (Tributyl
phosphate) ratios of 1:0, 4:1, 1:1, 1:4 and 0:1. The adsorption
capacity of D2EHPA-TBP impregnated resin (DTIR) for V(IV)
decreases with the increasing content of TBP because TBP do not
adsorb V(IV). However, TBP can allow D2EHPA to be distributed
more homogenously and uniformly in the pores of SIR. Thus, the
effective utilization rate of D2EHPA increases with the increasing
TBP. Among the ratios of D2EHPA to TBP studied, 4:1 is the most
appropriate one for preparing SIRs. The DTIR with D2EHPA to
TBP ratio of 4:1 presents the highest separation factor of V(IV) to
Fe(II) and V(IV) to Al(III) than other DTIRs. Moreover, TBP also can
break the hydrogen bonds in the D2EHPA dimers and convert part
of D2EHPA dimers to the monomers, which may accelerate the
adsorption of V(IV) on the DTIR.
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Introduction
Vanadium (V) is an important rare element with unique and
excellent physical and chemical properties, which is widely used in
alloys, catalyst and vanadium redox battery [1,2]. Acid leaching is an
effective method to recover vanadium from the vanadium-bearing
resources, such as stone coal, spent catalysts and fly ash, for its high
leaching efficiency and low energy consumption [3,4]. However, many
undesirable impurities are commonly dissolved in the acid leaching
solution together with vanadium, which makes the separation and
recovery of vanadium from the complex leaching solution become a
necessary process for the extraction flowchart of V2O5 [5,6].
Solvent impregnated resin (SIR) is one type of novel adsorbent
which is synthesized by incorporating extractant into macroporous
resin. It combines the advantages of ion exchange and solvent
extraction and has got more attention in separation and recovery
of vanadium on account of its good selectivity, easy operability and
environmental friendliness [7]. Di-(2-ethylhexyl)phosphoric acid
(D2EHPA) is a widely used extractant for separation of V(IV) in
solvent extraction [8]. Some researchers have synthesized D2EHPA-
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impregnated resin (DIR) and used it for recovery of V(IV) [9,10]. In
the solvent extraction process for extracting V(IV), Tributyl phosphate
(TBP) are commonly used with D2EHPA together to enhance the
separation effect of V(IV) from the leaching solution [11]. However,
rare literatures have been published for reporting the adsorption of
V(IV) on the DIR incorporating TBP. In this work, we synthesized
the D2EHPA-TBP impregnated resins (DTIRs) by impregnating
support resin with different D2EHPA-TBP mixtures and probed the
adsorption characteristics of V(IV) on the DTIRs.

Materials and Methods
Materials
Macroporous resin, Amberlite® XAD-16HP, supplied by Shanghai
Anland Co., Ltd., China, was used as the support for the preparation
of DTIRs. The matrix of XAD-16HP is poly (styrene-divinylbenzene)
and its mean pore diameter is ca. 8.66 nm [10]. The resin was washed
by ethanol and deionized water, and then dried at 60°C before use.
D2EHPA, TBP and petroleum ether were purchased from
Sinopharm Chemical Reagent Co., Ltd., China.
The simulated vanadium leaching solution containing 1500
mg/L V(IV), 4000 mg/L Fe(II) and 6000 mg/L Al(III) was prepared
by dissolving VOSO4·xH2O, FeSO4·7H2O and Al2(SO4)3·18H2O in
deionized water. The pure vanadium solution containing 1500 mg/L
V(IV) was prepared by only dissolving VOSO4·xH2O in deionized
water. The pH of the solutions was adjusted by sulfuric acid with A.R.
grade. All chemicals used in this study were of analytical grade.
The vanadium concentration was determined by ferrous
ammonium sulfate titration using 2-(phenylamino)-benzoic
acid as indicator and the concentrations of other ions in solution
were analyzed by inductively coupled plasma–optical emission
spectroscopy (ICP-OES) (Optima 4300DV, Perkin–Elmer, USA). pH
of the solution was measured by pHS-3C digital pH meter (INESA
Scientific Instrument Co., Ltd, China). Fourier Transform Infrared
Spectra (FT-IR) spectra of SIRs were recorded on a Nicolet 6700
spectrometer (Thermo Fisher Scientific Co., Waltham, MA, USA).

Preparation of SIR
Petroleum ether with boiling point range of 60-90°C was used
to dilute D2EHPA and TBP. The impregnation process was same to
that described [9]. Briefly, Dry XAD-16HP (1.00 g) were immersed
in 20 mL diluted mixture of D2EHPA and TBP (50% v/v), which was
shaken for 24 h at 298 K. Then the resins were separated and washed
with deionized water. Finally, the SIRs were obtained by heating the
resins at 60°C for 12 h.

V(IV) adsorption experiments
0.5 g DTIRs were added to 25 mL pure vanadium or simulated
vanadium leaching solutions in a conical flask, then the mixture was
shaken (160 rpm) at a bath oscillator at 25°C for different contacting
time. Subsequently, the mixture was filtrated. The adsorption capacity
of SIRs for V(IV), (Q (mg·g-1)), the distribution coefficient (D),
separation factor (β) and the effective utilization rate of D2EHPA (nM/
nE) were calculated by Eq. (1), Eq. (2), Eq. (3) and Eq. (4), respectively.
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where V is the volume of V(IV) solutions (L), C0 and Ce are initial
and equilibrium concentration of V(IV) in the solutions (mg·L-1)
respectively, and m is the weight of the dry SIRs (g). βA/B represents
the separation factor of ion A to B. DA and DB are the distribution
coefficients of V(IV) and impurity ion between SIRs and solution,
respectively. nM represents the moles of adsorbed V(IV) and nE
indicates the moles of D2EHPA impregnated in SIRs. nv and nD2EHPA
are the molecular weight of vanadium and D2EHPA, respectively, η
is the content of mixed extractant in SIR, α is the content of D2EHPA
in the mixed extractant.

Results and Discussion
Adsorption capacity and effective utilization rate of
D2EHPA
The adsorption capacity of different SIRs for V(IV) after 20 h at
pH=2.0 is shown in Figure 1. It shows that the adsorption capacity
sharply declines with the decreasing proportion of D2EHPA in
the mixture of D2EHPA and TBP. In the absence of D2EHPA, the
SIR has no adsorption capacity for V(IV), indicating TBP do not
adsorb V(IV). However, the effective utilization rate of D2EHPA
increases with the decrease of D2EHPA content. It is known that the
viscosity TBP is lower than that of D2EHPA, thus, the solvent may
be distributed more homogenously and uniformly in the pores of the
support resin after the addition of TBP, and more D2EHPA can react
with V(IV), resulting in the increase of the effective utilization rate of
D2EHPA (Figure 1).

Separation of V(IV) from impurity ions
The distribution coefficient of V(IV), Fe(II) and Al(III) and βV/Fe
and βV/Al on different SIRs are shown in Figure 2. It can be seen that
D2EHPA has high affinity for V(IV) than for Fe(II) and Al(III), thus
the distribution coefficient of V(IV) on the DIR are higher than that
on other SIRs in Figure 2. The distribution coefficient of V(IV) on
the SIRs decreases with the increase of the proportion of TBP and it
declines to zero on the TBP impregnated resin because TBP do not
adsorb V(IV) (Figure 2a). Furthermore, it also can be seen that both
βV/Fe and βV/Al firstly increase and then decline with the increasing
proportion of TBP. βV/Fe and βV/Al reach the peak on the DTIR with the
ratio of D2EHPA to TBP = 4:1, suggesting that the appropriate TBP
in the solvent can enhance the separation of V(IV) from the leaching
solution.

Adsorption kinetics
The adsorption capacities of different SIRs for V(IV) at different
time are shown in Figure 3. The DTIRs with D2EHPA:TBP = 4:1
and 1:0 exhibit apparently higher adsorption capacity for V(IV) than
Volume 5 • Issue 1 • 1000114

other DTIRs, indicating that the adsorption capacity for V(IV) is
closely related with the content of D2EHPA in the SIRs. Theoretically,
the adsorption capacity of DTIRs with D2EHPA:TBP = 4:1 for
V(IV) should be lower than that with D2EHPA:TBP = 1:0 because
the former has lower DE2HPA content than the later. However,
by comparing the capacity of the two DTIRs for V(IV), the DTIR
with D2EHPA:TBP = 4:1 has higher adsorption capacity than the
resin with D2EHPA:TBP = 1:0 at 12h (Figure 3), indicating that the
mass transfer of V(IV) in the former is faster than in the later. As
the reaction time is extended to reach equilibrium, the adsorption
capacity of DTIR with D2EHPA:TBP = 1:0 then exceeds that of the
SIR with D2EHPA:TBP = 4:1 due to the higher D2EHPA content.
The shrinking core model [12], which may be controlled by fluid
film diffusion, intraparticle diffusion and chemical reaction, listed
as Eq. (5), Eq.(6), and Eq. (7) respectively, are used to describe the
adsorption of V(IV) on the DTIRs.

F =

3C0 K f
2QR

t 					

2

6 DeC0
t 		
2QR 2

(6)

K eC0
t 				
R

(7)

1- 3(1- F ) 3 + 2(1- F ) =
1

1 - (1 - F ) 3 =

(5)

In these equations, F is the exchange fraction, C0 is the
concentration of V(IV) in bulk solution(mg/L), Kf is the mass transfer
coefficient of V(IV) through the liquid film (m s–1), R is the radius of
the resin bead (mm), De is the effective diffusion coefficient of V(IV)
in resin beads in Particle diffusion control, Ke is the rate constant of
chemical reaction (m s‑1).
The fitting results and parameters of these equations are shown
in Table 1. The fitting results indicate that the adsorption of V(IV) on
all DTIRs are controlled by intraparticle diffusion, which is consistent
with the adsorption of most metals on ion exchange resin [12].
The calculated De for the DTIR with D2EHPA:TBP = 4:1 is 0.0881,
which is higher than those for other DTIRs. This also verifies that the
mass transfer of V(IV) is the fastest in the DTIR with D2EHPA:TBP
= 4:1 (see Figure 3). Thus, TBP can accelerate the reaction between
D2EHPA and V(IV) in the resins. With the increase of TBP content,
the adsorption capacity of DTIRs for V(IV) declines sharply and then
this also causes the decrease of De.
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Figure 1: Effect of ratio of D2EHPA to TBP on adsorption capacity and
effective utilization rate of D2EHPA.
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Figure 2: Distribution coefficient (a) and separation factor of V-Fe and V-Al (b) on five SIRs.
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Figure 3: Absorption capacity of four SIRs for V(IV) at different time.
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Figure 4: FT-IR spectra of D2EHPA, TBP and mixture of D2EHPA to TBP=4:1.

Table 1: The fitting results of the shrinking core model for the adsorption of V(IV) on different SIRs
D2EHPA:TBP

R2

De

Fluid film control

Intraparticle diffusion control Chemical reaction control

1:0

0.8796

0.9429

0.8796

0.0551

4:1

0.7690

0.9901

0.7690

0.0881

1:1

0.8817

0.9797

0.8817

0.0407

1:4

0.9294

0.9899

0.9294

0.0175

FT-IR analysis

adsorption of V(IV) on the DTIR can be accelerated.

In the FT-IR spectrum of D2EHPA (Figure 4), the peaks at 2292
and 1230 cm-1, which are assigned to the stretching vibration of
O-H and P=O, respectivly [13,14] can be seen. The 1281 cm-1 peak
in TBP spectrum is assigned to the stretching vibration of P=O. It
can be seen that the peak of P=O shifs from 1281 cm-1 to the low
wavenumber 1230 cm-1 in D2EHPA due to the formation hydrogen
bonds [15]. D2EHPA genrally exits as dimers by hydrogen bonds
which also can be seen in the FT-IR spectum (Figure 4). As TBP
is added, it can be seen that the stretching vibration of O-H and
P=O in D2EHPA shifts to the higher avenumbers, indicating
that part D2EHPA may be converted from dimers to monomers
due to the break of hydrogen bonds. This also can be verified
by the weakening of the peak of hydrogeon bonds in the dimers
(Figure 4). D2EHPA can provide more reacting sites for adsorbing
V(IV) when it is changed from dimers to monomers and then the

Conclusions
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The adsorption capacity of DTIR for V(IV) decreases with the
increasing content of TBP in the DTIR because TBP do not adsorb
V(IV). However, as the increasing of TBP, the effective utilization
rate of D2EHPA increases, indicating that TBP can make D2EHPA
to be distributed more homogenously and uniformly in the pores
of SIR. The DTIR with D2EHPA to TBP ratio of 4:1 is the most
appropriate one for the separation of V(IV) from Fe(II) and
Al(III) in this study. Moreover, the adsorption of V(IV) on the
DTIR with D2EHPA to TBP ratio of 4:1 is faster than that on
the D2EHPA impregnated resin. This may be caused by the fact
that part D2EPHA can be changed from dimers to monomers by
adding TBP, which provides more reacting sites for V(IV) and
accelerates the adsorption process.
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