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ABSTRACT 
This paper addresses the problems of low efficiency of the niobium extraction processes and loss of the extractant 
during niobium sorption. This study aims to eliminate these shortcomings by using the impregnated resins that 
combine the properties of sorbents and extractants. Sorption of niobium from concentrated hydrochloric acid 
solutions by impregnated macroporous polymers, containing phosphine oxide and trialkylamine, was studied. 
Equilibrium and kinetics of niobium sorption by impregnated resins of better capacity were obtained. It was 
observed that the distribution coefficient of niobium in the weak acid cation exchanger reached maximum during 
the sorption from hydrochloric acid solutions with a concentration of 10 mol/dm3. Niobium sorption isotherm was 
described by the Henry equation, where constant K is 473±4 ml/g. Integral kinetic curves of sorption were 
obtained by the method of limited solution volumes, and effective niobium diffusion coefficients for impregnated 
resins were calculated (5.5∙10–11 and 1.9∙10–11 m2/s). Kinetic curves with the highest correlation degree were 
described by the pseudo-second-order equation with the rate constants of 0.0549 g∙(mmol∙min)-1 (for solid 
polymeric extractants containing phosphine oxide) and 0.0521 g∙(mmol∙min)-1 (for weak-acid cation exchanger). 
This paper can be of use when organizing niobium sorption from concentrated hydrochloric acid solutions for 
industrial purposes. 
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INTRODUCTION 
Niobium is a refractory metal that is widely used 
for production of vacuum tubes, electrolytic 
capacitors, chemical processing equipment, 
aerospace superalloys, and micro-alloyed steel. 
The hydrometallurgical methods, including 
extraction and sorption, are employed for the 
processing of minerals and technogenic waste 
that contain niobium [1, 2]. The sorption 
processes are based on strong base and medium 
base ion exchangers [2, 3], while the extraction 
processes, on neutral extractants (tributyl 
phosphate) or anion-exchangers (amine salts, for 
example, trialkylamine) [3, 4]. The 
disadvantages of these methods, such as low 
efficiency in the case of sorption and loss of 

extractant in the case of extraction, can be 
partially eliminated by using materials that 
combine the properties of sorbents and 
extractants [5-12]. Such materials can be divided 
into two groups: solid polymeric extractants 
(TVEX) and impregnated resins, differing by the 
method of production. The impregnated resins 
are obtained by impregnating the support with 
the extractant [5-8], and the TVEX by 
introducing the extractant during the synthesis 
of the polymer matrix [9-12]. These materials 
appear to have better kinetic performance than 
conventional ion exchangers and do not swell in 
aqueous solutions [8, 11]. The objective of this 
research is to determine the sorption 



Sorption of niobium from hydrochloric acid solutions by phosphine oxide impregnated resins 
 
 

Sergei M. Pestov, et al                                                                                                                      1068 

characteristics of impregnated resins and TVEX 
that contain variously radical phosphine oxide 
and technical grade trialkylamine, for the 
purpose of extracting niobium from 
hydrochloric acid solutions. 
 
MATERIALS AND METHODS 
Niobium pentachloride (NbCl5, 98% pure, 
Technical Specifications TU 1763-030-
00545484-2002) was used to prepare the 
hydrochloric acid solutions. Niobium pentoxide 
(Nb2O5, 99% chemically pure, Technical 
Specifications TU 1763-019-00545484-2000) 
was used to prepare the sulfuric acid solutions. 

The impregnated resins were prepared by 
impregnating the support (stationary phase) with 
the technical grade trialkylamine (TAA) under 
static conditions [13].  
The macroporous polymer supports were used 
as such stationary phase, namely, spherically 
granulated weak-acid cation exchanger 
(Technical Specifications TU 2227-019-
72285630-2009-2009) and styrene-
divinylbenzene copolymer Porolas-T (TU 24.1-
30168850-048-2005) [14].  
Their main physical and chemical characteristics 
are given in Table 1. 

 
Table 1. Characteristics of the polymer supports 

Polymer support Functional 
group Matrix Granular size 

(mm) 
BET surface area 

(m2/g) 
Weak-acid cation exchanger -СООН Acrylic-divinylbenzene 0.63÷1.6 - 

Copolymer Porolas-T – Styrene-divinylbenzene 0.63÷1.6 700-900 
The properties of the technical grade 
trialkylamine R3N, where R = CnH(2n+1), n = 8-
10, complied with Technical Specifications TU 
2413-003-48590531-2009. Impregnation of the 
polymer supports was carried out in excess of 
the extractant. After the specified time of 
impregnation, the saturated supports were 
transferred to a vacuum filter and washed with 
ethyl alcohol to remove the excess extractant. 
Then the impregnated resins were dried at 50°C 
for 5 hours in a drying cabinet. The extractant 
content in the impregnated resin was determined 
by the difference in weight of the initial polymer 
support and the impregnated resins, according to 
Formula 1: 

    (1) 
where ω is the extractant mass percentage (%), 
mimp is the impregnated resin mass (g), and mini 

is the initial polymer support mass (g). The 
extractant mass percentages in the impregnated 
resins based on weak-acid cation exchanger (I-
PHOR-TAA) and copolymer Porolas-T (IP-
PHOR-TAA) were 42 и 48 %, respectively.  
The solid polymeric extractants containing 
variously radical phosphine oxide (TVEX-
PHOR) and tributyl phosphate (TVEX-TBP), 
taken for reference, were used in the 
investigation. Both extractants were produced 
by Leading Research Institute of Chemical 
Technology (VNIIHT) AO. The characteristics 

of these materials are can be found in [15]. The 
sorption of niobium by the impregnated resins 
and TVEX from the test solutions, which 
contained up to 300 mg/l of niobium, was 
studied under static conditions at different ratios 
of sorbent weight (g) to solution volume (ml). 
After contacting the phases with intensive 
stirring (120 rpm) in laboratory shaker LAB-
PU-02 and their decantation, the concentration 
of niobium in the solution (C, mg/l) was 
determined by the photometric method [16]. 
Sorption capacity of the ion-exchangers (CE, 
mg/g) was calculated according to Formula 2: 

  (2) 
where CE is the sorption capacity (mg/g), Cini is 
the niobium concentration in the initial solution 
(mg/l), Cfin is the niobium concentration after 
sorption (mg/l), Vsol is the solution volume (l), 
and g is the sorbent weight (g). The distribution 
coefficient of niobium in the impregnated resin 
or TVEX (Kd, ml/g) was determined as the ratio 
of the sorption capacity (CE, mg/g) to the 
solution concentration after sorption (Cfin, mg/l). 
The equilibrium characteristic of sorption — the 
isotherm — was determined by the method of 
weighed portions: the impregnated resin sample 
(0.1 g) was saturated with niobium from the 
sulfuric acid solutions at various values of the 
impregnated resin (g) to solution (ml) ratio.  The 
niobium concentration in the initial solution was 



Sorption of niobium from hydrochloric acid solutions by phosphine oxide impregnated resins 
 
 

Sergei M. Pestov, et al                                                                                                                      1069 

300 mg/l. The niobium content in the sorbents 
was determined from the balance ratio, taking 
into account the analysis data on niobium 
concentration in the solutions and the ratio of 
the contacting phase volumes. The kinetics of 
niobium sorption was investigated by the 
method of limited solution volume [17] at the 
sorbent to solution ratio of 1:600 (g:ml) for 4 
hours. The niobium content in the hydrochloric 
acid 10 mol/l solution was 300 mg/l. 
 
RESULTS AND DISCUSSION 
To select a sorption material with the mobile 
extractant phase under static conditions, sorption 

of niobium from hydrochloric acid solutions was 
studied using the following sorbents: TVEX-
TBP, TVEX-PHOR, impregnated resins I-
PHOR-TAA and IP-PHOR-TAA. The analysis 
of the data on niobium sorption by TVEX-TBP, 
given in [18], showed that the concentration of 
hydrochloric acid should be high (> 9 mol/l); 
hence niobium was sorbed from the 
concentrated 10 mol/l solutions. 
The capacity properties of the impregnated 
resins and TVEX in the extraction of niobium 
from hydrochloric acid solutions are given in 
Table 2. 

 
Table 2. Niobium sorption by the impregnated resins and TVEX from hydrochloric acid solutions under the 
specified conditions: [Nb] – 100 mg/l; [HCl] – 10 mol/l, the sorbent to solution ratio – 1:100 (0.1 g : 10 ml) 
 

Sorbent Niobium sorption capacity 
(СЕ, mg/g) 

Niobium distribution coefficient in the 
sorbent (Кd, mg/l) 

Degree of 
extraction (%) 

TVEX-TBP 10.8 386 79.4 
TVEX-
PHOR 11.8 659 86.9 

I-PHOR-
TAA 11.7 603 85.7 

IP-PHOR-
TAA 11.6 583 85.4 

 
Analysis of the capacity properties of sorbents in the extraction of niobium (ref. Table 2) showed that 
the sorption capacity of TVEX-PHOR and the impregnated resin based on the macroporous cation 
exchanger I-PHOR-TAA, and the niobium distribution coefficient (> 603 ml/g) have the highest values. 
The degree of niobium extraction in one contact at the specified sorption conditions exceeded 85.7%. 
Therefore, the study was continued with these sorbents. The isotherm is one of the most important 
equilibrium characteristics of the sorption process. The isotherms of niobium sorption by TVEX-PHOR 
and I-PHOR-TAA from hydrochloric acid 10 mol/l solutions are shown in Figures 1 and 2. 

CE (mmol/g) 

         
 C (mmol/l) 

 
Figure 1. Isotherm of niobium sorption by TVEX-PHOR from HCl 10 mol/l solution. 
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CE (mmol/g) 

 
C (mmol/l) 

Figure 2. Isotherm of niobium sorption by I-PHOR-TAA from HCl 10 mol/l solution. 
 
The dependences in the specified niobium concentration range are linear and can be described by the 
Henry equation (Formula 3): 

      (3) 
where CE is the sorption capacity (mg/g), K is the Henry constant (ml/g), and C is the equilibrium 
metal concentration after sorption (mg/l). The calculated Henry constant values for the niobium 
sorption isotherms were 473±4 ml/g for TVEX-PHOR and 410±8 ml/g for I-PHOR-TAA. The integral 
kinetic curves of the niobium sorption by TVEX-PHOR and I-PHOR-TAA were obtained by the 
method of limited solution volume [17]. Based on this, the dependence of the saturation degree F on 
time was drawn (ref. Figure 3). It shows that the equilibrium in niobium sorption by the selected 
materials was reached in about 5 hours. 

τ (min) 
 

Figure 3. Dependence of the saturation degree F on time in the course of niobium sorption by TVEX-PHOR (■) 
and I-PHOR-TAA (Δ). The half-life period τ0.5 was graphically determined from Figure 3; refer to Table 3. 
 
Table 3. Kinetic properties of niobium sorption by TVEX-PHOR and I-PHOR-TAA from hydrochloric acid 
solutions. 

Sorbent Half-life period τ0.5  (sec) Effective diffusion factor D (m2/sec) 
TVEX-PHOR 110 5.5 ∙ 10–11 
I-PHOR-TAA 370 1.9 ∙ 10–11 

The effective diffusion factor was calculated according to the Formula 4 [17] given the half-life 
period (τ0.5): 

                                                              (4) 
where D is the effective diffusion factor (m2/sec), τ0.5 is the half-life period (sec), and R is the sorbent 
radius (m), which is equal to 0.45 mm for TVEX-PHOR granules and 0.48 mm for I-PHOR-TAA 



Sorption of niobium from hydrochloric acid solutions by phosphine oxide impregnated resins 
 
 

Sergei M. Pestov, et al                                                                                                                      1071 

granules on the average. The calculated diffusion factor values, given in Table 3, are typical of the 
processes occurring in the diffusion region. Niobium is extracted by TVEX-PHOR in the way similar 
to sorption by TVEX-TBP [18], probably, in accordance with the solvation mechanism: 

[NbOCl4]– + nPHOR + H+ + mH2O = [H3O ∙ (m–1)H2O ∙ nTBP]+ [NbOCl4]– 
[NbOCl5]2– + PHOR = [NbOCl4∙ PHOR]–+ Cl–, 

while the FOR and TAA impregnated resins can extract niobium if the chloride ion (salt form of the 
amine) is introduced into these reactions to balance the anions [NbOCl4]– and [NbOCl5]2– according 
to the formal anion exchange mechanism. Therefore, the pseudo-first-order model, the pseudo-
second-order model and the Elovich model [19-25] were used to process the kinetic data. Such 
models allow identifying the impact of the chemical interaction stage on the sorption process. 
The kinetic equations of the pseudo-first-order and pseudo-second-order models, and the kinetic 
equation of the Elovich model in linear form, can be presented as: 

   (5) 

    (6) 

    (7) 
where Qe and Qt are the sorption capacity at the moment of equilibrium and at a given time τ (mmol/g), 
k1 and k2 are the rate constants of the pseudo-first order (min-1) and the pseudo-second order 
(g·(mmol·min) -1), α is the initial sorption rate (g/(mmol∙min), and β is the Elovich constant (g∙mmol-1). 
Dependences of the processed kinetic data in the linearized coordinates lg(Qe–Qt) – τ,  τ/Qt – τ and Qt - 
lnτ for these models are given in Figures 5-7. 

τ (min) 
Figure 5. Dependence lg(Qe-Qt) = f(τ) for niobium sorption by TVEX-PHOR(■) and I-PHOR-TAA (Δ) from 
hydrochloric acid solutions. 

 τ (min) 
Figure 6. Dependence τ/Qt = f(τ) for niobium sorption by TVEX-PHOR(■) and I-PHOR-TAA (Δ) from 
hydrochloric acid solutions. 



Sorption of niobium from hydrochloric acid solutions by phosphine oxide impregnated resins 
 
 

Sergei M. Pestov, et al                                                                                                                      1072 

 Qt (mg/g) 
Figure 7. Dependence Qt = f(lnτ) for niobium sorption by TVEX-PHOR(■) and I-PHOR-TAA (Δ) from 
hydrochloric acid solutions. 
 
The rate constants and correlation coefficients, calculated by the kinetic equations of the models used, 
are given in Table 4. 
Table 4. The rate constants of niobium sorption by TVEX-PHOR and I-PHOR-TAA, calculated using the pseudo-
first-order, pseudo-second-order and Elovich models.  

Pseudo-first-order model Pseudo-first-order model Elovich model 

k1 (min-1) R2 k2 
(g·(mmol·min)-1), 

R2 Β 
 (g∙mmol-1) R2 

I-PHOR-TAA 
0.0101 0.958 0.0521 0.995 5.86 0.968 

TVEX-PHOR 
0.0083 0.990 0.0549 0.997 5.12 0.981 

Proceeding from the correlation coefficient 
values, the obtained kinetic data on niobium 
sorption by the studied materials appear to be 
more adequately described by the pseudo-
second-order equation (R2 ≥ 0.995). This fact 
may indicate that one of the limiting factors of 
the studied process is the chemical reaction. The 
rate constant of niobium sorption by TVEX-
PHOR and I-PHOR-TAA is 0.0549 
g·(mmol·min)-1 and 0.0521 g·(mmol·min)-1, 
respectively. 
 
CONCLUSION 
Based on the equilibrium properties of niobium 
(V) sorption determined by this study, it can be 
said that the solid polymeric extractant TVEX-
PHOR and the impregnated resin I-PHOR-TAA 
can both be used to extract niobium from 
concentrated hydrochloric solutions. At that, 
TVEX-PHOR gave the highest values of 
distribution coefficient and sorption capacity. 
The sorption of niobium by the selected sorbents 
occurs in the diffusion region. However, the 
kinetic data, described by the pseudo-second-
order model with a high degree of correlation, 
indicate certain impact of the chemical reaction 
that proceeds in accordance with the solvation 

mechanism or — in the presence of a tertiary 
amine — the anion exchange mechanism. 
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