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Abstract 

In this study, phenomena behind recovery of Re by weak anion exchangers from sulfate 

solutions containing Mo and As as impurities were investigated. All the metals exist as 

different kinds of oxyanions or, at some conditions, cations, meaning that several 

phenomena need to be taken into account. Batch uptake kinetics and dynamic breakthrough 

experiments were conducted with three commercial resins, and a model based on 

competitive Langmuir isotherm and an approximate diffusion equation was used to 

describe competitive sorption of the oxyacids. The separation systems are also discussed 

in relation to thermodynamic properties of the related oxyanions. 

The  ability  of  the  anion  exchangers  to  adsorb  Re  from concentrated  sulfate  solutions  is  

related to the size and degree of hydration of perrhenate anion, ReO4
-. Especially high Re 

equilibrium capacities of the Purolite A170 and gel-type A172 resins are related to their 

complex amine functional group, which favors less charged and more hydrophobic anions. 

However, the functionality did not explain the superior Re/Mo selectivity of the A172 resin 

detected especially in dynamic column experiments. Diffusion coefficients of all 

components were remarkably low in A172, and the measured moisture content of the resin 

was also low. These observations lead to a conclusion that the physical structure of the 

A172 is so dense that Mo species can only enter near the surface of the resin particle, which 

is the cause to a low uptake. Both of the Purolite resins also had a good Re/As selectivity, 

and are well suited for recovering Re from acidic sulfate solutions not containing Mo that 

are common in industrial applications. 
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Abbreviations 

ICP-AES inductively coupled plasma atomic emission spectroscopy 

Notation 

b  bed porosity, - 
s density of resin, g/L 

Dax  axial dispersion coefficient, m2/s 
Dp  pore diffusion coefficient in macroporous resins, m2/s 
Ds  apparent diffusion coefficient in swollen resin gel, m2/s 
K  affinity constant in NICA model, L/mol 
Qmax  maximum adsorption capacity, eq/L 
Rp,   radius of resin particle, m 
Vb  volume of resin bed, mL 
VL  liquid volume, L 
VS  resin volume, L 
cp  concentration in macroporous resin, mol/L 

  average pore solution concentration in macroporous resin, mol/L 
c  concentration in liquid phase, mol/L 
dp  pore diameter in macroporous resin, m  
ds  diameter of resin particle for gel-type resin, m 
mads  adsorbed amount, mg 
q  concentration in gel-type resin, mol/L 
q’  concentration in resin bed, mg/mLbed 

  volume-averaged concentration in gel-type resin, mol/L 
t  time, s or min 
v  interstitial flow velocity, m/s 
x  axial coordinate, m 

Sub- and superscripts 

*  equilibrium 
0  concentration in resin pretreatment 
elu   elution results 
feed   index for feed concentration 
i, j, k  indexes for metals’ concentrations and sampling points 
load   intake values calculated from measured breakthrough curves 
sim   simulated intake values  

pc

q
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1. Introduction 

Rhenium, Re, is mainly used in superalloys of turbine engines and catalysts of 

petrochemical industry. Re is found in molybdenum and copper ores, from which 

production was 53 tons in 2013 (United States Geological Survey, 2014). Over 50% of Re 

is recycled from its end products (Graedel et al., 2011). Price of Re has been fluctuating 

between 2000 and 12 000 $/kg in 21st century (“Material Processing Technology - News 

Listing,” 2014) and is currently 2900 $/kg (“Metal pages,” 2014). 

Anderson et al. (2013) provide in their recent review article extensive information about 

industrially relevant Re recovery processes. In pyrometallurgical treatment of ores Re is 

enriched to flue gases, from which it is leached by washing with water or H2SO4. Recovery 

of Re from such solutions with precipitating as KReO4 was suggested already in 1947 by 

Melaven and Bacon (1947). Later ion exchange (Chmielarz et al., 2010; Sutulov, 1965) or 

solvent extraction has been used for the recovery (Abisheva et al., 2011; Churchward and 

Rosenbaum, 1963; Zagorodnyaya et al., 2008). Re is also found in leachates of Mo, Cu and 

U,  from  which  is  it  may  be  recovered  by  ion  exchange,  solvent  extraction  or  activated  

carbon adsorption (Coltrinari et al., 2000; Goddard, 1983; Waterman et al., 2010; 

Zagorodnyaya et al., 2013). Recently recovery of Re from high-viscosity oil and bitumen 

has been suggested (Troshkina et al., 2011). Ion exchange is also an important unit 

operation when recovering Re from wastes, such as petrochemical catalysts (Kasikov and 

Petrova, 2009) and scrap alloys (Elutin et al., 1997; Heshmatpour and McDonald, 1982; 

Olbrich et al., 2008; Stoller et al., 2008; Srivastava et al., 2014). In general, ion exchange 

has been recently shown to be a potential recovery, separation and purification method for 
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small amounts of valuable metals in hydrometallurgical side streams (Sole et al., 2011; 

Zhao et al., 2012; Virolainen et al., 2013; Virolainen et al., 2014; Virolainen et al., 2015). 

Anion exchangers are used as ion exchange materials for Re, because it exists in aqueous 

solutions almost always as perrhenate anion, ReO4
-. A variety of different resins have been 

studied since 1950’s especially in former Soviet Union, though the main focus has been on 

weak anion exchangers. Especially a hexamethylenediamine functionalized resin AN-21 

gained attention (Lebedev and Tyurekhodzaeva, 1966; Zagorodnyaya et al., 2008, 1970), 

and also industrial scale applications have been reported (Mekler, 1975). Weak anion 

exchangers are preferred because of the possibility of elution with NH3,  resulting  a  

marketable product NH4ReO4 (Kholmogorov et al., 1999). Of particular importance in 

materials selection is selectivity for Re over elements that form similar oxyanions; 

including As, Mo, Pt, Se, Tc, V, W. Especially Re/Mo selectivity is critical since these 

metals occur together in the nature. 

Variety of potential industrial SO4
2- solutions  for  Re  recovery  has  been  reported  by  

Mikhaylenko and Blokhin (2012). Currently secondary amine functional Purolite A172 

and A170 are industrially used for these. A170 is used for example in KGHM Ecoren S.A. 

(Poland) for Re recovery from washing acids of Cu smelter flue gases (Chmielarz et al., 

2010), and ASARCO has patented and piloted an ion exchange process utilizing A170 for 

Re recovery from Cu leachates (Nebeker and Hiskey, 2012; Nebeker, 2012). A172 is 

known to have significantly better Re/Mo selectivity than A170 (Blokhin et al., 2011; 

Mikhaylenko, 2011), and is thus preferred for such solutions. These authors explain the 

selectivity with steric effects; Mo-oxyanions are so large that they do not fit to the inner 

parts of the resin gel (Mikhaylenko and Blokhin, 2012). 
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The  aim  of  this  work  was  to  study  the  phenomena  related  to  recovery  of  Re  from  

industrially  relevant  sulfate  solutions  in  column  operation  with  different  kinds  of  weak  

anion exchangers. Sulfate and molybdenum concentrations were varied. Also batch 

kinetics experiments were done. Modeling of the process with appropriate equilibrium and 

mass transfer models, and speciation calculations, were done to obtain more information 

about the adsorption mechanism and phenomena involved. Elution is an important part of 

an ion exchange unit process, and especially with the Purolite A172 resin it is known to be 

complicated (Blokhin et al., 2011; Mal’tseva et al., 2012). It is discussed herein based on 

the available literature. 

2. Experimental 

All  metal  analyses  of  aqueous  samples,  both  from batch  and  column experiments,  were  

carried out from 10% HNO3-media using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES, device: IRIS Intrepid Duo, Thermo Electron Corporation).  

2.1 Materials and reagents 

Three weak anion exchangers (Table 1), which contain both gel-type and macroporous 

resins with different functional groups in them, were used. IRA-67 was supplied by 

Rohm&Haas (currently Dow), and A172 and 170 by Purolite. The resins were 

preconditioned with two or three H2SO4-H2O-NaOH-H2O cycles, thus leaving them to free 

base form. The following chemicals were used in the experiments: 76% HReO4 (supplier 

Aldrich), MoO3 (Merck), Na2HAsO4·7H2O (Alfa Aesar), 95–97% H2SO4 (Merck). 
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Table 1. Characteristics of the weak anion exchange resins used in the experiments 
(“Amberlite IRA67 Product data sheet,” 2008, “Purolite Products,” 2014). 

Resin Matrix Functional group Physical 

structure 

Bed 

capacity* 

Rp, m 

IRA-67 Acryl Tertiary amine Gel 1.6 eq/L 250–375 

Purolite A170 PS-DVB Complex amine Macroporous 1.3 eq/L 300–600 

Purolite A172 PS-DVB Complex amine Gel 1.2 eq/L 285±25 

* Given by manufacturer 

2.2 Batch uptake kinetics experiments 

Batch uptake kinetics experiments were done at 25 °C with solutions containing either Re 

or Mo for IRA-67, Purolite A170 and A172 in H2SO4 concentration of 111 g/L (measured 

by titration). In every experiment As (c = 916–993 mg/L) was present to imitate the 

industrial solutions, but studying its kinetics was beyond the scope of this study. Before 

the actual experiment, the resin was preconditioned in pure 111 g/L H2SO4 to have it in 

protonated  form.  Initial  Re  and  Mo  concentrations,  measured  by  ICP-AES,  were  

respectively 55.5–57.2 mg/L and 2000–2040 mg/L. Weighed resin amounts were 2.03 g 

for Re experiment with IRA-67, 4.04 g (Mo, IRA-67), 0.201 g (Re, A170), 4.00 g (Mo, 

A170), 0.203 g (Re, A172), and 17.6 g (Mo, A172). Varying resin amounts were used in 

order to achieve sufficiently large changes in solution concentration relative to the accuracy 

of the chemical analyses. 



8 
 

2.3 Column experiments 

Dynamic column experiments were done in 15 mm diameter temperature controlled 

Kronlab columns at 25 °C. Flowrate in every experiment was 2.0 mL/min and the volume 

of the free base form resin bed was between 15.9 and 18.2 mL meaning 6.6-7.4 BV/h 

specific flow rates. In previous dynamic Re ion exchange studies for example 1.0 and 10 

BV/h specific flow rates have been used (Blokhin et al., 2011; Mikhaylenko and Blokhin, 

2012). The used flowrates are also typical for ion exchange studies generally and thus 

suitable for studying the phenomena in this work. 

Metal and H2SO4 concentrations were chosen so that the solutions cover the most relevant 

industrial cases, which have been given for example by Mikhaylenko and Blokhin (2012). 

The  H2SO4 concentrations  may  be  as  high  as  500  g/L,  but  a  moderate  concentration  of  

100 g/L was chosen for the higher showcase. In general the H2SO4 concentration is at least 

tens of g/L, and pH below 1, so 15 g/L was chosen to be the lower showcase. When Mo is 

present in industrial solutions, its concentration is usually at least several times higher than 

the Re concentration. Re concentration varies typically from few ppm up to grams per liter, 

and  Mo concentration  is  in  the  level  of  grams per  liter  when it  is  present.  Thus  the  Re  

concentration in the dynamic runs was set a bit above 100 mg/L. Poor solubility of the used 

MoO3 gave some limitations to Mo concentration, however it was at least 812 mg/L in all 

cases, which is still in the range of the industrial cases. Runs without Mo were also 

performed, because solutions without Mo are also industrially used for Re recovery by ion 

exchange, like in KGHM Ecoren S.A., Poland (Chmielarz et al., 2010). Arsenic is often 

present in the industrially relevant solutions with typical concentration of few grams per 

liter, and thus As concentration in the dynamic runs was approximately 1000 mg/L, except 
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for the experiment A172 HS/2 (100 mg/L). Details of all experiments are given in Table 2. 

Elution of the resin beds were done with 1.0–1.5 M NaOH (specific flowrate 3.5-7.5 BV/h) 

to check the mass balances. Eluate was collected to one sample, and thus concentration 

profiles during elution were not recorded. 

Dynamic adsorption capacities were calculated with the following expression: 

N
feed feed feed

ads,k k k,i k k,i-1 i i-1 b bed k
i 1

0.5m c c c c V V V c    (1) 

, where mads is the adsorbed amount, N stands for the number of sampling points, cfeed is 

the feed concentration of metal k, i is  the  index  of  the  sampling  point,  V is the eluted 

volume, and b is the void fraction of the bed. The void fractions of the resin beds were 

calculated from column volume and mass of dry resin used to pack the column. The 

moisture contents of the swollen resins were measured, and were 0.430, 0.395 and 0.370 

for IRA-67, Purolite A170 and A172 respectively. Porosity of the only macroporous resin 

Purolite A170 was calculated to be 0.352 from the experimentally determined moisture 

content. 
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Table 2. Details of the breakthrough experiments for studying recovery of Re from sulfate solutions by weak anion exchangers. Fed 
amounts were 720 mL except for A170 HS (690 mL) and A172 HS/2 (13200 mL). 

Run ID Resin cH2SO4, g/L cRe, mg/L cMo, mg/L cAs, mg/L Vbed, mL BV/h 

IRA HS IRA-67 100 100 994 961 18.2 6.6 

A170 HS Purolite A170 100 117 2024 1011 17.3 6.9 

A172 HS/1 Purolite A172 100 120 2024 1020 16.3 7.4 

A172 HS/2 Purolite A172 100 137 2332 100 16.8 7.1 

IRA LS IRA-67 15 123 812 997 18.2 6.6 

A170 LS Purolite A170 15 123 812 997 17.3 6.9 

A172 LS Purolite A172 15 125 817 1014 16.3 7.4 

IRA NM IRA-67 100 118 - 1063 18.2 6.6 

A170 NM Purolite A170 100 119 - 1045 17.3 6.9 

A172 NM Purolite A172 100 120 - 1077 16.3 7.4 
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3. Modeling 

Modeling and simulation of batch uptake kinetics and adsorption column dynamics was 

done in order to obtain a better understanding about the mechanisms and the phenomena 

related  to  the  adsorption  of  Re  and  the  impurities  from  the  industrially  relevant  sulfate  

solutions. Though there has been discussion about these topics in the literature, there seems 

not to be unanimous agreement. 

3.1 Model development 

Competitive uptake of rhenium, molybdenum and arsenic from sulfuric acid solutions is 

considered here as competitive adsorption of oxyacids (protonation+oxyanion) on base-

form resins. For simplicity the adsorption of Re, Mo and sulfates are described in the model 

with a single equilibrium constant for each. ReO4
- has been evidently taken as 

representative for Re. HSO4
- is taken as representative of a sulfate species, although as 

discussed in more detail later, part of it is as SO4
2- form even in higher acidities. Due to 

very complex speciation chemistry of Mo, which is also discussed later in detail, just the 

chemical symbol is used. Adsorption equilibrium is described using the competitive 

Langmuir isotherm. Mass transfer in the resin particles is modeled using the concentration-

layer model of Yao and Tien (1993). This model was selected, because it gives much better 

description at low loadings than the conventional linear driving force (LDF) 

approximation. Because the concentrations are not extremely low, the external mass 

transfer resistance is neglected to simplify the numerical solution. 
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Experiments were made in batch and fixed-bed systems and the mass balances are given 

in  Eqs.  (2)  and  (3),  where  c is the solution concentration, is volume-averaged 

concentration in the resin, VL is liquid volume, VS is resin volume, v is interstitial flow 

velocity, t is time, x is the axial coordinate, b is bed porosity, s is resin density and Dax is 

axial dispersion coefficient. Variation of the resin volume is not considered here and thus 

b is constant. 

        (2) 

      (3) 

The accumulation terms  iq
t  and ,p ic

t  are obtained from the model of Yao and Tien 

(1993). In gel-type resins (Eq. (4a)), mass transfer is described by the apparent diffusion 

coefficient, Ds, in the swollen gel. For macroporous resins, intra-particle mass transfer is 

assumed to be controlled by pore diffusion characterized by Dp (Eq. (4b)). 

       (4a) 

*
, , , , *

, ,2 *
,,

24 1
2

p i p p i p i p i
p i p i

p p ip i

c D c c
c c

t d cc
      (4b) 

The equilibrium condition for competitive adsorption of several acids (competitive 

Langmuir) is given by Eq. (5), which relates the concentration on the resin surface to the 

q

0i i
L S

c qV V
t t

2

2

1( ) 0i i b i i
ax

b

c c q cv D
t x t x

*
, *

2 *

24 1 ( )
2

s ii i i
i

s i i

Dq q q q q
t d q q
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solution concentration. If macroporous resins are considered, same expression is assumed 

valid but average pore solution concentration, , and uptake, , are used. 

*
max 1

i i
i

j j
j

K cq Q
K c

 

        (5) 

In Eq. (5), Qmax is the adsorption capacity determined by the number of amino groups. 

Values calculated from the manufacturer given bed capacities (Table 1) were used (IRA-

67 = 5.10 eq/kg, Purolite A170 = 3.16 eq/kg, Purolite A172 = 2.29 eq/kg), and before 

calculations converted to units of eq/L since the solid contents in swollen resins were 

measured. K is the affinity constant. 

3.2 Calculations 

The differential mass balances were solved using the method of lines (Schiesser, 1991). 

Initial and boundary conditions for the column are given by Eq. (6). Here c0 is  the  

concentration in solution used to pre-treat the resin and q0 is the corresponding value in the 

resin calculated from Eq. (5).  

     (6) 

Value for the axial dispersion coefficient was estimated from the correlation of Chung and 

Wen (1968) and same value was used for all components.  

pc q

0

0

0

0 : ( )

( )

0 : ( ( 0))

i i

i i

feedi
i i

x ax

t c x c

q x q
c vt c c x
x D
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4. Results and discussion 

Before discussing the selectivities of the resins, the validity of the main experimental 

method and accuracy of the chemical analyses are briefly addressed. Table 3 displays the 

amounts of Re sorbed by the resins obtained by two different methods: the loading data 

(breakthrough experiments and Eq. (1)) and NaOH elution data. The values differ by only 

2-7%, except for experiment IRA NM where the deviation was 18%. This is seen as an 

evidence of reliable Re ICP analysis. The larger difference with the experiment IRA NM 

stems from the fact that in the loading experiment the feed concentration was achieved 

already after the 4th sampling point, and thus the shape of the breakthrough curve is not 

accurately recorded. With Mo and As, however, inaccuracy in analysis was higher and the 

uptakes calculated with Eq. (1) are shown only for Re. The Mo and As uptake values 

obtained by the NaOH elution method are expected to be more accurate, and thus they have 

been used for calculating the selectivities and purities in Table 3. Despite the known fact 

that Re is not easily eluted especially from the Purolite A172 (Blokhin et al., 2011; 

Mal’tseva et al., 2012), the results in Table 3 show the elution method used here removed 

all the adsorbed metals well and the obtained uptake values can be used as a basis for the 

following discussion. 

4.1 ReO4
-/SO4

2- and ReO4
-/HSO4

- -selectivities 

According to the conventional knowledge about the dissociation chemistry of the H2SO4 

there should not be much SO4
2- present in the 15 g/L H2SO4 and practically none in the 

100 g/L concentration, and the dominating specie should be HSO4
-.  However,  when the 
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speciation is calculated taking into account non-idealities of the solutions with Davies’ and 

Pitzer’s models it is observed that the SO4
2- concentration does not decrease below ca. 19% 

even in 200 g/L acidity (Casas et al., 2000). Also due to protonation of the resin and the 

resulting Donnan exclusion it can be predicted that proton concentration inside especially 

the gel-type resins would be lower than in the bulk solution. Thus in this section the Re 

selectivity is discussed in relation to both SO4
2- and HSO4

-. 

Despite the differences in the Re capacities of the resins, all of them are able to take it from 

concentrated sulfate solutions (Table 3). Also the fitted parameters in the equilibrium 

model (Table 4) support this conclusion; with all the modeled resins the affinity constant 

K is higher for HReO4 than for HHSO4. According to Blokhin et al. (2005), anion exchange 

selectivities can be explained by the size and, most importantly, hydration tendencies of 

the anions so that the less hydrated ions have higher affinities. Gibbs free energies of 

hydration at 25 °C are -226, -330 and -975 kJ/mol for ReO4
-, HSO4

- and SO4
2- respectively 

(Marcus, 2015) thus indicating weaker hydration tendency of the ReO4
- than the sulfate 

species, especially SO4
2-. The radii of the corresponding ions are 0.26, 0.19 and 0.23 nm 

(Marcus, 2015), and based on these and the Gibbs free energies of hydration it can be 

inferred that the sizes of the hydrated anions have the order SO4
2- > HSO4

- > ReO4
-. Such 

thermodynamic properties give basis for the wide and successful use of anion exchange 

resins for the recovery of Re from sulfuric acid solutions. 
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Table 3. Metal contents in the resin beds after Re recovery experiments from sulfate solutions (presented in Table 2) with weak anion 
exchangers. 

Run ID q'Re,load, 

mg/mL  

q'Re,elu, 

mg/mL  

Re mass 

balance 

q'Mo, elu, 

mg/mL  

q'As, elu, 

mg/mL  

q'Re,sim, 

mg/mL  

q'Re,sim/q'Mo q'Re,sim/q'As q'Re,sim/q'total 

IRA HS 0.60 NA NA NA NA 0.4 0.02* 0.15* 0.02* 

A170 HS 4.6 4.5 2.2% 23.9 2.1 36.0 1.5 17.1 0.58 

A172 HS/1 5.3 5.0 5.7% 0.9 1.6 85.8 95.3 53.6 0.97 

IRA LS 1.5 1.4 6.7% 28.3 6.1 1.6 0.06 0.26 0.04 

A170 LS 4.7 5.0 -6.0% 14.8 1.7 78.4 5.3 46.1 0.83 

A172 LS 5.5 5.2 5.5% 0.19 0.07 166 867 2550 1.00 

IRA NM 0.64 0.78 -18% - 0.77 0.58 - 0.75 0.43 

A170 NM 4.9 4.9 0% - 1.44 97.2 - 67.5 0.99 

A172 NM 5.3 5.1 3.8% - 1.36 94.0 - 69.1 0.99 

* Calculated from breakthrough curves since elution data was not available. NA = not available. 
** Simulated Re intakes q’Re,sim have been used to calculate selectivities and purity because no full breakthrough was obtained for every experiment. Subscript 

load stands for the value calculated from the measured breakthrough curve by Eq. 1. These values have not been presented for Mo and As because their analysis 
in low concentrations had too much variance causing inaccuracy in the calculated values. Subscript elu stands for the values obtained by eluting the bed with 
NaOH as described in the section 2.3. 
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Table 4. Model (see section 3.1) parameters for adsorption of Re and Mo from sulfate 
solutions. T = 25 °C. The anion exchange is modeled as a competitive 
adsorption of acids of the corresponding anions (see section 3.1). External mass 
transfer was neglected. 

 IRA-67  Purolite A170 Purolite A172 

 log K Ds log K Dp log K Ds 

HHSO4 5.0 1.00·10-11 3.0 1.00·10-10 3.0 1.00·10-13 

HReO4 5.5 1.00·10-11 6.1 1.94·10-10 6.1 5.00·10-14 

HMo 6.3 2.85·10-12 4.9 5.99·10-11 3.7 1.00·10-14 

Purolite A172 and A170 resins had clearly better Re adsorption capacities than the IRA-

67 for all the studied feed solutions (Table 3). This has to be related to the similar functional 

group of the Purolite resins (complex amine according to the manufacturer), since 

breakthroughs occurred much earlier with the IRA-67 resin having tertiary amine 

functionality (Fig. 1) but similar gel-type physical structure as A172. In addition, the 

Purolite A170 resin has macroporous physical structure, but it still had the previously 

mentioned high Re capacity. All the resins had clearly higher capacities in 15 g/L H2SO4 

concentration than in 100 g/L concentration (Table 3). In addition to the obvious competing 

effect, the decreasing Re uptake in higher H2SO4 concentrations has been explained by 

Blokhin et al. (2005) with so-called acid effect meaning that in the higher acidity there is 

more HSO4
-, which has higher affinity to the anion exchangers due to its weaker hydration. 

Also in a recent review paper by Srivastava et al. (2015) it is stated that the HReO4 would 

not be totally dissociated in acid concentrations higher than 0.5 M, which is another factor 

for the lowering Re uptakes with increasing acidities. 
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Figure 1. Measured (symbols) and simulated (lines) breakthrough curves of Re with 
weak anion exchangers from H2SO4 solutions. Filled symbols and solid lines 
100 g/L H2SO4, open symbols and dashed lines 15 g/L H2SO4.  Analyses  of  
feed solutions are presented in Table 2. T = 25 °C. 
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The conclusions above about the ReO4
-/SO4

2- and Re/HSO4
- -selectivities are supported by 

the fitted model parameters shown in Table 4. The fitting was first done on the batch uptake 

curves measured for individual Re and Mo solutions without competition (Fig. 2), but some 

parameter adjustment was needed to correlate data from dynamic column experiments 

(Figs. 1, 3 and 5) as well as possible. As stated in the section 2.2, the kinetics of As was 

not studied here, though it was present in the solutions to imitate the industrial Re solutions. 

Generally the model presented in Eqs. (2–5) predicts the batch uptake kinetics well. The 

affinity constants K of HReO4 to the Purolite resins are higher than for the IRA-67, and 

also  the  values  of  HHSO4 are lower. The fact that the ratio of the affinity constants of 

HReO4 and HHSO4 (i.e., =selectivity) for IRA-67 is much lower than for the Purolite resins 

explains also the observation that the acid concentration has much more influence on the 

Re adsorption with the IRA-67. 
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Figure 2. Batch uptake kinetics of recovery of Re and Mo from sulfate solutions with 
weak anion exchangers. T = 25 °C. Separate experiments were made for Re 
and Mo uptake kinetics. The phase ratios varied between the six experiments 
and have been given in Section 2.2 as well the exact initial concentrations. 
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4.2 Re/Mo and Re/As –selectivities 

Physical structure of anion exchanger has a significant role in Re/Mo selectivity. This can 

be clearly seen by comparing the ratios of adsorbed amounts of these metals and the 

breakthrough curves with the Purolite resins A170 and A172 with similar functional groups 

(Table 3, Figs. 1 and 3). This is in accordance with results of Kholmogorov et al. (1999), 

who concluded that in their studies all the resins with good Re/Mo selectivity were gel-

type. The gel-type A172 has very high Re/Mo selectivity compared to the macroporous 

A170. In fact in all column experiments with the IRA-67 and Purolite A170 and feed 

solutions containing Mo, the absolute amount of adsorbed Re was less than that of Mo, 

though all these experiments were not run until Re breakthrough. Obviously though, the 

gel-type physical structure does not alone explain the selectivity because it was poor with 

the other gel-type resin IRA-67. 
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Figure 3. Measured (symbols) and simulated (lines) breakthrough curves of Mo with 
weak anion exchangers from H2SO4 solutions. Filled symbols and solid lines 
100 g/L H2SO4, open symbols and dashed lines 15 g/L H2SO4.  Analyses  of  
feed solutions are presented in Table 2. T = 25 °C. 
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The model parameters (Table 4) estimated from the experimental data indicate that the 

nature of the resins’ Re/Mo selectivities can be explained by the equilibrium behavior. 

However, simply the affinities of the metals to the functional groups do not alone explain 

the selectivities. This can be concluded from the modeled breakthrough curves in Figs. 1 

and 3, which did not match the experimental data in every case though the diffusion 

coefficients were tried to adjust to give better fits. The different physical structures of the 

resins can affect the migration speeds of the oxyanion species, and it is also possible that 

for example large Mo species can only be sorbed to the sites on the surface either in gel or 

macropores at sufficiently high rate for significant binding. The speciation of the metals in 

the system differ quite a lot, and it depends on the concentration of the metals and acidity 

(pH) both in the bulk solution and inside the resin. The effects of all of these phenomena 

are discussed in detail below. 

Diffusion coefficients of HReO4 and HMo in the Purolite A172 are several orders of 

magnitude smaller than those in IRA-67 (Table 4), which is of gel-type also. This supports 

the suggestion of Mikhaylenko and Blokhin (2012) about the steric phenomena being the 

explanation to the Re/Mo selectivity. The gel structure in the A172 might be so dense that 

it hinders the migration of the oxyanions to the resin. To support this conclusion the 

moisture contents of the resins were measured in 110 g/L H2SO4 and they were 48.4, 35.6 

and 22.8% respectively for IRA-67, Purolite A170 and A172. Diffusion coefficient of HMo 

in Purolite A172 is also five times smaller than that of HReO4, but still the difference is 

not enough to explain the Re/Mo selectivity with kinetics. Thus the explanation must be 

equilibrium based: Mo species have ability entering only near to the surface of the resin 

gel area, which is seen as the low affinity parameter K in the competitive Langmuir 
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equilibrium model. In that case the Mo capacity would depend on the surface area, which 

in gel-type resin is very small compared to macroporous resin.  

The gradual breakthrough curves of Mo with IRA-67 and Purolite A170 resins (Fig. 3) 

suggests that the kinetics of Mo would be slow, but the fitted diffusion coefficients were 

of the same magnitude as for the other compounds. Such gradual Mo breakthrough curves 

can result from the complex speciation of Mo illustrated in Fig. 4. Mo exists as several 

different oxyanions,  and the basis is  on molybdic acid H2MoO4 and its dissociation and 

protonation equilibria. At H+ concentrations between 10-5 and 10-1 mol/L also different 

polynuclear complexes exist. Gibbs free energy of hydration for MoO4
2- is -964 kJ/mol 

(Dudev and Lim, 2004), and thus the hydrated anion is expected to be larger than ReO4
-, 

and consequently the polymeric oxyanions probably are much larger than ReO4
-. This 

might lead to stronger size exclusion of Mo in the gel-type Purolite A172, because due to 

Donnan exclusion proton concentration is supposed to be lower inside the gel than in the 

macropores of the A170 (Helfferich, 1995). 

The free proton concentration in solution, which is not equal to stoichiometric sulfuric acid 

concentration, was calculated with computer program (KTH  -  Chemistry  /  Chemical  

Equilibrium Diagrams, n.d.) for 960 mg/L Mo solutions in sulfuric acid concentrations of 

15 g/L and 100 g/L. The results (as [H+]) were 0.12 M and 0.82 M, respectively. This 

means that there would be only a small amount of anionic Mo-species at the lower sulfuric 

acid concentration and practically none at the higher acid concentration. However, as stated 

by Mikhaylenko and Blokhin (2012), occurrence of anionic sulfate complexes of Mo, like 

MoO2(SO4)2
2- has also been observed in high sulfuric acid concentrations. Based on the 
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above discussion with the fact that the acidity is lower inside the gel-type resin particle, it 

is possible that in the both studied feed solutions there are anionic Mo species present, 

especially inside the gel-type resins. On the other hand, the speciation shown in Fig. 4 and 

the above discussion is limited only to Mo(VI) species but, according to for example Barret 

(2003), existence of mono- and polynuclear cationic Mo-species with different oxidation 

states is possible in acidic conditions. 

Another possibility of Mo adsorption to the N-donor type weak anion exchangers, which 

all of the resins studied in this research are, is chelation of the cationic Mo species. These 

include the ones shown in the Fig. 4 (the equilibria calculated based on the equilibria 

suggested by Olazabal et al. (1992)), the well-known MoO2
2+ and the possible cations with 

lower Mo oxidation states. Although being not very abundant, some species where Mo is 

coordinated to N-atom have been mentioned (Cotton and Wilkinson, 1988; Holm et al., 

1996). However, if the secondary amine functional group of the Purolite resins would have 

the feature of the chelate formation, the mechanism could not likely be the same with the 

conventional tertiary amine functional IRA-67. As shown for example in Table 3, it has a 

high affinity towards the Mo. Thus this explanation with formation of the chelates would 

mean different Mo binding mechanisms to the macroporous Purolite A170 (chelation), and 

the gel-type Purolite A172 and IRA-67 (anion exchange in lower acidity inside the resin). 

In that case the exclusion of Mo from the Purolite A172 would still  be due to the steric 

effects discussed before in this section. It should be though added to the above discussion 

that N-donor type ligands are known to have very high proton affinities, and thus for 

example the cations of transition metals are not practically sorbed to them at pH below 3 

(Laatikainen et al., 2007).  



26 
 

The easier diffusion of the smaller hydrated ReO4
- anion inside the resin particle has been 

stated to be the reason for Purolite A172’s good Re/Mo selectivity also by (Mikhaylenko 

and Blokhin, 2012). The complex Mo speciation is probably also the reason that the model 

predicts too late breakthrough for Re with IRA-67 from 15 g/L H2SO4 solution (Fig. 1). 

However, despite the supposed significant effect of the speciation, it was not included to 

the equilibrium model, because the purpose of the modeling was only to help with 

discussing the nature of the Re/SO4
2-, Re/HSO4

- and Re/Mo selectivities and not to predict 

accurately the behavior of the all components in all systems. 
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Figure 4. Speciations of Mo(VI) and As(V) as a function proton concentration. Values 
for formation constants of the Mo(VI) species have been taken from (Olazabal 
et al., 1992) and As(V) species from (Wro ski, 1997). 
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The  breakthroughs  for  As  in  every  experiment  occurred  almost  immediately,  and  there  

were no differences in the curves between the resins. Thus the curves are not shown and 

the behavior of As was not included in the model. Arsenic exists as arsenic acid, H3AsO4 

(pKa1 = 2.19, pKa2 = 6.94), and its dissociation products (Fig. 4). The hydrated forms of 

these species are even larger than SO4
2- (Tanaka et al., 2013) thus explaining good 

selectivities of Re (and Mo) over As for the reasons discussed before. However, there were 

significant differences, especially in the lower H2SO4 concentration (15 g/L), between the 

resins’ in the Re/As selectivity. The Purolite resins were again better than the IRA-67, and 

they did not have significant difference. A remarkable observation also was that Mo and 

As capacities of both Purolite resins increased with increasing H2SO4 concentration 

(Table 3). This can be explained by the speciation chemistry, i.e. more abundant occurrence 

of more hydrophobic (and smaller) ions, which again have higher affinity to the functional 

group.  

From the above discussion it can be concluded that the complex amine functional group in 

the Purolite resins favor more hydrophobic and univalent anions, whereas the tertiary 

amine functional IRA-67 favors larger, multivalent and more hydrophilic anions causing 

its poor Re/Mo and Re/As selectivities. As discussed earlier in this section, Re is seen as 

more hydrophobic than all the other species in the studied solutions, and the multivalent 

anions like sulfate, dissociation products of arsenic acid, and polymeric oxyanions and 

sulfate complexes of Mo are seen as the most hydrophilic species. The physical structure 

of the resins and the speciation of the metals were also identified as significant phenomena 

affecting both the equilibria and kinetics of the metals’ sorption. 
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4.3 Practical implications 

The Purolite resins, especially A172, were found to be superior for the recovery of Re from 

SO4
2- solutions among the three studied weak anion exchangers. The difference between 

the Purolite resins is that the A170 does not provide as good Re/Mo selectivity as A172 

does. Good performance of the resins in high H2SO4 concentrations and high Re/Mo 

selectivity are important because acidity and presence of Mo are characteristic for many 

industrial Re leachates (Mikhaylenko and Blokhin, 2012). In terms of Re/As selectivities 

the Purolite resins were also better implicating that the conventional weak anion 

exchangers, like IRA-67, do not probably function if there are any oxyanion forming metals 

in the feed. If the H2SO4 concentration is lower (15 g/L tested in this work) the uptake of 

the IRA-67 resin increases, but is still lower than the uptake of the Purolite resins. Also the 

Re/Mo and Re/As selectivities are still very low when the H2SO4 concentration decreases 

(Table 3). 

The absence of Mo increases the dynamic Re capacity of Purolite A170 significantly but 

of A172 only slightly (Table 3, Fig. 5). The capacity of A170 is slightly higher (Table 3) 

because of the higher mass transfer rate (Table 4) and thus it might be even more suitable 

than A172 for separation of Re from As containing feed solutions in absence of Mo. On 

the other hand, if the recovery yield of Re must be very high, A172 would be a better 

choice, because the breakthrough occurs earlier with the A170 (Fig. 5). Also with IRA-67 

the Re breakthrough capacity (Table 3) slightly improved in absence of Mo. One such Re 

solution that contains As as the main impurity is typical washing acid from a Cu smelter. 

For example, KGHM Ecoren S.A. operates such a Re recovery plant in Poland (Chmielarz 

et al., 2010). 
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Figure 5. Breakthrough curves of Re with weak anion exchangers from 100 g/L H2SO4 
solution with only As as impurity. Analyses of feed solutions are presented in 
Table 2. T = 25 °C. The symbols stand for the experimental data and the lines 
simulation results: solid IRA-67, short dash Purolite A170 and long dash 
Purolite A172. 

As it can be seen from Figs. 1 and 5, the Re breakthroughs were not achieved for the 

Purolite resins within 44 BV, and thus full breakthrough curve was measured for A172 

with 100 g/L H2SO4 solution containing both Mo and As impurities (Run ID A172 HS/2 

in Table 2.). The experiment (results in Fig. 1 and Table 3) was stopped after 786 BV, 

when  dynamic  Re  capacity  of  the  resin  was  73  mg/mLbed at 80% breakthrough. 5% 

breakthrough capacity was 33 mg/mLbed after  243  BV,  and  based  on  the  simulation  at  

100% breakthrough the capacity would be 91.0 mg/mLbed. These results are comparable to 

the literature values as estimated from the breakthrough curves in paper by Blokhin et al. 

(2011); 5% and 80% breakthroughs gave respectively capacities of ~70 and ~90 mg/mLbed. 
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The slight difference is explained by higher feed concentration of Re and lower flowrate, 

which increase the capacities compared to the experiments in this study. In experiment 

A172 HS/1 (no full breakthrough for Re) the adsorbed amounts of Mo and As based on 

elution of the loaded resin bed were 0.9 and 1.6 mg/mLbed, respectively, giving 95.3 and 

53.6 for Re/Mo and Re/As ratios in the loaded bed (Table 3). 

Elution of Re with NH4OH at 20 °C from Purolite A172 resin is known to be difficult when 

the resin loadings are low (Blokhin et al., 2011; Mal’tseva et al., 2012). In the latter article 

it is stated that the resin contains 1.1% of strong base groups as a by-product from the 

synthesis. However, this alone does not explain the poor elution performance with NH4OH 

since the residual amount of Re after the elution increases with increasing initial saturation, 

and it also exceeds the amount corresponding to the equivalent amount of the strong base 

groups. The kinetics of the desorption is also very slow, which is attributed to the very low 

extent of swelling of the A172 resin in the ammonia solutions. Steric effects can thus be 

concluded to be partly responsible for the poor equilibrium behavior. 

Elution of Re with NH4OH from Purolite A170 resin is not as difficult as from A172, yet 

the complete elution especially in low loadings is not achieved. The amount of the strong 

base groups is 0.5%, and the macroporous structure makes the inner parts of the resin more 

accessible (Mal’tseva et al., 2012). 

Since the Purolite A172 is superior for Re adsorption from feed solutions containing Mo, 

overcoming the poor elution performance would be highly desired. Mal’tseva et al. (2012) 

observed that elution can be significantly enhanced by increasing the temperature and/or 

by adding ethanol to the eluent to increase swelling, although removal of ethanol 
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complicates the flowsheet. It seems, however, that increasing the temperature to 50-60 °C 

alone would enhance the elution from fairly highly loaded resin sufficiently to render the 

whole ion exchange process feasible. Based on the data available (Mal’tseva et al., 2012), 

reaching over 80% yield should be possible. The Re containing raffinate obtained by 

loading the resin to a high extent could be recycled back to feed, or the losses could be 

avoided by counter-current operation so that highly loaded column would go to elution 

while the low loaded column would remain in the loading phase. According to the data 

presented in Table 3, another possibility is to use NaOH, which would desorb Re 

effectively. 

5. Conclusions 

In this work, recovering rhenium from molybdenum and arsenic containing H2SO4 

solutions was studied with three weak anion exchangers. Experimental studies were done 

as batch uptake kinetics and single column experiments, and the system was also modeled. 

Features of the separation systems were discussed in relation to adsorption theories, 

thermodynamics and aqueous chemistry of the involved species. 

From the studied resins gel-type Purolite A172 with complex amine functionality was 

clearly the best for the studied solutions, though its slight drawback is an ineffective elution 

with  desired  NH4OH. Purolite A170 with similar functionality, but with macroporous 

structure, had almost as good Re binding properties, but did not have nearly as good Re/Mo 

selectivity. Gel-type IRA-67 with tertiary amine functionality had much lower Re capacity 

and selectivity than the Purolite resins. 
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The high Re capacities (good Re/SO4
2- and Re/HSO4

- selectivities) of the Purolite resins 

are explained by the affinity of the functional group towards monovalent and more 

hydrophobic anions. Good Re/Mo and Re/As selectivities of the gel-type A172 resin are 

explained by the steric effects of the physical structure; the larger Mo and As species can 

more easily enter the functional groups in the macroporous A170. Because of looser gel-

type structure of IRA-67 the Mo and As species can also enter the inner parts of the resin, 

but with denser Purolite A172 Mo species can only access the sites near the particle 

surface. 

The modeling results and batch uptake kinetics data indicated that the selectivities can be 

explained by differences in the equilibrium behavior. Though, the behavior of Mo in all 

the column adsorption experiments was not explained by the used models due to the 

complex aqueous speciation. The conclusion about the steric hindrance of the migration of 

the oxyanions in the gel-type Purolite A172 resin was verified by the fitted diffusion 

coefficients, which were several magnitudes smaller than the ones for the other studied 

resins. Possibility of another Mo binding mechanism, that is chelation of cationic Mo 

species, was also discussed. 

The results of this research show that very specific properties are required from resin for 

recovering Re from acidic sulfate solutions, especially if containing Mo.  
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