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Abstract

The effects of the functional groups and structures of two different resins, weak base/macroporous and strong
base/gel type, Purolite A170 and Dowex 21K on the adsorption properties of Re(VII) ions were investigated
experimentally and described by the isotherm, kinetic, and thermodynamic modeling. In this regard, four widely
used adsorption isotherm models including Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R)
were subjected to the sorption data in order to describe the reactions involved. Evaluating the correlation
coefficients showed that the Freundlich and D-R isotherm models provided the best fit. The Langmuir isotherm
capacities (q,,) indicated that the perrhenate ion (ReO,) adsorption was higher for the weak base/macroporous
type resin rather than the others (166.67 mg/g and 142.86 mg/g, respectively). Moreover, the results of the EDX
studies were in agreement with the previous results. Furthermore, the adsorption kinetics was demonstrated
through fitting the data into different mechanisms, among which the pseudo-second-order mechanism was found
to be successful for both resins; however, in the case of Dowex 21K, the rate of perrhenate ion uptake was more
rapid than that for Purolite A170. Evaluation of the thermodynamic parameters also showed that the reaction
mechanism was different for each case and that the adsorption of rhenium on Dowex 21K became more feasible
with increase in temperature due to negative values for AH.
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1. Introduction

Rhenium occurs in an scattered form, and since it
does not own minerals, it is one of the rarest
elements in the Earth's crust with
an estimated average concentration of 1 ppb [1].
Since the most stable ionic state of rhenium, 4+, is
close to the radii of Mo*" (0.72 A and 0.70 A), the
common molybdenum ore component is recognized
as the main Re-carrier [2]. Moreover, the catalyst
spent is the petrochemical industry is the secondary
source of rthenium [3].

The unique physical and chemical properties of
thenium such as refractoriness, plasticity, high
density, corrosive medium resistance, and catalytic
reactivity make it to have more demand in the high-
end technologies, ie. in the metallurgy, and
chemical and petrochemical industries. Its wide

industrial applications from one side and its low
availability on the other side cause rhenium to be
expensive. According to the analyses, the world may
face a significant lack of rhenium in the market, so
the maximum use of known sources for its
production seems to be necessary [4].

At a wide pH range, rhenium is present in
solutions, normally as perrhenate anions (ReO,)
(Figure 1), and like the other monovalent anions, the
perrhenate ions have a strong affinity to anion
exchange resins [5]. At low pH values, similar to
those in rhenium industrial bear solutions, the
reaction of rhenium ion sorption can be
accomplished by the direct protonation of resin
through the following reactions [6]:
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R-NH,H,SO,— R-NH; "HSO,

R-NH;"HSO, + ReO; — R-NH;"ReO, + HSO,

where R-NH, represents the matrix of polymer
resin and functional group.

It should be mentioned that the single-charged
ions ReO, having the largest size and thus the
lowest capability for hydration, are sorbed on
anion exchangers more selectively than the other
ions generated by mineral acids [7].

There exist a vast number of investigations on
rhenium ion exchange that have examined almost
all types of resins. However, there is no
systematic data on the rhenium adsorption
mechanism based on resin types. In the vast
majority of rhenium processing works, the choice
of resin has been attributed to the solution
composition. Due to the fact that in solutions
containing rhenium molybdenum is the main
competitor in adsorption on the resin in the case

of  solutions without molybdenum, the
macro-porous resin and the gel-type resin
generally have been suggested in solutions

containing molybdenum. For the latter, due to its
tight structure, it rejects the larger molybdenum
molecules (MoO,>, M0-0,,", MogOx"), while
the perrhenate anions can still penetrate the matrix
[3].

The whole adsorption process can be detailed
based on modeling of the adsorption kinetics,
calculating the corresponding equilibrium and

kinetic constants. Knowledge on the adsorption
process rate-controlling step including chemical
reaction, diffusion or mass transfer can be used to
analyze and predict the adsorption rate at any
desired conditions that can then be used in
designing and modeling the industrial adsorption
operations [8]. On the other hand, to optimize the
design of an adsorption system for the adsorption
of adsorbates, it is of importance to establish the
most appropriate isotherm model. Moreover, the
adsorbent capacity can be derived by the
equilibrium studies. Adsorption equilibria provide
the fundamental physico-chemical information to
assess the applicability of the adsorption process

[9].
Another way for examining a system is
thermodynamic studies. The thermodynamic

description of the ion-exchange system defines the
surface excess as the basic variable describing the
separative characteristics of ion exchangers. It
determines the boundary conditions for the
diffusion process in an ion exchange process.
Moreover, the driving force for the diffusion is
determinable by thermodynamic science [10].

This work aimed at investigation of the rhenium
adsorption behavior by two different functional
groups and structures of the Purolite A170 and

Dowex 21K  resins that are  weak
base/macroporous and strong base/gel type,
respectively.

2 | I
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pH
Figure 1. Eh—pH diagram for Re-S-H,0 system (25 °C, 1 bar, ¥S=10"", and Y Re = 107%) [36].
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2. Theory

2.1. Equilibrium isotherms

The mathematical models that describe the
distribution of the adsorbate among the adsorbent
and the liquid phase are known as the adsorption
isotherms. They are remarkably profitable to explain
the possibility of molecules or ions of the adsorbate
interaction with sorbent surface sites as well as their
degree of accumulation onto the sorbent surface at a
constant temperature [11, 12]. Analysis of the
equilibrium data obtained using different models is
the preliminary step to find out their adequacy to
represent the experimental data. In the current work,
the most frequently applied isotherm models,
namely Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich (Egs. (1)-(4)) were used to
fit the experimental data via the linear regression
techniques to demonstrate the phenomena involved
in the process of perrhenate ion sorption [11].

. . 1
Langmuir: — = — (1)
qc qmax qmaxKL
. 1
Freundlich: logq, = logk, +—logC, ()
n
Temkin: q, = Elr1 A+ glogCe 3)
b b
Dubinin - Radushkevich (D-R):
2
1 1
Inq, =lnq, —B| RTIn| 1+ — || ,E=—= (4
{ ( C., H V2B

where ¢ is the amount of metal adsorbed on resins
(mg g') in the equilibrium state, C. is the
concentration of the metal remained in the solution
(mg L), qumax is the maximum loading capacity of
the resins used, K; is the Langmuir constant related
to the adsorption energy (L mg'), Ky is the
Freundlich constant related to the adsorption
capacity (L mg™"), 1/n is the heterogeneity factor, A
and b are the Temkin constants, q,, is the Dubinin-
Radushkevich monolayer capacity (mg g') that is
obtained by exponential of y-intercept, B (mol” kJ?)
is a constant with dimensions of energy, and E is the
mean free energy of adsorption per mole of the
adsorbate (kJ mol™).

2.2. Kinetic and thermodynamic studies

Analysis of ion exchange kinetics and
thermodynamic parameters such as diffusion
coefficient, energy and entropy of activation, and
free energy change is essential to understand the
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mechanism, rate-determining step, rate laws, and
ease of the ion exchange process [13]. In the present
work, evaluation of the aforementioned parameters
was carried out with variation in Re(VII) sorption as
a result of temperature change. Modeling of batch
kinetic adsorption was performed by the
pseudo-first-order, pseudo-second-order, Elovich,
and intra-particle diffusion equations. The linear
forms of equations can be expressed as follow [11]:

Pseudo-first-order equation:

k, 5
log(q, —q,) =logq, ———t ©)
2.303

Pseudo-second-order equation:

o o
q t kij qe

: . 1 1
Elovich equation: q, = Bln(aﬁ) +—Int 7)
Intra-particle diffusion equation: q, = k; (03 ®)

where, in Egs. 5 and 6, q; and q. are the amount of
adsorbate (mg g") at any time (t) and at equilibrium,
respectively, k; is the rate constant of the
pseudo-first-order model (h™), and k, (mg g"' h™) is
the rate constant for the pseudo-second-order model.
In Eq. 7, a (mg g h") is the initial sorption rate
constant, and B (g mg™) is related to the extent of
surface coverage and chemisorptions energy of
activation, and in Eq. 8, k; (mg g’ h™) is the
intra-particle diffusion rate constant.

In order to study the temperature variation impact on
the thermodynamic parameters, changes in the
Gibbs free energy (AG), enthalpy (AH), and entropy
(AS) for the adsorption systems were determined
using the following equations:

C

K, = C: ©)

AG = —-RTInK (10)

AG = AH — TAS (11)
AS AH 1

hK  =—-"— — (12)
ad R R T

where R is the gas constant (8.314 J' mol K™), T is
the reaction temperature (K), K,4 is the adsorption
equilibrium constant, and C, and C. are the
concentrations of Re(VII) on the adsorbent and
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solution at equilibrium (mg L), respectively. AH
can be calculated by the slope of the linear Van’t
Hofft plot (InK,4 versus (1/T) according to Eq. 12)
[14].

3. Experimental

3.1. Materials and reagents

The rhenium standard stock solutions were prepared
by dissolving NH;ReO, (Aldrich) in doubly distilled
water. The ion exchangers Purolite A170 (from
Purolite) and Dowex21K (from Dow chemical) (in
what follows, A170 and 21K, respectively) were
used as the sorbent. The physical and chemical

properties of the resins were tabulated in Table 1.
The microstructure of the resins was examined by a
Philips XL30 model Scanning Electron Microscopy
(SEM). The elemental analysis was conducted using
the energy-dispersive X-ray spectroscopy (EDX)
DX-series PV 9462/30 (model NEW X130 144-10).
The concentration of metal ions in solutions was
determined by Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES, Optima 7300
DV Perkin Elmer). All the reagents used were of
analytical grade and wused without further
purification.

Table 1. Physical and chemical properties of Purolite A170 and Dowex 21K ion exchange resins.

Property Purolite A170 Dowex 21K
Structure Macro-porous gel type
Matrix Polystyrene/divinylbenzene Styrene-DVB
Functional group Complex amine Quaternary amine
Ionic form OH (free base) cr
Physical/chemical
Bead size 0.6-1.2 mm 0.707-0.841mm
Specific gravity 1.05 1.08
Moisture retention 42-47% (in CI" form) 50-58% (in CI" form)
Total capacity 1.3 meg/mL 1.2 meq/mL

3.2. Experimental procedure

3.2.1. Resin treatment

The A170 anionite preliminary was converted to the
SO,” form. The weighed amount of resin was kept
with 2 mol/L H,SO, for 48 h, and subsequently, led
to the swelling of resin. Thereafter, the treated resin
was filtered and washed by deionized water till a
constant pH value was achieved and later was dried
by an oven at 323 + 1K in a duration of 24 h [15,
16].

The resins A170 and 21K used in the experimental
study were subjected to soaking in water overnight
before being extracted in aqueous solution for the
ReO, sorption.

3.2.2. Experimental procedure

The adsorption experiments were carried out under
the batch/static conditions using a conical flask (150
mL). The amount of rhenium adsorbed on anionites
was determined from the difference between its
initial and final concentrations in the solution. All
the equilibrium adsorption isotherm experiments
were conducted at 288 K. The pH value for the
investigated solutions was adjusted to 3 by adding
sulfuric acid, and the value was held constant
throughout the studied temperature range. 0.1 g of
the resins was mixed with 50 mL of the sample
solution at different concentrations of [Re'],
(50mg/L-250 mg/L. The flasks were kept in a
thermostated shaker at a speed of 180 rpm for 24 h.
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The adsorption kinetics and thermodynamics were
investigated by adding 0.1g of the adsorbents to 50
mL solution of 250 mg L™ of rhenium at different
temperatures, e.g. 288, 303, 311, and 321 K. The
capacity of the adsorbed metal was calculated using
the mass balance equation, as follows:

_C-C.,

a.-S5 13

where C, is the initial concentration of rhenium in
solution (mg/L), C. stands for the equilibrium
concentration measured after adsorption (mg/L); V
is the total volume of solution (L), and W is the
weight of dry resins (g) [14].

4. Results and discussion

4.1. Studying adsorption isotherms

Adsorption equilibrium tests were carried out at
varying levels of the Re concentrations, and the data
obtained was plotted based on the parameters of the
different models considered (Table 2 and Figures 2
and 3). The calculated relative constants are listed in
Table 3. As it can be seen, the experimental data lies
well on the isotherm model as the correlation
coefficient values (R?) for these plots, and this data
is higher than 0.97. The results obtained suggest that
all of them can generate a satisfactory fit but both
the Freundlich and D-R isotherm models for each
adsorbent used show a selectivity coefficient more
than 0.99.
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Table 2. Initial (Cy) and equilibrium (C,) concentrations of Re ions in systems with Purolite A170 and Dowex 21K

resins.
C. (mg/L C.(mg/L
C()(mg/L) e(. g/ ) e( g )
(Purolite A170) (Dowex 21K)
50 0.224 0.1
100 0.734 04
150 1.823 1.2
200 3453 24
250 6.116 4.5
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Figure 2. Adsorption isotherms for Re ions by Purolite A170 (pH, 3; contact time, 24 h; temperature, 288 K).
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Figure 3. Adsorption isotherms for Re ions by Dowex 21K (pH, 3; contact time, 24 h; temperature, 288 K).
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Table 3. Isotherm constants for different models for Re(VII) adsorption on Purolite A170 and Dowex21K.

Resin type Constants Purolite A170 Dowex 21K
Qmax (Mg g7) 166.67 142.86
Langmuir K (L mg™") 0.67 1.4
R’ 0.985 0.981
K; ((mg/g)/(mg/1)"™) 53.83 68.08
Freundlich n 2.09 2.41
R’ 0.993 0.994
A (Lmg") 8.76 21.46
Temkin B (J mg") 83.86 96.44
R’ 0.978 0.972
Gn (g g'l)2 0.006 0.004
Dubinin — Radushkevich (D-R) %((nl:?lmlggl)) 3??1180 2'1732(2)
R’ 0.998 0.998

As shown in Table 3, the maximum monolayer
coverage capacities (q,) from the Langmuir
isotherm for A170 and 21K are 166.67 mg/g and
142.86 mg/g, respectively. These results suggest
that in the equilibrium state, the operation of the
weak base resin with a secondary amine
functional group (A170) in rhenium sorption is
better than the strong base resins with quaternary
amine.

The fit of the data to the Freundlich isotherm shows
that the adsorption process is not restricted to one
specific class of the sites and assumes heterogeneity
of the adsorbent surfaces with different adsorption
energies [17, 18]. Researchers have tried to link the
Freundlich parameters Ky and 1/n to the adsorption
mechanisms [19]. Generally, K¢ and n are constants
incorporating all factors affecting the adsorption
capacity and an indication of the favorability of the
metal ion adsorption onto the adsorbent, respectively
[20]. For classification, as the favorable adsorption
value for n should lie in the range of 1-10, a smaller
I/n can also be related to a greater adsorption
surface heterogeneity. In multi-component systems,
a high 1/n value indicates a preferential sorption
[12]. As seen from the data in Table 3, the n value
for both adsorbents is more than one, indicating the
favorable and easily adsorption of Re(VII) from the
aqueous medium by both resins [17, 21], while the
values of 1/n for A170 and 21k are 0.478 and 0.415,
respectively. The high 1/n value for A170 indicates
that in competitive situations, perrhenate ions can be
adsorbed selectively by this resin [12]. Meanwhile,
the low value of I/n for 21k is reflecting the
morphology of the gel structure that is more
heterogeneous than the A170 adsorption sites.

D-R is another data-adapted model with the best
correlation coefficient (R* = 0.998) for both
applied resins. This model is generally used to
express the adsorption mechanism [22]. The
approach is usually applied to distinguish the
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physical and chemical adsorptions of metal ions
by a constant E value. The value of E represents
the amount of mean free energy required for
removing an adsorbate molecule from its location
in the sorption space to the infinity [23]. When the
value of E is below 8 kJ/mol, the adsorption
process can be considered as a physical
adsorption. while if it is in the range of 8-16
kJ/mol, it is a chemical adsorption [24, 25]. As
summarized in Table 3, in both studied sorbents,
the values obtained for mean free energy, E, are
above 8 kJ/mol. Therefore, the effect of chemical
adsorption plays a dominating role in the
adsorption process of ReOy4 ions on both resins.
4.2. Studying kinetics  and
thermodynamic

The kinetic parameters and selectivity coefficient
(R?) were calculated using the presented kinetic
models, and the results obtained were summarized in
Table 4. It is clear from the R values that for all the
studied conditions, the second-order kinetic equation
is more applicable than the others for describing the
experimental data. Moreover, by comparing the
adsorption capacities for the experimental and
calculated values, it can be deduced that there are no
significant differences between them.

As it can be seen in the results in Table 4, the high
value for the pseudo-second-order adsorption rate
constant (k,) for 21K indicates that the uptake of
perrhenate ions onto this resin from aqueous solution
is more rapid than A170. This is possibly attributed
to the presence of the strong base quaternary amine
in the functional groups. The rate of uptake can be
affected by several factors, e.g. size of adsorbate
molecule or ion, adsorbate concentration and its
affinity to the adsorbent, diffusion coefficient of the
adsorbate in the bulk phase, pore size distribution of
the adsorbate, and degree of mixing [14].

adsorption
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Table 4. Kinetic parameters of Re(VII) adsorption onto Purolite A170 (type I) and Dowex 21K (type II).

Model Pseudo-first-order Pseudo-second-order Elovich Intra-particle diffusion

ST I SN » < = ~ )
I~ é = = E s ~ g

116 5553 0.011 0.992 125 0.00033  0.999 40.83 0.057  0.986 3.07 0.922

288 I 124 19.47 0.016 0.815 142.86  0.00132  0.999 7744 0.096 0.724 1.917 0.567

I 117 63.62 0.011 0988 125 0.00034  0.999 43.28 0.057  0.985 3.08 0.92

0 I 1235 652  0.013 0.593 125 0.00291  0.999 1051420  0.138  0.664 1.305 0.508

I 118 5476  0.01 0987 125 0.00036  0.999 56.75 0.06  0.984 291 0.917

- I 123 294  0.007 0.326 125 0.008 0.999 1.10E+12  0.258  0.52 0.679 0.372

I 119 5432 001 0.986 125 0.00037  0.999 63.86 0.062  0.979 2.84 0.907

2! I 123 1.28 0.008 0.249 125 0.0049  0.999 3.00E+08 0.187 0.528 0.935 0.378

Identifying the ion exchange process rate limiter and
mechanism is commonly performed through using
the intra-particle diffusion model [26]. The rate
constants for the adsorbents used corresponding to
the intra-particle diffusion are shown in Figures 4
and 5; the slope of each portion determines its rate.
As it can be seen in Figure 4, there are three stages
involved in the adsorption of rhenium on A170
including (1) diffusion of the perrhenate ions from
the bulk solution to the film surrounding the
adsorbent, (2) their diffusion from the film to the
adsorbent surface, and (3) diffusion from the surface
to the internal sites [11, 27, 28]. By comparing the
slopes, it can be seen that the sharper portion
belongs to the adsorbate ions arriving at the
adsorbent surrounding film by shaking (180 rpm).
However, in Figure 5, it is clear that there are just
two steps in the adsorption process on 21K, and the
third portion has been omitted, which is most likely
to be attributed to the gel structure as well as the
small pore diameters (less than 2 nm) of resin
compared to the perrhenate ion size that prevent
their free penetration and binding of the metal ions
onto the inner-active sites of the adsorbent. Thus in
this case, despite the presence of the strong base
quaternary amine in the functional groups due to the
resin gel structure diffusional limitations, the
adsorption capacity is reduced. In the selection of an
ion exchanger, aside from the type of resin (weak or
strong), the internal structure of the resin beads is
also an important factor. The beads can either have a
porous multi-channelled structure (macro-porous or
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macro-reticular resins) or a dense internal structure
with no discrete pores (gel resins, also called
micro-porous resins). Generally, the macro-porous
resins have a high effective surface area such that the
ion exchange process is facilitated by
providing simple access to the exchange sites for
larger ions. On the other hand, in micro-porous
resins, solute ions diffuse through the surface of
resin particles to interact with the exchanger’s inner
sites. These resins offer several advantages despite
diffusional limitations on the reaction rates, i.e. less
fragile, simple handling requirement, faster reaction
in functionalization and application reactions, and
possessing higher loading capacities [29].

A schematic structure of the macro-porous and gel
ion exchangers are shown in Figure 6 [30]. The
difference between them lies in their porosity. Using
a porogen, macro-pores are introduced into the
resins, which ease the access to the active sites and
increase the surface area.

To discuss further the influence of resin structure on
the Re ion adsorption, the SEM micrographs of the
macro-porous and gel resins used were studied in
details (Figure 7 (a-d)). As it can be seen in the
structures, the surface of macro-porous resin (A170)
(Figure 7 (c)) is characterized by the presence of
aggregates and pores that facilitate the ion exchange
process. In the case of the gel type resin (Figure 7
(d)), the surface has a smooth area with no discrete
pores. This decreases the access to the resin’s
functional groups due to the formation of core
particles [31].
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Figure 4. Intra-particle diffusion equation for adsorption of Re(VII) on Purolite A170 resin at different temperatures.
Initial concentration of metal ions =250 mg L™, resin dosage = 0.1g, pH = 3.
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Figure S. Intra-particle diffusion equation for adsorption of Re(VII) on Dowex 21K resin at different temperatures.
Initial concentration of metal ions = 250 mg L™, resin dosage = 0.1g, pH = 3.
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Figure 6. Structure of macro-porous and gel ion exchangers.
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¥ -.f.. - ¥

Figure 7. SEM images for Purolite 17: a) overview c¢) cross-section and Dowex 21K: b) overview d) cross-section.

For an investigate in more details, elemental
mapping by SEM-EDX was used for cross-section
of the loaded resins. Figures 8 (a) and 8 (b) show the
EDX mapping for rhenium. The cross-sectional
images show that in the A170 resin (Figure 8a),
rhenium is more abundant and has a higher
distribution compared to 21K (Figure 8b). These
mapping results indicate that Re is able to pass
through the resin surface and is concentrated in the
inner structure of the macro-porous resin. Generally,
comparison of Re distribution in the cross-section
surfaces of the studied resins reveals the sieving
performance of the gel type resin in perrhenate ion
adsorption by inner-active sites rather than the
macro type.

As described earlier, the adsorption mechanism can
be determined through the thermodynamic quantities
such as the change in free energy (AG), change in
enthalpy of adsorption (AH), and change in AS. The
calculated constants are given in Table 5.

The positive value for AH in resin A170 reveals that
energy is adsorbed as the ion exchange proceeds,
and the reaction is endothermic but in resin 21K, the
negative enthalpy value implies two phenomena: (1)
the adsorption process is exothermic since in
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solution, the hydrated metal ions dissociate into free
ions that are then exchanged, and (2) the
overcoming of the dehydration energy of rhenium
ions during adsorption is exothermic [32].

In Table 5, the variation in AG for A170 shows that
the values become more negative with increase in
temperature, indicating that the sorption process led
to a decrease in the Gibbs free energy, confirming
the feasibility of the process and spontaneous nature
of the process under the current conditions [33].

The AS value is an indication of whether the
reaction follows an associative or a dissociative
mechanism. AS values > —10 J mol”' K" generally
imply a dissociative mechanism, whereas a high
negative value or AS <—10 J mol ' K" indicates an
associative mechanism [13]. The dissociative
mechanism can be attributed to the exchange of the
metal ions with more mobile ions present on the
exchanger, which would cause an increase in the
entropy during the adsorption process [34], and also
it can be raised from the release of water molecules
produced by the ion exchange reaction [35]. In the
present work, the positive entropy value for A170
shows the increased randomness at the solid/solution
interface during the adsorption process, and it
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reconfirms the dissociative mechanism, whereas for
other adsorbent, the highly negative AS value (-
2344 J mol' K™) presents weakening the
randomness of the system due to strong bonding
between the functional groups on the 21K surface

Det WD |——| 10 mn
EDX 128 Re

McY  Spol Hagn
WOKNTD 208

- AGEY Spot Mage

and perrhenate ions as well as the poor accessibility
of internal functional groups by perrhenate ions for
exchange with available mobile ions on them due to
the ionite gel structure.
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Figure 8. Cross-sectional mapping images of rhenium adsorption by (a) Purolite A170 and (b) Dowex 21K.

Table 5. Thermodynamic parameters of Re(VII) adsorption onto Purolite A170 (type I) and Dowex 21K (type II).

Resin type AH (kJ mol™) AS (J mol’ K™ AG (kJ mol™)
T=288K T=303K T=311K T=321K
I 3.34 2731 -4.46 -4.91 5.14 -5.35
1l -16.56 -23.44 -9.88 9.36 921 -9.14

5. Conclusions

In this work, alterations of the rhenium ion
adsorption behavior by two completely different
resins (Purolite A170 and Dowex 21K) were
studied. Analysis of the results obtained from four
isotherm models showed that adsorption of these
ions preferably followed the Freundlich and D-R
isotherm models with a selectivity coefficient more
than 0.99. Calculation of the saturated maximum
adsorption capacity using the Langmuir isotherm
showed that despite the presence of the strong base
quaternary amine in the functional groups of the
21K resin, due to the gel structure diffusional
limitations, the adsorption capacity of this resin was
lower than the A170 resin. The results observed
from the EDX elemental mapping of cross-sectional
loaded resins confirmed the preventive role of the
21K resin gel structure in the adsorption of
perrhenate ions by inner-vacant sites of ionite.
Kinetic studies showed that the adsorption process
on both adsorbents followed a pseudo-second-order
but in the case of 21K, the rate of perrhenate ion
uptake was more rapid than the A170 resin.

The values for the thermodynamic parameters also
suggested that for A170, the adsorption process
was spontaneous and endothermic; in addition, the
process followed the dissociative mechanism.
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However, for 21K, the reaction involved was
spontaneous and exothermic; meanwhile, it
obeyed an associative mechanism, as revealed by the
highly negative entropy values.

Acknowledgments

The authors wish to express their gratitudes to Dr. A.
Azadmehr and Engineer M. Torabi for their help and
support.

Funding
This work was supported by the National Iranian
Copper Industries Co. (NICICO).

References

[1]. Voudouris, P., Melfos, V., Spry, P.G., Bindi, L.,
Moritz, R., Ortelli, M. and Kartal, T. (2013). Extremely
Re-rich molybdenite from porphyry Cu-Mo-Au prospects
in northeastern Greece: Mode of occurrence, causes of
enrichment, and implications for gold exploration.
Minerals. 3 (2): 165-191.

[2]. da Silva, T. P., Figueiredo, M.O., de Oliveira, D.,
Veiga, J. P. and Batista, M. J. (2013). Molybdenite as a
rhenium carrier: first results of a spectroscopic approach
using synchrotron radiation. Journal of Minerals and
Materials Characterization and Engineering. 1 (05): 207.



Fathi et al./ Journal of Mining & Environment, Vol.9, No.1, 2018

[3]. Van Deventer, J. (2011). Selected ion exchange
applications in the hydrometallurgical industry. Solvent
Extraction and Ion Exchange. 29 (5-6): 695-718.

[4]. Lipmann, A. (2009). In Rhenium 2009 and beyond,
Lipmann Walton & Co Ltd.

[5]. Mikhaylenko, M. and Blokhin, A. (2012). Ion
exchange resins tailored for effective recovery and
separation of rhenium, molybdenum and tungsten. In
Preprint 12-156, SME Annual Meeting, Feb. 19-22, 2012,
Seattle, Washington.

[6]. Dabrowska, J. and Jermakowicz-Bartkowiak, D.
(2008). Modificated polymers towards rhenium sorption
and desorption. In Proceedings of the XXIII international
symposium on physico-chemical methods of separation.

pp- 6-9.

[7]. Blokhin, A. A., Amosov, A. A., Murashkin, Y. V.,
Evdoshenko, S. A., Mikhailenko, M. A. and Nikitin, N.V.
(2005). Sorption of rhenium (VII) on gel and
macroporous anion exchangers of different basicities from
solutions of mineral acids and their ammonium salts.
Russian journal of applied chemistry. 78 (9): 1411-1415.

[8]. Fouladgar, M., Beheshti, M. and Sabzyan, H. (2015).
Single and binary adsorption of nickel and copper from
aqueous solutions by y-alumina nanoparticles: equilibrium
and kinetic modeling. Journal of Molecular Liquids. 211:
1060-1073.

[9]. Senthilkumar, G. and Murugappan, A. (2015),
Multicomponent adsorption isotherm studies on removal
of multi heavy metal ions in MSW leachate using fly ash.

International Journal of Engineering Research &
Technology (IJERT). V4 (08)
[10]. R. Araujo, (2004), Thermodynamics of ion

exchange, Journal of non-crystalline solids, 349 (2004)
230-233.

[11]. Lou, Z., Zhao, Z., Li, Y., Shan, W., Xiong, Y., Fang,
D., Yue, S. and Zang, S. (2013). Contribution of tertiary
amino groups to Re (VII) biosorption on modified corn
stalk: Competitiveness and regularity. Bioresource
technology. 133: 546-554.

[12]. Shahmohammadi-Kalalagh, S. (2011). Isotherm and
kinetic studies on adsorption of Pb, Zn and Cu by
kaolinite. Caspian Journal of Environmental Sciences. 9
(2): 243-255.

[13]. Khan, M.D.A., Akhtar, A. and Nabi, S.A. (2014).
Kinetics and thermodynamics of alkaline earth and heavy
metal ion exchange under particle diffusion controlled
phenomenon using polyaniline-sn (iv) iodophosphate
nanocomposite. Journal of Chemical & Engineering Data.
59 (8): 2677-2685.

[14]. Xiong, Y., Xu, J., Shan, W., Lou, Z., Fang, D., Zang,
S. and Han, G. (2013). A new approach for rhenium (VII)
recovery by using modified brown algae Laminaria
japonica adsorbent. Bioresource technology. 127: 464-
472.

253

[15]. Abisheva, Z.S. and Zagorodnyaya, A.N. (2011).
Rhenium of kazakhstan (review of technologies for
thenium recovery from mineral raw materials in
kazakhstan). In book of proceedings. p. 208.

[16]. Joo, S.H., Kim, Y.U., Kang, J.G., Kumar, J.R,,
Yoon, H.S. and Shin, S.M. (2012). Recovery of rhenium
and molybdenum from molybdenite roasting dust
leaching solution by ion exchange resins. Materials
transactions. 53 (11): 2034-2037.

[17]. Xiong, C. and Yao, C. (2010). Adsorption behavior
of MWAR toward Gd (III) in aqueous solution. Iranian
Journal of Chemistry and Chemical Engineering (IJCCE).
29 (2): 59-66.

[18]. Nur, T., Loganathan, P., Nguyen, T. C,
Vigneswaran, S., Singh, G. and Kandasamy, J. (2014).
Batch and column adsorption and desorption of fluoride
using hydrous ferric oxide: Solution chemistry and
modeling. Chemical Engineering Journal. 247: 93-102.

[19]. Sparks, D. L. (2003). Environmental soil chemistry.
Academic press.

[20]. Kadirvelu, K., Goel, J. and Rajagopal, C. (2008).
Sorption of lead, mercury and cadmium ions in multi-
component system using carbon aerogel as adsorbent.
Journal of Hazardous Materials. 153 (1): 502-507.

[21]. Xiong, C., Yao, C. and Wu, X. (2008). Adsorption
of rhenium (VII) on 4-amino-1, 2, 4-triazole resin.
Hydrometallurgy. 90 (2): 221-226.

[22]. Gilinay, A., Arslankaya, E. and Tosun, 1. (2007).
Lead removal from aqueous solution by natural and
pretreated  clinoptilolite: adsorption equilibrium and
kinetics. Journal of Hazardous Materials. 146 (1): 362-
371.

[23]. Gupta, A.K. and Ayoob, S. (2016). Fluoride in
Drinking Water: Status, Issues, and Solutions. CRC Press.

[24]. Liu, J., & Wang, X. (2013). Novel silica-based
hybrid adsorbents: lead (II) adsorption isotherms. The
Scientific World Journal.
http://dx.doi.org/10.1155/2013/897159

[25]. Singha, B. and Das, S.K. (2013). Adsorptive
removal of Cu (II) from aqueous solution and industrial
effluent using natural/agricultural wastes. Colloids and
Surfaces B: Biointerfaces. 107: 97-106.

[26]. Wu, F.C., Tseng, R.L. and Juang, R. S. (2009).
Initial behavior of intraparticle diffusion model used in the
description of adsorption kinetics. Chemical Engineering
Journal. 153 (1): 1-8.

[27]. Igwe, J. and Abia, A.A. (2006). A bioseparation
process for removing heavy metals from waste water
using biosorbents. African journal of biotechnology. 5

(11).

[28]. Qiu, H., Lv, L., Pan, B. C., Zhang, Q. J., Zhang, W.
M. and Zhang, Q. X. (2009). Critical review in adsorption



Fathi et al./ Journal of Mining & Environment, Vol.9, No.1, 2018

kinetic models. Journal of Zhejiang University-Science A.
10 (5): 716-724.

[29]. Mal’tseva, E.E., Blokhin, A.A. and Murashkin, Y.V.
(2012). Specific features of rhenium desorption from
weakly basic anion exchangers Purolite A170 and Purolite
Al172 with ammonia solutions. Russian Journal of
Applied Chemistry. 85 (7): 1034-1040.

[30]. Hubicki, Z. and Kotodynska, D. (2012). Selective
removal of heavy metal ions from waters and waste
waters using ion exchange methods. In Ion Exchange
Technologies. InTech.

[31]. Coutinho, F.M.B., Carvalho, D.L., Aponte, M.L.T.
and Barbosa, C.C.R. (2001). Pellicular ion exchange
resins based on divinylbenzene and 2-vinylpyridine.
Polymer. 42 (1): 43-48.

[32]. Liu, W., Zhang, P., Borthwick, A.G., Chen, H. and
Ni, J. (2014). Adsorption mechanisms of thallium (I) and
thallium (III) by titanate nanotubes: lon-exchange and co-
precipitation. Journal of colloid and interface science. 423:
67-75.

254

[33]. Xiong, C. (2008). Sorption behaviour of D 155 resin
for Ce (III). Indian journal of chemistry. Section A,
Inorganic, bio-inorganic, physical, theoretical & analytical
chemistry. 47: 1377-1380.

[34]. Xiong, C., Chen, X. and Liu, X. (2012). Synthesis,
characterization and application of ethylenediamine
functionalized chelating resin for copper preconcentration
in tea samples. Chemical engineering journal. 203: 115-
122.

[35]. Lee, LH., Kuan, Y.C. and Chern, J.M. (2007).
Equilibrium and kinetics of heavy metal ion exchange.
Journal of the Chinese Institute of Chemical Engineers. 38
(1): 71-84.

[36]. Nebeker, N. and Hiskey, J.B. (2012). Recovery of
rhenium from copper leach solution by ion exchange.
Hydrometallurgy. 125: 64-68.



Giz 59y 2 21K 5ol g A170 <oV gy sig JOT (3235 99 shole (slrog 5 g ybisluw il asllhao
Re(VID) slogyg

Y T . \ . - . #) . \ WA
9391 30 3)km 5 9 s laede 5,0lhs JuiSwl g ld) el ¢ (8 BL dome
Ol S ol iz olRE1S (55 y9llko g (yro (wikigen 0uSNS -
Ll gl oo 55 oGNS ¢ 65 )9k g (g (oo oSl -
YAV e bpdy Y- VVIATA Loy

rezai@aut.ac.ir :olslSe Jyius odim g #

oduS>

-

G35 21K GaSls s ALT0 ey (Jodbie 2 o583k 5 Jobnie feaands 53k wciliisen (03, 99 ke (sloog 5 g5 5 bl g5 il 3aios ol 5
il ol ) 0 gy 5 SCalndge i g St e gl (slo e bawgs @l 9S85 8 w0 )50 (AaLe3T 15k 4 Re(VID) slogyyy iz L3,
Sl a8 ols (Lt il calpd dnlome b 4185 IS 4 0018 il (s p5kaie @ gusSiboly kg 5 (e i 9aSY b o g5l Jae ez

Soass dule iz )b pey Sl Ll iz 0.5l @L@uj Gosls b (g ycwlin @il g sSiioly - cpings g @i B sl Jo o0, 90

el (553 (g3l go— 3| it x5 (g3l ), gl el el A S8, S etk e 16530 vy Gl ;oY Joe
St gloosls Lo 23,8 58 0l 50 EDX s, al g & o slois, alolio anllas bwgs ulis ol 45 (VFYASIE/E 5 \S5/5VME/Q)
YU (s i ey w 21K i Sgls 05, cnizme o 4B 1) 5l i (255 99 8 (Sl pg0 A e dd Joe aS ol L calises (slappandlSe Lawgs
A rizeed 9 005y Siglile (g i (6l i ancdlSle o5 s et Salioge s (slo el (b 5 sl bl Lo ATT0 oy (05, 4 Connd

Sy plodl pioly 5 i 21K GuSels (5 55 2 pody Slos iz anld bos (ualidl L AH codle (o5 ite e

i oaeilfe 21K [uSgls A1T70 ¥y passy i guudS” Olods'




