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Scandium (Sc) lacks commercially viable independent deposits and is mainly recovered as a by-product of the smelting of other ores. In the
process of recovering nickel from laterite ores, Sc is recovered from leaching solutions. The recovery of Sc requires its efficient separation and
purification from other impurities. This study proposes a process for the selective separation and recovery of Sc from other trivalent cations in
sulfuric acid solutions using an iminodiacetic acid chelating resin, Diaion· CR11. The adsorption behaviors of trivalent ions Sc(III), Cr(III),
Al(III), and Fe(III) onto CR11 in single- and multiple-metal systems were investigated to determine the appropriate Sc separation conditions. In
systems containing single metal ions, pseudo-first-order and pseudo-second-order kinetic models were used to fit the data. Linear and nonlinear
methods were used for fitting. The activation energies were calculated from the rate constants at a pH of 2.0 and at three different temperatures of
23°C, 60°C, and 80°C and followed the order: Cr(III) > Fe(III) > Sc(III) > Al(III). In binary systems including Sc(III), the simultaneous
adsorption of Sc(III) and other trivalent ions onto CR11 was investigated. Previously adsorbed Sc(III) on CR11 was displaced by the subsequent
adsorption of Fe(III) or Cr(III) from the solution. The affinity of the metal ions to iminodiacetic acid and the adsorption reaction rate were critical
factors for suitable selective Sc separation, indicating that prior removal of Fe(III) was necessary. Column experiments at 23°C using a synthetic
solution without Fe(III) showed that Cr(III) adsorption was suppressed, and that Sc(III) was efficiently adsorbed. Scandium can be efficiently
recovered from a solution containing Sc(III) after prior removal of Fe(III) by adsorption at low temperature using CR11.
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(Received May 10, 2023; Accepted October 9, 2023; Published November 6, 2023)

Keywords: ion exchange, chelating resin, trivalent metal ion, scandium, kinetics, binary system

1. Introduction

Scandium (Sc) and its compounds have been widely used
in various fields such as solid oxide fuel cells, Al–Sc alloys,
metal halide lamps, and laser crystals.1,2) Scandia-stabilized
zirconia has very high oxygen-ion conductivity and is used
as a highly efficient solid electrolyte in solid oxide fuel cells.
Al–Sc alloys with small additions of Sc are characterized
by high strength, high corrosion resistance, etc. Sc is an
extremely effective element for strengthening Al alloys.
Despite these attractive properties, however, Sc is not widely
used in the industrial and commercial settings because its
supply is insufficient. The average crustal abundance of Sc
is approximately 22 ppm.3) Sc is approximately twice as
abundant as, for example, lead or boron, and is by no means
a rare element. Most of the Sc, however, is decentralized in
the crust, and Sc-rich ores are extremely rare. For example,
Sc ores include thortveitite ((Sc,Y)2Si2O7) from Norway,
Madagascar, and Mozambique, and kolbeckite (ScPO4·
2H2O) from Utah in the United States; however, the amount
of Sc produced is quite small, and no independent large-scale
deposits of Sc are available. Other ores with small amounts
of Sc include mafic minerals (pyroxene and hornblende),
wolframite, tinstone, beryllite, pomegranite, monazite,
columbite, zircon, and albite. Sc is recovered and refined
in small quantities as a by-product of smelting other ores,
including rare earth ores, uranium ores, tungsten ores,
lateritic bauxites, and nickel ores,2,4–10) with a worldwide
production of only 15–25 tons/year in 2021 as scandium
oxide.11)

Currently, solvent extraction12) and ion-exchange resin
methods are used to purify Sc from leachate or leach liquor,
which contains large amounts of impurities. When the
concentration of Sc in the leachate is low (0.1–0.5
mmol L¹1), the ion-exchange resin method is more suitable
than the solvent extraction method because it requires smaller
equipment. Resins that selectively recover Sc have been
studied,13–18) but none are industrially available.

For example, in the process of recovering nickel from
laterite ores by using a high-pressure acid leach (HPAL)
process,19–21) Sc is recovered as a by-product from the
sulfuric acidic process solution (i.e., the waste solution after
nickel recovery, with a pH of approximately 2) via an ion-
exchange resin method. The leaching process for Sc from
nickel oxide ore is the same as that for nickel and cobalt,
and Sc is present in the pregnant solution as the trivalent
cation Sc(III). However, its concentration (0.1–0.5mmol L¹1)
is lower than the concentrations of other trivalent cations;
Cr(III) has a concentration of 0.7–2mmol L¹1, Al(III) of
approximately 100mmol L¹1, and Fe(III) of 15–50mmol L¹1.

In this process, a commercially available iminodiacetic
acid chelating resin is used to recover Sc,22) but the
adsorption behavior of Sc(III) onto iminodiacetic acid
chelating resins has not been well investigated. Iminodiacetic
acid has a higher affinity for trivalent metal ions than for
monovalent or divalent metal ions. To recover Sc efficiently,
it is crucial to evaluate not only the adsorption behavior of
each metal ion onto the ion-exchange resin but also the
simultaneous adsorption behaviors of Sc and other trivalent
metal ions in coexisting systems. Although several studies
have been conducted on the adsorption characteristics of
single metal ions, the number of studies on the simultaneous+Corresponding author, E-mail: hiroto.watanabe.z7@smm-g.com
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adsorption behaviors and interactions of two or more metal
ions has been increasing.23–47) Li et al. performed a study
on the simultaneous adsorption behaviors and interactions of
Cu(II) and Pb(II) and Cu(II) and Cd(II) in binary systems
using an iminodiacetic acid chelating resin and showed that
adsorbed Pb(II) or Cd(II) was displaced by subsequently
adsorbed Cu(II) with a higher affinity.32) Lou et al. studied
the simultaneous adsorption behavior of solutions containing
Cd(II), Cr(III), Cu(II), Ni(II), Pb(II), and Zn(II) using micro/
nanofibers with amide oximes as functional groups and found
that Cr(III) and Pb(II) were adsorbed by substitution with
other adsorbed metal ions.36) However, no detailed studies
have been reported on the simultaneous adsorption behavior
of metal ions coexisting with Sc(III).

The purpose of this study is to clarify the single and
simultaneous adsorption behaviors of the trivalent metal
cations, Sc(III), Cr(III), Al(III), and Fe(III), by the iminodi-
acetic acid chelating resin, Diaion· CR11, and to gain
insight into appropriate treatment conditions during Sc
recovery. Kinetics analyses in the presence of impurities are
useful in determining how rare and valuable elements such
as Sc can be recovered in the industry. If the supply of Sc
increases, materials that reduce energy consumption could
become more prevalent.

2. Materials and Methods

2.1 Ion-exchange resin
The iminodiacetic acid-chelating resin, Diaion· CR11,

was purchased from Mitsubishi Chemical Co., which was
selected in our previous study.22) Table 1 lists the character-
istics of the ion-exchange resins. The resin was transformed
from Na- to H-type by mixing with 2.5mol L¹1 sulfuric acid
solution for 1 h and then washed with pure water.22)

2.2 Chemicals
Sulfuric acid solutions containing the metal ions were

prepared. Solutions containing Cr(III), Al(III), or Fe(III) ions
were prepared by dissolving chromium(III) sulfate hydrate,
aluminum sulfate hydrate, or iron(III) sulfate hydrate,
respectively, purchased from FUJIFILM Wako Pure Chemi-
cal Co. These sulfuric salts were used to limit the anions
to SO4

2¹. Sulfuric acid solutions containing Sc(III) ions
were prepared by oxidative dissolution of 99% pure Sc
metal purchased from Kojundo Chemical Laboratory Co. In
addition to these reagents, the synthesis solutions were

prepared using iron(II) sulfate heptahydrate, nickel(II) sulfate
hexahydrate, manganese sulfate pentahydrate, magnesium
sulfate heptahydrate, and calcium sulfate dihydrate, which
were purchased from FUJIFILM Wako Pure Chemical
Corporation. The initial pH values were adjusted for each
temperature at which adsorption tests were conducted.

2.3 Batch experiments
For the adsorption tests using single and multiple metal-ion

systems, 15mL (4.6 g) of CR11 resin was added to 300mL of
sulfuric acid solution containing metal ions and stirred with a
magnetic stirrer. Adsorption tests were performed at temper-
atures ranging from 23°C to 80°C. The initial pH values were
adjusted to 2.0, which was the same as the pH of the waste
solution after nickel recovery in the HPAL process. Our
previous study has shown that this pH condition results in
good separation of impurities.22) The initial solutions of the
metal ions in the single system were prepared with three
different concentrations of 0.17, 1.7, and 17mmol L¹1

(mmol dm¹3). Meanwhile, the initial concentration of each
metal ion in the multiple-metal systems was 17mmol L¹1. The
highest initial concentration (17mmol L¹1) was determined
based on the estimated adsorption capacity of the CR11 resin.
The adsorption experiments were also conducted at concen-
trations of one-tenth (1.7mmol L¹1) and one-hundredth
(0.17mmol L¹1) of the capacity, considering the concen-
tration range of the actual process. After phase separation
through a cellulose filter paper with a 1.0-µm pore size, the
concentrations of the metal ions in the solutions were
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent Technologies Co., 5100).
The amounts of the metal elements adsorbed qt (mmol g¹1)
onto the resin at time t (min) were calculated using eq. (1):

qt ¼
C0 � Ct

m
V ð1Þ

where C0 is the initial metal ion concentration, Ct the metal
ion concentration at time t, V the solution volume, and m the
mass of the dried resin (g).

The adsorption efficiencies Ab (%) of metal ions were
calculated using eq. (2):

Ab ¼
C0 � Ct

C0

� 100 ð2Þ

2.4 Column experiments
15mL of CR11 resin was packed into a jacketed glass

column with an inner diameter of 10mm. Pure water was
added to the column so that the resin was submerged, and
water at a predetermined temperature flowed through the
jacket to control the temperature at adsorption to 23°C or
60°C. Solutions containing metal ions were fed from the
top of the column, and effluent samples were collected from
the bottom of the column. The concentrations of metal ions
in the effluent were analyzed using ICP-OES. After column
experiments were conducted, the amounts of the metal
elements adsorbed qf (mmol g¹1) onto the resin were
analyzed using microwave-assisted digestion and ICP-OES.
The adsorption efficiencies Ac (%) of metal ions were
calculated using eq. (3):

Table 1 Diaion· CR11 characteristics.
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Ac ¼
qfW

C0V
� 100 ð3Þ

where W is the resin weight.

2.5 Kinetics of adsorption
The pseudo-first-order rate equation (PFORE) and pseudo-

second-order rate equation (PSORE) have been applied for
the kinetic quantification of adsorption reactions. PFORE
was first proposed by Lagergren.48) PSORE was introduced
in the 1980s.49,50) Ho et al. analyzed several previous studies
and showed that many experimental results correlated better
with PSORE than with PFORE.51) Accordingly, PSORE has
been applied in many studies. However, Simonin pointed out
that the study by Ho et al. was not logical because it included
experimental data at equilibrium for analysis and classified
the results into those that conform to the PFORE, PSORE, or
neither of them, based on analyzing the experimental data
before equilibrium was reached.52) Although these kinetic
equations are empirical expressions for the chemical reaction
of adsorption, some researchers have attempted to derive
them from the Langmuir kinetic model. Azizian derived the
PFORE under high concentration of adsorbate in solution and
the PSORE under low concentrations,53) Zhang pointed out
that systems with higher initial adsorbate concentrations
and lower adsorbent dosages, or with lower initial adsorbate
concentration and higher adsorbent dosages, were more
likely to be described by the PFORE model, while systems
with a closer match between the adsorbent capacity and the
amount of adsorbate were more suitable, as described by the
PSORE model.54)

The PFORE is expressed by eq. (4):

dqt
dt

¼ k1ðqe � qtÞ ð4Þ

where qe (mmol g¹1) is the amount of adsorbate uptake per
mass of adsorbent at equilibrium and k1 (min¹1) is the rate
constant of PFORE. Equation (4) can be transformed into
eqs. (5) and (6) as follows:

qt ¼ qef1� expð�k1tÞg ð5Þ

logðqe � qtÞ ¼ log qe �
k1t

2:303
ð6Þ

The PSORE is expressed by eq. (6).

dqt
dt

¼ k2ðqe � qtÞ2 ð7Þ

where k2 (gmmol¹1min¹1) is the rate constant of the PSORE.
Equation (7) can be transformed into eqs. (8) and (9) as
follows:

qt ¼
q2ek2t

1þ qek2t
ð8Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð9Þ

Although the parameters of the rate equations were
calculated using the linear method shown in eqs. (6) and
(9), the application of the nonlinear method has recently
been recommended by several researchers.55–58) Furthermore,
the calculation of the chi-square (»2, eq. (10)) value is
recommended in addition to the calculation of the coefficient
of determination (R2, eq. (11)) for the nonlinear method to
identify the best-fit model. If the data obtained using the
model were similar to the experimental data, »2 would be
close to zero. High values of »2 indicate a high bias between
the experimental results and the model. The evaluation in this
study was conducted in accordance with these criteria.

»2 ¼
X ðqe;exp � qe;calÞ2

qe;cal
ð10Þ

R2 ¼ 1�
X

ðqe;exp � qe;calÞ2X
ðqe;exp � qe;meanÞ2

ð11Þ

3. Results and Discussion

3.1 Batch experiments
3.1.1 Adsorption in single systems

The kinetics of adsorption from a single solution with an
initial C0 of 17mmol L¹1 is shown in Fig. 1. The amount of
adsorption increased with an increase in temperature. The
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Fig. 1 Effects of time on adsorption of (a) Sc(III), (b)-1,2 Cr(III), (c) Al(III), and (d) Fe(III) adsorption from the single solution with an
initial concentration of C0 = 17mmol L¹1 onto CR11 resin at different temperatures.
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adsorption behaviors of Sc(III) and Fe(III) were similar, and
both adsorption amounts of the adsorbate reached equi-
librium within a few tens of minutes at temperatures above
60°C. In contrast, the adsorption rate of Cr(III) was low and
the amount of Cr(III) adsorbed at 80°C increased even after
120min. The amount of Al(III) adsorbed was almost constant
after 30min at all the temperatures. The order of the
adsorption amounts at 120min was Fe(III) > Sc(III) >
Cr(III) > Al(III).
3.1.2 Kinetics of adsorption

Fittings by PFORE and PSORE were compared by linear
and nonlinear regression using the experimental data before
equilibrium was reached. Table 2 summarizes the rate
constants, R2 values, and the final pH values of each reaction.
Figure 2 shows the experimental data and regression curves
for each method for an initial concentration of 17mmol L¹1

at 60°C. The linear regression curves for the PFORE showed
a large deviation, whereas the other regression curves were
consistent with the experimental data. When the nonlinear

method was used, the vertical axes of both PFORE (eq. (5))
and PSORE (eq. (7)) were expressed by qt (mmol g¹1).
Therefore, using the nonlinear method, it is possible to
compare the values of R2 and »2 directly. The comparisons
of R2 and »2 in Table 2 show that the PSORE fits the data
better under most conditions, indicating that these adsorption
reactions are explained by the PSORE. Metal ions are not
only adsorbed on the functional groups, i.e., iminodiacetic
acid in this study, on the resin’s surface but also on those
inside the resin by diffusion. The diffusional mass transfer
within the resin is thought to occur through repeated
adsorption and desorption between metal ions and functional
groups and/or diffusion through gaps in the network of cross-
linked structures. Diffusion is affected by the adsorption
amount.59) Therefore, these adsorption reactions are con-
sistent with the PSORE. The rate constant k2 increased with
increasing temperature, except for that of Al(III) (see Fig. A1
of Appendix). In other words, the reaction rate increased
with increasing temperature. The rate constant k2 of Al(III)

Table 2 Comparison of the nonlinear pseudo first and second order rate constants for initial ion concentrations, different metal ion species,
and temperatures.
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may be attributed to its low activation energy, as described
below. The rate constant k2 decreased with increasing initial
concentration. The higher the initial concentration, the more
the equilibrium adsorption increases due to an increase in the
driving force of adsorption. It can be seen from eq. (7) that
k2 decreased with increasing initial concentration. The order
of k2 was Fe(III) ’ Sc(III) > Cr(III), and that of Al(III)
depended on the concentration for reasons unknown. The
rate constants for Cr(III) at 23°C were more than two orders
of magnitude smaller than those for other elements under
the same conditions because the aqua ion of Cr(III) was
kinetically inert and ligand exchange was slow.60–62)

3.1.3 Activation energies of adsorption
The activation energies of adsorption were estimated using

the Arrhenius equation:

ln k2 ¼ ln k0 �
Ea

RT
ð12Þ

where k2 (gmmol¹1min¹1) is the rate constant of the PSORE
calculated by nonlinear regression, k0 (gmmol¹1min¹1) is the
temperature independent factor, Ea (Jmol¹1) is the activation
energy of adsorption, R (J K¹1mol¹1) is the gas constant, and
T (K) is the solution temperature. Table 3 lists the activation
energies of the adsorption reactions under each condition.
The order of activation energies is Cr(III) > Fe(III) >
Sc(III) > Al(III), with Cr(III) being the largest, suggesting
that lower temperatures are preferred to prevent the
adsorption of Cr(III) onto the resin.
3.1.4 Adsorption in binary systems

The simultaneous adsorption behaviors of Sc(III) and
Cr(III) were investigated in binary systems containing both
metal ions at a concentration of 17mmol L¹1. Figure 3 shows
the kinetics of Sc(III) and Cr(III) adsorption from the binary
solution at four different temperatures (23, 50, 60, and 80°C).
The amounts of Sc(III) and Cr(III) adsorbed after 60min at
23°C were stable at approximately 0.6 and 0.05mmol L¹1,
respectively. The amount of Cr(III) adsorbed at a temperature
of 50°C or higher gradually increased after 60min, whereas

that of Sc(III) gradually decreased. Furthermore, as the
temperature increased to 60 or 80°C, the amount of Sc(III)
adsorbed decreased with increasing Cr(III). In the system
containing both Sc(III) and Cr(III), Sc(III) with a larger rate
constant was adsorbed first in the initial stage of the
adsorption, whereas Cr(III) was adsorbed later, and the
adsorption amount of Sc(III) decreased above 50°C; there-
fore, adsorbed Sc(III) was displaced by subsequently
adsorbed Cr(III). Although the adsorption rate of Cr(III)
was lower than that of Sc(III), it is reasonable to assume that
such a substitution reaction occurred because the stability
constant of Cr(III) complexed with iminodiacetic acid was
higher than that of Sc(III) (Table 4).

The simultaneous adsorption behaviors of Sc(III) and
Al(III) were investigated in binary systems containing both
metal ions at a concentration of 17mmol L¹1. Sc(III) was
selectively adsorbed, regardless of the adsorption temper-
ature, and the adsorption amount of Al(III) was suppressed to
less than 0.1mmol g¹1 (see Fig. A2 of Appendix). The low
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Fig. 2 Model fits of (a) Sc(III), (b) Cr(III), (c) Al(III), and (d) Fe(III) adsorption from the aqueous solution with an initial concentration of
C0 = 17mmol L¹1 onto CR11 resin at 60°C.

Table 3 Activation energies of each adsorption process.
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Al(III) adsorption is because the stability constant of Al(III)
complexed with iminodiacetic acid is less than one-fiftieth of
that of Sc(III).

The simultaneous adsorption behaviors of Sc(III) and
Fe(III) were investigated in binary systems containing both
metal ions at a concentration of 17mmol L¹1. Figure 4 shows
the kinetics of Sc(III) and Fe(III) adsorption from the binary
solution at temperatures of 25, 50, and 60°C. The amount
of Fe(III) adsorbed increased with increasing adsorption time
or temperature and was always superior to that of Sc(III). On
the contrary, the amount of Sc(III) adsorbed peaked at
approximately 0.4mmol L¹1 within 10 to 30min and then
began to decrease. Therefore, the adsorbed Sc(III) ions were
displaced by subsequently adsorbed Fe(III). In the case of
Cr(III), the complex stability constant of Fe(III) with
iminodiacetic acid was higher than that of Sc(III), causing
this substitution reaction.
3.1.5 Adsorption in quaternary systems

The simultaneous adsorption behavior of Sc(III), Cr(III),
Al(III), and Fe(III) was investigated in a quaternary system
containing each metal ion at a concentration of 17mmol L¹1.
Figure 5 shows the kinetics of Sc(III), Cr(III), Al(III), and
Fe(III) adsorption from the quaternary solution at two
different temperatures of 23°C and 60°C. At 23°C, the
adsorption of Cr(III) and Al(III) was suppressed to less than
0.1mmol g¹1, and the adsorption behaviors of Sc(III) and
Fe(III) were comparable to those in these binary systems.
When the temperature was increased to 60°C, the adsorptions
of Fe(III) and Cr(III) increased, while that of Sc(III)

decreased. The amount of Fe(III) adsorbed was the largest
among the four metal ions at all temperatures. The stability
constant of Cr(III) complexed with iminodiacetic acid was
1.5 times larger than that of Fe(III), but the rate constant
of Fe(III) at 60°C was four times larger than that of Cr(III).
Therefore, Fe(III) was preferentially adsorbed and desorbed
via the substitution reaction with Cr(III). When using the
iminodiacetic acid chelating resin Diaion· CR11, Fe(III) is
preferentially adsorbed under all conditions; therefore,
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Fig. 3 Effects of time on adsorption of Sc(III) and Cr(III) adsorption from the binary solution onto CR11 resin at (a) 23°C, (b) 50°C,
(c) 60°C, and (d) 80°C.

Table 4 Stability constants of the complex of iminodiacetic acid and metal
ions.
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removing Fe(III) in advance to recover the Sc component is
essential.

These results suggest that the adsorption behaviors are
associated with the activation energies and stability constants
of metal ions complexed with iminodiacetic acid in the
multiple metal-ion systems. In the single system, the amount
of Sc(III) adsorbed increased with increasing temperature,
whereas in the systems containing both Sc(III) and Cr(III),
that amount was higher at 23°C than at 60°C. The results
in the binary systems indicate that Cr(III) and Fe(III), which
have higher affinities to iminodiacetic acid than Sc(III), can
be adsorbed by substitution with adsorbed Sc(III).
3.1.6 Adsorption behavior in synthetic solutions

Because Fe(III) is preferentially adsorbed on CR11 resin
over Sc(III), CR11 resin is ineffective for processing
solutions containing a large amount of Fe(III). In the HPAL
process, the form of Fe ions in the filtrate at approximately
a pH of 2 of the sulfurization process that produces mixed
sulfide is Fe(II), and the solution contains no Fe(III) ions.
The synthetic solutions shown in Table 5 were prepared
using the procedure described in our previous study,22) and
the simultaneous adsorption behavior was investigated at
temperatures of 23°C and 60°C.

Figures 6 and A3 show the adsorption efficiencies and
adsorption amounts, respectively, of Sc(III) and Cr(III) from
the synthetic solution at temperatures of 23°C and 60°C. At
23°C, the adsorption efficiencies of Sc(III) and Cr(III) in
240min were 83% and 9%, respectively, and the amount of
Sc(III) adsorbed was higher than that of Cr(III). Sc(III) was
preferentially adsorbed at 23°C. At 60°C, these adsorption
efficiencies were 69% and 78%, respectively, indicating an
increase in the adsorption efficiencies of Cr(III) and a

decrease in the adsorption efficiency of Sc(III). The initial
adsorption efficiency of Sc(III) was higher than that of
Cr(III); however, the opposite was the case at 240min. The
amount of Cr(III) adsorbed was higher than that of Sc(III)
after 15min, and Cr(III) was preferentially adsorbed at 60°C.

The results using synthetic solutions without Fe(III)
indicate that Sc(III) was efficiently adsorbed, and, as in the
binary and quaternary systems, the amount of Cr(III)
adsorbed was more suppressed at 23°C than at 60°C.

3.2 Column experiments
In the actual process, the column was packed with ion-

exchange resin and fed with a solution containing the Sc
component for adsorption. In the column method, the
adsorption reaction starts at the inlet side of the column.
The concentration of metal ions in the solutions and the
amount adsorbed on the resin change depending on the
volume of solution fed and the position in the column from
the inlet side to the outlet side. Although qualitative trends
can be identified, the adsorption behaviors in the batch
experiments reflect the specific circumstances of the column
experiments. Adsorption behaviors should be investigated
using both column and batch experiments.

In column experiments, the simultaneous adsorption
behavior of Sc(III) and impurity metal ions was investigated
at 23°C and 60°C using the synthetic solution. A total of
750mL (bed volume: BV = 50) of the synthetic solution
was fed to the column at a flow rate of 1mLmin¹1 (space
velocity: SV = 4 h¹1) to examine the adsorption behavior.
The concentrations of Sc(III) and Cr(III) in the effluent were
different from those in the solution before adsorption,
whereas the concentrations of Al(III) and Fe ions were
almost the same. Figure 7 shows the breakthrough curves of
Sc(III) and Cr(III) at 23°C and 60°C. The Sc leakage rate,
which is the ratio of the concentration of Sc(III) in the
effluent solution to that of Sc(III) in the solution before
adsorption, showed an increasing trend from a BV of
approximately 25 at 23°C and 15 at 60°C. Meanwhile, the
leakage rate of Cr(III) at 60°C was lower than that at 23°C.
The amount of Sc(III) adsorbed decreased at higher
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Table 5 Concentration of metal ions and SO4
2¹ in the synthetic solution after the sulfurization process of HPAL.
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temperatures because of the higher amount of Cr(III)
adsorbed. The results show a similar trend to those of batch
experiments in multiple metal-ion systems containing Sc(III)
and Cr(III).

The leakage rate of Sc(III) at 60°C exceeded 1 after a BV
value of 47, indicating that the Sc(III) adsorbed onto the resin
was subsequently displaced by the adsorption of Cr(III) in
the solution, as in the batch experiments (e.g., Fig. 3(c)).

Figures 8(a) and (b) show the adsorption amounts and
efficiencies, respectively, of metal ion adsorption from the
synthetic solution for a BV of 50 and higher at 23°C and
60°C. At 23°C, the amount of Sc(III) adsorbed was almost
100%. However, the amount of A(III) adsorbed was the
highest, at three times that of Sc(III), despite its adsorption
efficiency being 1% because its initial concentration was
300 times higher than that of Sc(III). The amounts of other
impurities adsorbed were less than the amount of Sc(III). At
60°C, the amount of Sc(III) adsorbed was 30% lower than
that at 23°C, and the amount of Cr(III) adsorbed was 8 times
higher than that at 23°C. The amount of Fe ions adsorbed
was less than that of Sc(III), despite the initial concentration

of Fe(II) being 60 times that of Sc(III), because most of
the Fe ions were of the type of Fe(II). The adsorption
efficiency of Ni(II) was approximately 10%, which was the
highest among the divalent metal ions. Al(III) and Ni(II) can
be efficiently separated from Sc(III) in the desorption
process.22)

By using CR11 resin, adsorption at lower temperatures is
more efficient for recovering Sc(III) from solutions in which
the impurity concentration is higher than the concentration of
Sc(III).

4. Conclusions

The adsorption behaviors of the trivalent ions Sc(III),
Cr(III), Al(III), and Fe(III), were compared using the
iminodiacetic acid-chelating resin Diaion· CR11. The
adsorption behaviors of each metal ion at the initial
concentrations of 0.17, 1.7, and 17mmol L¹1 and temper-
atures of 23°C, 60°C, and 80°C were more compatible with
the PSORE than with the PFORE. This finding suggests
that the amount of adsorbate relative to the capacity of the
adsorbent resin is better described by the PSORE. The order
of the rate constant k2 was Fe(III) ’ Sc(III) > Cr(III), while
that of Al(III) depended on the concentration. The order of
Ea was Cr(III) º Fe(III) > Sc(III) > Al(III).

In a system where Sc(III) coexisted with Cr(III) or Fe(III),
Sc(III) adsorbed onto the resin could be subsequently
displaced by the adsorption of Cr(III) or Fe(III) in the
solution. Substitution between Sc(III) and Cr(III) was
promoted at higher temperatures. These behaviors indicate
that prior removal of Fe(III) is important for Sc recovery, that
adsorption should be carried out at low temperatures to
suppress Cr(III) adsorption, and that the reaction time should
be controlled appropriately.

Thermodynamic analyses of adsorption and desorption
behaviors will be investigated in the future to understand
them in more detail.
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Fig. A3 Effects of time on adsorption of Sc(III) and Cr(III) adsorption
from the synthetic solution onto CR11 resin at (a) 23°C and (b) 60°C.
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Fig. A2 Effects of time on adsorption of Sc(III) and Al(III) adsorption
from the binary solution onto CR11 resin at (a) 25°C and (b) 60°C.

H. Watanabe, S. Asano and K. Murase70


