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Abstract

Amberlite XAD-4 resin, impregnated with di(2-ethylhexyl)phosphoric acid (D2EHPA), was prepared as the adsorbent for
this study. The loading capacity for the resin is 11.5 g of D2EHPA per gram of resin. Several parameters (adsorbent dosage,
time, pH, initial metal concentration) were evaluated to investigate the adsorption capacity of the impregnated resin for
Sc* from aqueous solutions. A maximum capacity of 0.035 mg Sc>*/g of resin was achieved. The physical interaction of
D2EHPA with the Amberlite XAD-4 resin was demonstrated using FT-IR. The adsorption data have been shown to fit well
into the Langmuir isotherm. The pseudo-second-order model suitably describes the adsorption kinetics data, with a good

correlation between the theoretical and experimental adsorption capacity values.

Graphical abstract

2MNaOHs ethyl ether

i S X
o~ = A ey
Amberlite Pre-treated

Keywords Adsorption - Extraction - IR Spectroscopy - Kinetics - Isotherms

Introduction

Lately, there has been adequate attention given to scandium
owing to its rising demand. Scandium is a pioneering mate-
rial, which has a wide application in the metallurgical, chem-
ical, and electronic industries [1]. The growing interest in
scandium and its compounds in chemical, optical, laser, and
medical applications can be ascribed to its unique optical,
mechanical, and electrical properties [2, 3, 31]. Scandium
is also applied in solid oxide fuel cells (SOFC) [4], organic
chemistry catalysts [5], high-intensity discharge lamps,
and as an alloying agent [6]. However, the most significant
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application of scandium is attributed to solid oxide fuel cells
(SOFC), which account for 90% of its total consumption
and the remaining almost 10% of Sc is used in the Al-Sc
alloy [30, 33]. In 2021, the principal uses of scandium were
for SOFCs and aluminum—scandium alloys. Other uses for
scandium included ceramics, electronics, lasers, lighting,
and radioactive isotopes.

The increase in carbon emission from energy and mobil-
ity systems has been the cause of many environmental pol-
lution problems [35]. The promotion and application of the
new generation of SOFCs, that make use of scandium as a
catalyst, can significantly reduce carbon emissions, work-
ing temperature, and power generation performance [34].
In view of the pressing need to decarbonize our energy
and mobility systems globally, the future global demand
for scandium can be expected to increase [36]. The prices
estimated for scandium oxide in the United States in 2021
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showed a significant decrease between 2020 and 2021 from
3.8 US$/g to 2.2 US$/g. This decrease is partly attribut-
able to low-capacity utilization [28]. Scandium belongs
to the group of rare-earth elements, which denotes the
insufficiency of concentrated deposits occurring in trace
amounts [7]. As a result, scandium is recovered as a by-
product from residues and tailing wastes, often containing
much higher concentrations of Fe, Al, and other metals.
Owing to the low abundance of scandium, the main route
of its production is as a by-product during the processing
of ores which have a scandium content ranging between
20 and 50 ppm [9].

Potential sources of scandium pollution include the waste
generated from the production of Al-Sc alloys [8], the vapor
produced during the chlorination of titanium [35], acid mine
drainage due to the processing from mineral deposits con-
taining rare earth elements [33], scandium oxide production
[34], and natural resources such as seawater and geothermal
waters [39].

Information about the physiological and/or toxicological
role of scandium is highly limited. The toxicokinetics and
toxic dynamics of scandium depends on the form, the metal
compound and the organisms' ability to store the element.
Scandium poses hardly any risk to plants, whereas some
research has indicated that scandium could possibly be car-
cinogenic. With long-term exposure, when scandium damps
and gases are inhaled with air, it can cause lung embolisms
[38]. Scandium can also be perilous for the liver when it
accumulates in the human body.

The separation and purification of scandium from aque-
ous solutions are conventionally performed using precipita-
tion, solvent extraction, and ion-exchange chromatography.
The most significant drawbacks of these methods are the
low scandium purity that yields from precipitation due to
the co-precipitation of other metals present and the use of
large amounts of organic reagents, sediment generation, and
these methods inefficiency for low concentrations [7, 10,
11]. Ion-exchange chromatography displays high adsorp-
tion capacity and less complex operations. In addition, its
maintenance costs are lower than those of solvent extraction
[12, 13]. The application of ion-exchange chromatography
to solutions with trace amounts of scandium contaminants
is not advised due to resin performance being lost due to the
impurities [14]. Despite the advantages of solvent extraction,
it also has a few drawbacks, such as loss of extractant, espe-
cially for the organophosphorus extractants [15].

Many extractants have been investigated for separation
of scandium, such as tributyl phosphate [17], ionic liquids
[16], N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine
[7], and di(2-ethylhexyl)phosphoric acid (D2EHPA) [18, 32,
37]. D2EHPA impregnated XAD-7 resin was also used to
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investigate the purification of ¥Sr from an FBTR irradiated
Yttria target [19]. The adsorption and desorption behavior
of strontium from aqueous solutions was evaluated using an
impregnated Amberlite XAD-4-D2EHPA resin [20].

In this study, the adsorption capacity of Amberlite
XAD-4-di(2-ethylhexyl)phosphoric acid (D2EHPA) resin
to separate scandium from aqueous solutions is evaluated,
using solvent-impregnated resins. Solvent-impregnated
resins (SIRs) are selected owing to their good advantages.
SIRs involve incorporating the extractant (ligand) through
physical impregnation into a given microporous polymeric
support [24]. SIRs can selectively bind to specific metals
owing to an organic functional group(s) impregnated into
the support. SIRs thus have the combined advantage of ion
exchange and solvent extraction [21, 22]. In addition, the
suitable physical properties and chemically homogenous
non-ionic structure of the Amberlite XAD resins make them
promising sorbents for the preparation of solvent-impreg-
nated resins using organophosphorus extractants [23].

Results and discussion
Impregnation

To evaluate the efficiency of the impregnation processes,
the resin's loading capacity was determined by assessing the
degree of D2EHPA loading onto the resin by contacting the
resin with a series of solutions of different concentrations of
D2EHPA. The loading capacity for each solution was calcu-
lated through titration with 0.1 M NaOH. As the volume of
D2EHPA increased, the results showed a constant increase
in loading capacity without a plateau. Since no plateau was
reached, adsorption performance tests were conducted to
evaluate the effect of loading ratios on the adsorption perfor-
mances of the adsorbent for scandium. The loading capacity
of the resin and the distribution coefficients of the adsorbent
for the different loading ratios are illustrated in Fig. 1a, b,
respectively.

The following equation was used to calculate the distribu-
tion coefficient:

cm? of solution
grams of resin

conc. of metal in resin
conc. of metal in solution

Ky ()

The maximum value for the distribution coefficient was
observed at a volume of 12 cm® of extractant (loading capac-
ity of 11.5 g D2EHPA/g XAD-4). Adsorption performance
generally increases proportionally to the loading capacity.
This deviation from the expected trend could be due to the
leakage of the extractant from the SIR at higher loading. For
this study, 12cm? of D2EHPA was used per 1 g of Amberlite
XAD-4 resin.
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Fig. 1 a Loading capacity of resin and b distribution coefficient values at varying extractant volumes
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Fig.2 FT-IR spectra of a Amberlite XAD-4, b XAD-4-D2EHPA, ¢
XAD-4-D2EHPA-Sc, and d D2EHPA in the region 400-4000 cm™

Characterization of impregnated resin

The characterizations of the impregnated resin are presented
from a comparative point of view using Fourier Transform
Infra-Red (FT-IR) spectroscopy and Scanning Electron
Microscopy (SEM).

FT-IR characterization of the Amberlite XAD-4,
D2EHPA, and the D2EHPA impregnated XAD-4 resin

The FT-IR spectra of Amberlite XAD-4, D2EHPA, and
the D2EHPA impregnated XAD-4 resins are represented
in Fig. 2. Amberlite XAD-4 (Fig. 2a) is a polystyrene-
based and nonpolar resin with aliphatic C-H stretching at
2923 cm”~!, C=C ring stretching at 1606, 1485, 1446 cm™!,

and the ring substitution at 903 cm™!. The characteristic
IR bands of neat D2EHPA (Fig. 2d) appear at 1224 cm™!
for the stretching vibrational band of the P=0 bond, the
P-O-C stretching vibration at 1012 cm~!, and the P-OH
vibration at 2323 cm™'. Slight changes are observed in the
P=0 bond and the P-O-C stretching from 1224 cm™ to
1225 cm™! 1012 cm™ to 1024 cm™, respectively, for the
D2EHPA-XAD-4 impregnated resin (Fig. 2b). The shifts
in wavenumbers could be an indication of the effective
interaction between D2EHPA and Amberlite XAD-4 resin
[24]. The FT-IR spectra of D2EHPA-XAD-4 impregnated
resin loaded with scandium (Fig. 2c) show a reduction and
shift in the P=0 vibration from 1225 cm™" to 1224 cm™,
which indicates that the oxygen atom of P=0 is involved in
a complex formation with scandium. The P-O-C stretching
vibration in the D2EHPA-XAD-4 impregnated resin shifts
from 1024 cm™! to 1021 cm™" when scandium is loaded on
the resin, indicating that the Sc** ions replace the H' ion
of D2EHPA in solution as a result of the cation exchange
process [24].

It can be noted that with the modification of XAD-4,
the adsorbent peak at about 2923 cm™' is less prominent
in Fig. 2a compared to Fig. 2b—d. This may be the result of
the C-H (CHj;) stretching for D2EHPA, indicating that the
impregnation process was successful.

Scanning Electron Microscopy (SEM)
characterization of the Amberlite XAD-4, D2EHPA,
and the D2EHPA impregnated XAD-4 resin

Figure 3 represents the SEM images of Amberchrom

XAD-4 before and after impregnation with D2EHPA. The
SEM image for Amberlite XAD-4 (Fig. 3a) illustrates the
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Fig.3 SEM images of Amberchrom XAD-4 a before and b after impregnation with D2EHPA

unmodified resin's varying pore sizes, ranging from 60 to
130 nm. In Fig. 3b a significant decrease in pore size can
be observed, indicating the uptake of D2EHPA within the
resin structure.

Adsorption studies

Synthetic solutions were prepared for the batch sorp-
tion experiments. The influence of several physicochemi-
cal parameters (pH, adsorbent dosage, contact time, and
initial scandium ion concentration) on Sc** adsorption
onto D2EHPA impregnated Amberlite XAD-4 resin was
evaluated.

Adsorbent dosage

The effect which sorbent mass has on the sorption of Sc**
was evaluated, as illustrated in Fig. 4. The resin mass var-
ied from 0.1 g to 3.0 g. A 4.0 mg dm~> Sc** solution was
used. The sorption of Sc3* increased from 56 and 91%, with
increasing sorbent dosage. This increase in % sorption can
be ascribed to the increase in the available sites for metal
ion adsorption, leading to increased sorption of metal ions.
It was observed that by increasing the amount of adsorbent
from 0.1 g to 1.0 g, the % sorption remained constant with
further increases up to 3.0 g. This can be a result of sorption
sites overlapping, as opposed to the overfilling of adsorbent
particles. Based on these results, the optimal sorbent mass
used for Sc** sorption studies was 1.0 g.
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Fig.4 Effect of sorbent dosage

Effect of pH

The pH of a solution is an essential variable in the adsorp-
tion or extraction of metal ions onto specific sorbents or
supports. Evaluating the effect of pH on the sorption pro-
cess could give a better understanding of the mechanism
involved in the uptake of the metal ions onto the surface of
the resin. The metal ions in aqueous solutions are inclined
to exchange with H* ions from the extractant impregnated
onto the adsorbent. The effect of the sorption behavior of
scandium onto the D2EHPA impregnated resin can thus
be explained, based on the extraction behavior of solvent
extraction using D2EHPA. The influence of acidity in
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terms of pH, on the sorption of Sc** in a pH range of 2 to
9, was investigated.

Scandium mostly exists as Sc** in an aqueous acidic
solution. The Sc** extraction using D2EHPA is governed
by the cation exchange mechanism at low acidity, accord-
ing to the following equation [32]:

Sc’*(aq) + 3{HL}(org) = {ScL; } (o) + 3H" (aq) 2)

In Fig. 5a, b, sorption is highest at pH =2, with a maxi-
mum capacity of 0.050 mg g~'. This result is in agreement
with a study done by P.A Nikolaychuk [12]. However, with
an increase in pH, the % Sc* sorption showed a decreas-
ing trend up to pH =35, before an increase at pH==6. Scan-
dium can be hydrolysed to SCOH*" (aq), Sc(OH)," (aq),
or Sc(OH),™ (aq) with an increase in solution pH [29]. The
increased scandium sorption observed at pH =6 could be
ascribed to the precipitation of Sc(OH); (s), based on the
Eh—pH and speciation diagrams of a study by [12]. With
percentage sorption of 100% at a pH of 2, quantitative
sorption of scandium is seemly affected by solution pH.

The distribution coefficients for the different sorption
pH solutions were determined, as shown in Table 1. The
high K value observed at pH =2 confirms the affinity of
the resin with Sc>* at the specified pH.

The predominance of scandium species (Sc**, ScCl,*,
and Sc(OH),") in the solution is impacted by the pH of the
respective solution. Figure 5 indicates that the adsorption
of scandium is the highest at pH=2. These results com-
pare to data from a study done by [12], where an increase
in scandium adsorption was observed between pH =0 and
pH=2.

120
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Table 1 Sorption efficiency, sorption capacity and K for Sc with var-
ying pH

pH Initial Equilibrium % Sorption q./mgg™! K,
conc/mg  conc/mg
dm™? dm™?
2 20 0.000 100.00 0.0500 >1 000 000
320 0.145 92.75 0.0464 1279
4 20 0.175 91.25 0.0456 1042
5 20 0.140 93.00 0.0465 1329
6 20 0.005 99.77 0.0499 39,900
7 20 0.020 99.00 0.0495 9900
8 20 0.030 98.50 0.0493 6567
9 20 0.064 96.80 0.0484 3025

Sorption kinetics

Sorption kinetics is an essential parameter in the sorption
process as it aids in determining the contact time required
for maximum adsorption. Several mathematical models
describe adsorption data; they can be categorized as adsorp-
tion reaction models and adsorption diffusion models [25].
The pseudo-first-order and pseudo-second-order models
were used to describe reaction kinetics, while the Weber
Morris model was used to describe the reaction diffusion.

Reaction kinetics
To evaluate the effect of contact time on the sorption of Sc**
ions, the studies were performed at a pH=2 and sampled

at different times, ranging from 10 min to 24 h. The sorp-
tion of Sc** jons increases steadily up to 24 h. The sorption
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Fig.5 a Scandium sorption efficiency as a function of pH and b sorption capacity of scandium as a function of pH
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efficiency of Sc** increased by only 7% from 4 to 24 h, with
a maximum capacity of 0.034 mg g~!. The results are shown
in Fig. 6a, b. A sufficient contact time of 4 h was selected for
sorption equilibrium to be attained; 93% of Sc>* was sorbed.

The pseudo-first-order and pseudo-second-order models
were applied to analyze the sorption data for scandium. The
plots are shown in Fig. 7a, b.

The integrated form of the pseudo-first-order model used
is illustrated as follows:
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(@)

log (q, - q)) = log qe% 3
where g, (mg/g) and g, (mg/g) is the amount of metal sorbed
at equilibrium time and the amount of metal sorbed at any
time, respectively. The pseudo-first-order rate constant, k;
(min~"), can be obtained from the slope of the linear plot of
log (g,-q,) against time (7).

The integrated pseudo-second-order model used is illus-
trated as follows:
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Fig. 6 a Effect of contact time on scandium sorption efficiency and b scandium sorption capacity over time
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Fig. 7 a Pseudo-first-order plot for scandium sorption and b pseudo-second-order plot for scandium sorption
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t 1 t

= + —
9 kqe*  q. “)

where k, (g/mg min) and g, can be obtained from the plot
between t/q, versus ¢ [25].

From Fig. 7a, the first-order rate constant was determined
from the slope of the curve, and the sorption capacity was
determined from the intercept. The pseudo-second-order
rate constant and sorption capacity were calculated from
the intercept and slope, respectively, in Fig. 7b. A summary
of the kinetics parameters for both the pseudo-first-order and
pseudo-second-order models is presented in Table 2.

The correlation coefficients for pseudo-first-order and
pseudo-second-order models were 0.8451 and 0.9183,
respectively. The pseudo-second-order graph has a higher
correlation between the experimental parameters, suggest-
ing that the scandium data is best modelled by the pseudo-
second-order kinetics. A theoretically predicted adsorption
capacity, compared to the experimental value, confirms that
the pseudo-second-order kinetics model is the better fit and
that the sorption is occurring via a chemical process [25,
26].

Diffusion kinetics

The Weber Morris diffusion model was used to describe
the sorption of scandium onto D2EHPA impregnated resin.
This model is based on the assumption that the overall sorp-
tion process is controlled by either one or a combination of
factors, for example, film diffusion, pore diffusion, surface
diffusion, and sorption onto the adsorbent pore surface [27].
The equation for this model is expressed as follows:

q=kt'/? +1 6)

where  is the diffusion rate parameter (mg dm~ s~"?), and
the value of I can be calculated from the intercept from the
plot of g versus 72 [34]. The Weber Morris plot for scan-
dium is presented in Fig. 8.

Intra-particle diffusion is normally considered the rate-
controlling step when the linear plot of g, against /2 passes
through the origin. The plot of g, against 1'2 did not pass
through the origin, nor did it produce a straight line, sug-
gesting intra-particle diffusion was not the only diffusion
mechanism involved. It may also indicate that sorption
diffusion kinetics may be controlled by film diffusion and
pore diffusion. Multi-linearity suggests that both diffusion
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Fig.8 a Weber Morris diffusion kinetics plot for scandium sorption
and b interparticle diffusion kinetics for scandium removal using
impregnated resin

mechanisms are present and can thus control the sorption
process. Multi-linearity also implies that varying pore sizes
influenced the diffusion of Sc** ions through the resin struc-
ture, as was confirmed by the SEM images of the impreg-
nated resin.

Sorption isotherms

Adsorption isotherms are valuable and essential to under-
standing the relationship between metal ions (sorbate) and
sorbent during an adsorption process. This study's experi-
mental equilibrium data were subjected to four adsorption
equilibrium isotherm models (Langmuir, Freundlich, Tem-
kin, and Dubinin-Radushkevich).

The effect of initial metal ion concentration on the sorp-
tion of Sc** was evaluated using 1 g of impregnated resin
and a solution having a pH=2. The results are illustrated
in Fig. 9 and shown in Table 3. As shown in Fig. 9a a sorp-
tion efficiency of 100% was achived at a concentration of
1.0 mg dm™>. The sorption capacity had a linear increase
over the concentration range, with no plateau reached
(Fig. 9b).

The experimental data were subjected to the four iso-
therm models. Of the four isotherms, the Langmuir isotherm
provided the best fit for the experimental data, with a high
linear regression coefficient of R2=0.9934 (Fig. 10a). The
other three isotherms (Freundlich, Temkin, and Dubinin-
Radushkevich), had very low regression coefficients and

Table 2 Kinetic parameters for
Sc sorption on impregnated

Pseudo first order

Pseudo second order

resin g Jmg g~ R?

q/mg g™

ky/min™! R? gJmg g~ ky/g mg™" min~!

0.0341 0.8451

0.0313

0.0076 0.9183 0.0358 0.5938
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Table 3 Sc sorption with varying initial concentration

Initial conc/ Equilibrium gJ/mgg™! % Sorption K

mg dm™3 conc/mg dm™3

0.50 0.28 0.1573 44 78.57

1.0 0.00 0.1677 100 >900 000
1.5 0.00 0.1677 100 >900 000
2.0 0.01 0.1663 99.5 19 900
2.5 0.02 0.1660 99.2 12 400
3.0 0.02 0.1660 99.3 14 900
35 0.02 0.1660 99.4 17 400
4.0 0.01 0.1663 99.8 39900

their calculated capacities correlated poorly with the experi-
mental value. The mean sorption energy (E) obtained from
the Dubinin-Radushkevich plot was 158 kJ mol~!, which
signifies chemisorption as the sorption mechanism involved
in Sc sorption, using the impregnated resin.

The linearized form of the Langmuir isotherm equation
is expressed as follows:

Ce _ ar Ce 1

— = + — 6
9e K, K. ©

where K| and oy are the equilibrium constants of the Lang-
muir equation. The plot of C/g, against C, yields a straight
line with a slope, oy /K; , and intercept 1/K; [39].

@ Springer

The essential feature of the Langmuir isotherm can be
expressed in terms of a separation factor, calculated from
the following equation [36]:

1
1+ K.C) @

The value of R; was calculated to be 6.8 x 107> Tt falls
within the range of 0-1 at optimum pH, confirming the
favourable adsorption of Sc** ions onto the impregnated
resin [35].

The logarithmic form of the Freundlich isotherm equation
is expressed as follows:

log g, = log K} + % logC, ®)

where K, (mg/g) is the binding energy constant reflecting
the affinity of the adsorbents with the metal ions where % is
the constant indicating the intensity of the adsorption [25].

The linear form of the Temkin isotherm is expressed as
follows:

Rt
q. = F(ln Kr+InC,) )

where b is the Temkin constant, related to the heat of sorp-
tion (J mol™), and K is the Temkin isotherm constant (dm?
g [39].

The Dubinin—Radushkevich isotherm is expressed as
follows:
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Ing, = Ing,fe’

where £=RT In(1+1/C,) is the Polanyi potential, R is gas
constant (8.31 J mol~!' k™!), T'is absolute temperature, and
C, is the equilibrium concentration. p is the Dubinin-Radu-
shkevich constant and g,, is the sorption capacity.

The mean sorption energy (E) obtained from the
Dubinin—Radushkevich plot is applied so as to differentiate
between the chemical and physical sorption of metal ions.
It was calculated as follows [40]:

10)

When the magnitude of E in the range 8—16 kJ mol~!
signifies chemisorption as sorption mechanism, whereas
E <8 kJ mol ™! suggests physisorption [40].

Table 4 Characteristic parameters of Sc sorption isotherms

Isotherm Correlation Parameters
coefficient
Langmuir 0.9934 ¢, =0.00532 mg g
K;=96.757 dm® mg™!
Temkin 0.0237 R7/b=0.0018 J mol !
K;=3.1x10"
Freundlich 0.4246 Kz=0.4949 mg g~
n=1.7419
Dubinin-Radushkevich 0.0153 X, =29.456 mg g~

B=2x107 mol® kI~
E=158.1kJ mol™!
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Fig. 11 Desorption of scandium ions as a function of time

A summary of the characteristic parameters for each of
the four isotherms is presented in Table 4.

Desorption studies

The desorption of scandium from the XAD-4-D2EHPA resin
was carried out under static conditions using two desorption
solutions. Desorption solutions of the following concentra-
tions were used: 200 g dm™ Na,CO; and 3.5 M HF. A mass
of approximately 1 g of resin for each experiment was used.
The results of the scandium desorption from the XAD-4-
D2EHPA resin are shown in Fig. 11.

From the results illustrated in Fig. 11, when 3.5 M HF
was used as a desorption solution, approximately 80% of
the scandium was extracted from the XAD-4-D2EHPA resin
under static conditions. The Na,CO; solution showed very
low to no desorption characteristics, which is contradictory
to results that were established by Ivanov et al. [36]. The
desorption results obtained from a 3.5 M HF desorption
solution are in agreement with the literature.

Conclusion

Equilibrium and kinetic studies were conducted to evalu-
ate the adsorption of scandium from aqueous solutions
using di(2-ethylhexyl)phosphoric acid (D2EHPA) impreg-
nated onto Amberlite XAD-4. The physical interaction of
D2EHPA with the Amberlite XAD-4 resin was demon-
strated using FT-IR. The suitable equilibrium time for this
study was 4 h, with a scandium removal of 93%. The solu-
tion pH significantly affected the scandium(III) adsorption,
with maximum adsorption at a pH of 2. The Langmuir and
Freundlich isotherms were used to analyze the equilib-
rium adsorption data. The characteristic parameters and
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related relative correlation coefficients were determined
for each isotherm. The Langmuir isotherm demonstrated
a good correlation compared to the Freundlich model.
The sorption kinetics data agree with the pseudo-second-
order model more than the pseudo-first-order model, with
a theoretically predicted adsorption capacity closely corre-
sponding to the experimental value. This further indicates
that a chemisorption process controls the rate of reac-
tion. An adsorption capacity of 0.035 mg Sc per gram of
impregnated resin was achieved. It can be concluded that
the scandium can successfully be removed from aqueous
solutions using the Amberlite XAD-4-D2EHPA impreg-
nated resin and that HF is a suitable eluant to desorb scan-
dium from the surface of the modified resin with an 80%
recovery.

The results obtained from this study are reasonably
promising and applicable for the extraction and recovery
of scandium, because of the expected future demand for
scandium, especially with its application in the new gen-
eration of solid oxide fuel cells.

Experimental

Di(2-ethylhexyl)phosphoric acid (D2EHPA) (> 95%) was
purchased from Sigma Aldrich, and Amberlite XAD-4
resin was purchased from Industrial Analytical. The HCI
and HNOj acids, and NaOH were of analytical grade and
used without further purification. Deionized water was
used for all the preparations.

All pH measurements were taken using a digital pH
meter (Basic 20 + CRISON), with a glass electrode,
which was calibrated with buffer solutions. An automatic
mechanical shaker (Labotec model 262) with speed con-
trol was used for the impregnation process and all the
batch equilibrium studies. The Spectro ARCOS ICP-OES
spectrometer was used to measure all metal ion concentra-
tions. A Spectrum, 2 FT-IR Spectrometer manufactured by
Perkin-Elmer, was used to record the FT-IR spectra of the
unmodified and modified (impregnated) Amberlite XAD-
4-D2EHPA resin in the range of 400 — 4000 cm™'. A Zeiss
MERLIN Field Emission Scanning Electron Microscope
was used to analyze the surface morphology of the resin,
pre- and post-impregnation.

Preparation of stock solutions

A 10 mg dm™ scandium stock solution was prepared in
500 ¢cm?® of deionized water, used for all the batch experi-
ments. The calibration standards in the concentration range
of 0.1—10.0 mg dm~ were prepared by serial dilution of
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a stock solution that was prepared by diluting 12.5 cm?® of
a 1000 mg dm~ analytical grade ICP standard in 250 cm®
dilute nitric acid.

Conditioning and impregnation of Amberlite XAD-4
resin

The Amberlite XAD-4 was successively pre-treated with
50 cm® of 2 M HNO,, 50 cm® 2 M NaOH, followed by
deionized water until it was neutralized (pH=6.5 to 7) to
remove impurities. The resin was then dried at 60 “C over-
night and stored in a polyethylene bottle before use. Fol-
lowing the pre-treatment of the Amberlite XAD-4 resin,
a desired amount of D2EHPA was dissolved in 65 cm?® of
diethyl ether. 10 g of the pre-treated resin was added, and
the mixture was then placed on a mechanical shaker for
2 h. The mixture was then filtered under vacuum, the res-
ins were subsequently placed overnight in a vacuum oven
at 40 °C to remove the solvent.

The loading capacity of the resin was determined by
using a pre-determined mass of resin placed in contact
with ethanol. The solution was then titrated with 0.1 M
NaOH until a light pink colour change was reached (end-
point). FT-IR spectroscopy was used to establish the inter-
action between the extractant (D2EHPA) and the Amber-
lite XAD-4 resin.

Procedure for the adsorption studies

The effect of pH, adsorbent dosage, initial metal ion con-
centration and contact time were evaluated. A brief meth-
odology is provided below.

Effect of pH

The extent of scandium sorption at varying pH values was
assessed in the batch experiments. Samples were prepared
by mixing precisely 1 g of resin with 25 cm? of 2 mg dm™>
scandium (III) ion solutions at different pH values; they
were adjusted with HCI and NaOH over a period of 4 h.

Effect of adsorbent dosage

The optimum adsorbent dosage was assessed. Sam-
ples were prepared by mixing different masses (ranging
from 0.1 g—3.0 g) of impregnated resin with 25 cm?® of
4.0 mg dm™3 scandium (III) ion solutions and shaken for
4 h on an automatic orbital shaker.

Effect of initial metal ion concentration

The effect of initial scandium concentration was assessed
using scandium(III) solutions with initial concentrations
varying between 0.5 and 4 mg dm™>. All the batch experi-
ments were conducted using the Labotec model 263 auto-
matic mechanical shaker at an ambient temperature for 4 h.
The Langmuir and Freundlich models were used to model
the equilibrium data.

Effect of contact time

The effect of contact time was studied by mixing 1 g of resin
with 25 cm? of 1.5 mg dm™3 scandium(III) ion solutions at
different contact times (10, 30, 60, 120, 180, 240 min and
24 h).

Adsorption isotherms and kinetics procedure

Adsorption isotherms were investigated by mixing 1 g of
resin with 25 cm? of 1.5 mg dm™3 scandium(III) solution at
a pH=2. The solutions were placed on a shaker for 4 h at
150 rpm, with samples. The two-parameter isotherm models,
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich,
were used to analyze the equilibrium data of scandium(III)
adsorption on the impregnated resin. The rate of adsorp-
tion was evaluated over 24 h, with samples taken at pre-
determined time intervals and scandium concentrations
determined by ICP-OES.
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