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Adsorption of ytterbium (III) from aqueous solution by SQD—85 resin
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Abstract: Adsorption and desorption behavior of Yb (III) by SQD—85 resin was investigated by various chemical methods and IR
spectrometry. The adsorption capacity of SQD—85 resin for Yb (III) was studied as a function of solution pH, initial concentration of
Yb(III), temperature and contact time. The optimal pH for the adsorption was 5.50 in the HAc-NaAc system, and the maximum
adsorption capacity was estimated to be 347.6 mg/g at 308 K. The isotherms adsorption data fit well with Langmuir model. The
adsorption kinetics data are in agreement with pseudo-second-order model. Thermodynamic parameters indicate that Yb (III)
adsorption by SQD—85 resin is endothermic and spontaneous in nature. Thomas model is reasonably accurate in predicting
experimental column results. The dynamic desorption rate of Yb(III) can increase to 97.3% when the elution agent is 1.0 mol/L HCIL.
These results suggest that Yb(III) in aqueous solution can be removed and recovered by SQD—S85 resin efficiently.
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1 Introduction

Rare earth elements (REEs) are being increasingly
used as important components in lasers, phosphors,
magnetic bubble memory films, refractive index lenses,
fiber optics, superconductors, high-intensity lightning,
coloured glasses, refining industry and nuclear
technology [1-5]. Ytterbium is an important member of
rare-earth family and widely used in various fields.
However, REEs, including ytterbium, have a low to
moderate acute toxicity rating. In some studies, it has
been found that intraperitoneal administration of
ytterbium with concentrations of above 0.01% in the diet
for 90 d, produced liver and spleen damage [6].
Ytterbium compounds are also known to cause skin and
eye irritation and may be teratogenic [7].

Several techniques, such as chemical precipitation,
ion exchange, membrane separation, reverse osmosis and
extraction chromatography have been reported for the
adsorption and separation of REEs from aqueous
solution [8—13]. Compared with the other methods, ion
exchange has received a considerable attention in recent
years because it is simple, relatively low-cost and
effective [14—16]. SQD—85 macroporous weak acid resin

is a novel polymeric material. It not only has the proton
that can exchange with cation, but also has oxygen atom
that can coordinate directly with metal ions. It is as well
widely available as it is commercially produced.
Furthermore, its regeneration properties supply
economical benefits. Due to mentioned properties,
SQD-85 resin has been preferred in this study.

Batch and column experiments were performed to
test the feasibility of removal and recovery of Yb(III)
from aqueous solution by using the SQD—85 resin. Some
factors affecting adsorption, such as pH of solution,
initial concentration of Yb(III), contact time and
temperature were examined. Kinetics and isotherms
adsorption experiments were carried out.
Thermodynamic parameters of adsorption for Yb(III)
were calculated. The resin was also characterized with
FT-IR spectroscopy. It is thought that results of this
study can be useful for treatment processes of sector
containing REEs in their wastewater.

2 Experimental
2.1 Apparatus

The concentration of Yb(III) in solution was
determined with Shimadzu UV-2550 UV-visiable spectro-
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photometer. The resin dosage was measured by
electronic balance of Sartorius BS 224S. Mettler toledo
delta 320 pH meter was used for measuring pH of
solution. The sample was shaken in the DSHZ—300A and
the THZ-C-1 electrically thermostated reciprocating
shaking machine. The IR spectrum was detected on
Nicolet 380 FT-IR spectrometer. The water used in the
present work was purified using Molresearch analysis-
type ultra-pure water machine.

2.2 Materials

SQD—85 resin was supplied by Jiangsu Suqing
Water Treatment Engineering Group Co., Ltd. and the
properties are shown in Table 1. Standard solution of
metal ions was prepared from ytterbia (AR). HAc—NaAc
buffer solution with pH 4.00—6.50 and C¢H;50;N—HNO;
buffer solution with pH 7.20 were prepared from the
NaAc, HAc, C¢H;sO;N and HNO; solutions. The
chromophoric reagent of 0.1% arsenazo-I solution was
obtained by dissolving 0.1000 g arsenazo-I powder into
100 mL purified water. All other chemicals were of
analytical grade and purified water was used throughout.

2.3 Adsorption experiments

Experiments were run in a certain range of pH,
initial concentration of Yb(III), temperature, contact time
as well as adsorption isotherms. The operations for the
adsorption and desorption of Yb(III) were carried out in
batch vessels and glass columns.

Batch experiments were performed under kinetics
and equilibrium conditions. A desired amount of treated
SQD-85 resin was weighed and added into a conical
flask, in which a desired volume of buffer solution with
pH 5.50 was added. After 24 h, a required amount of
standard solution of Yb(III) was put in. The flasks were
shaken in a shaker at constant temperature and rotation
speed. The upper layer of clear solution was taken for
analysis until adsorption equilibrium reached. The
procedure of kinetics test was identical to that of the
equilibrium test. The aqueous samples were taken at
preset time intervals and the concentrations of Yb(III)
were similarly measured.

In the column experiments, continuous packed bed
studies were performed in a fixed bed mini glass column
(d3 mmx300 mm) with SQD—85 resin and filled with the
Yb(II) solution. At the bottom of the column, a stainless
sieve was attached followed by a layer of cotton wool.
The particles were dropped in from the top of the column.
Time taken by the particles to travel a distance of resin

Table 1 General description and properties of SQD—85 resin

2765

column in vertical direction was noted. The Yb(III)
solutions at the outlet of the column were collected at
regular time intervals and the concentrations of Yb(III)
were measured.

2.4 Analytical method

A solution containing a required amount of Yb(III)
was added into a 25 mL colorimetric tube, and then 1.0
mL of 0.1% arsenazo-I solution and 10 mL pH 7.20
Ce¢H;503sN—HNO; buffer solution were added, after the
addition of purified water to the mark of the colorimetric
tube, the absorbency was determined in an 1 cm
colorimetric vessel at wavelength of 573 nm and
compared with blank test. The adsorption capacity (Q,
mg/g) and distribution coefficient (D, mL/g) were
calculated with the following formulas:

0-S"Cy M)

m

p=fo=C @)
m-C

where C is initial concentration in solution (mg/mL); C,

is equilibrium concentration in solution (mg/mL); V is

solution volume of solution (mL); m is resin dry

mass (g).

3 Results and discussion

3.1 Effect of pH

Many studies showed that pH value seems to be the
most important parameter for controlling the adsorption
process. The uptake of metal ions as a function of
hydrogen ion concentration was in the range of pH
4.00—6.50 for an initial concentration of 0.233 mg/mL at
298 K and 100 r/min. The effect of pH on the adsorption
behavior is illustrated in Fig. 1.

The adsorption capacity of Yb(III) was the highest
when pH was 5.50 in the HAc—NaAc medium and
decreased by either raising or lowering pH under the
experimental condition. The pH value affected the
surface charge of the adsorbent and the degree of
ionization of the adsorbate in aqueous solution. The
Yb(II) uptake can increase as the pH went up, and it can
be explained based on a decrease in competition between
protons (H' ion) and metal cations (Yb(III) ion) for the
same adsorption sites and by the decrease in the positive
surface charge on the resin resulting in a lower
electrostatic repulsion between the surface of resin and
Yb(III). Contrarily, the Yb(III) was prone to chemical

. . . Wet superficial True wet
R 9 . - . -
esin Functional group Structure Moisture/% density/(gmL ) density/(emL )
Macroporous weak acid resin —COOH Macroporous 45-50 0.70-0.80 1.10-1.20
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Fig. 1 Effect of pH on adsorption capacity of Yb(III) onto
SQD—85 resin (resin 15.0 mg, 7=298 K, C;, =0.233 mg/ mL)

precipitation at higher pH values [17]. Therefore, the
subsequent adsorption experiments were carried out at
pH 5.50 in HAc-NaAc system.

3.2 Effect of contact time

The influence of contact time on the adsorption of
Yb(II) onto SQD—85 resin was investigated at the
temperatures of 288, 298 and 308 K. Each series of
experiments were performed on 60.0 mL mixture
solution of buffer solution and Yb(III) solution and 30.0
mg of SQD-85 resin shaken in conical flask. At
predetermined intervals, aliquots of 0.3 mL solution was
taken out for analysis and the concentrations of Yb(III)
were determined. After the remains kept constant and
volume was corrected, a series of data were obtained as
shown in Fig. 2.
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Fig. 2 Effect of contact time and temperature on adsorption
capacity of YDb(III) onto SQD-85 resin (resin 30.0 mg,
Cy=0.233 mg/mL)

It was found that the adsorption capacity increased
with contact time. The loading half time ¢, was less than
2 h and the maximum adsorption was observed after 10 h,
beyond which there was almost no change in the

adsorption. Therefore, this interaction time could be very
well taken as the equilibrium time. Meanwhile, the
equilibrium adsorption capacity of Yb(III) onto SQD—85
resin was found to increase from 310.9 to 347.6 mg/g,
when temperature rose from 288 K to 308 K, indicating
that the adsorption of Yb(III) onto the adsorbent was
favored at higher temperature. This effect suggests
that the adsorption mechanism associated with Yb(III)
onto SQD—85 resin involves a temperature dependent
process.

3.3 Adsorption kinetics

Several kinetics models are needed to examine the
mechanism of adsorption process from a liquid phase on
the SQD—8S5 resin and to interpret the experimental data.
The Lagergren first-order model [18] can be expressed as

ky

1 -0)=1 - t 3
g0.-9)=1g9 3303 3)
The pseudo-second-order model [19] can be
expressed as
t 1 t
“4)

R + —_—
Qt k2Q22 Q2

where Q. and Q,are the amounts of Yb(III) adsorbed on
the adsorbent at equilibrium and at various time (mg/g),
respectively; OQ; and Q, are the calculated adsorption
capacity of the Lagergren first-order model and the
pseudo-second-order model (mg/g), respectively; k; and
k, are the rate constants of the Lagergren first-order
model (min') and the pseudo-second-order model
(g/(mg'min)), respectively. The fitting validity of these
models is traditionally checked by the linear plots of
1g(Q. — Q,) versus ¢, and #/Q; versus ¢, respectively.

The pseudo-second-order model assumes that the
rate limiting step may be chemisorption involving
valency forces through sharing or exchange of electron
between the sorbent and the sorbate. As shown in Table 2,
the correlation coefficient R,? for the pseudo-second-
order model is higher than the correlation coefficient R,
for the Lagergren first-order model. This means that the
pseudo-second-order model can  describe the
Yb(IIT)/SQD—85 resin adsorption system studied in our
work, and the rate controlling step of the adsorption
process is governed by chemisorption [20].

3.4 Adsorption isotherms

Adsorption isotherms describe how adsorbates
interact with adsorbents. Therefore, the correlation of
equilibrium data by either theoretical or empirical
equations is also essential to the practical design and
operation of adsorption systems. Adsorption isotherms
models were conducted as follows: four parts of
15.0 mg of SQD—85 resin and four parts of Yb(III)
solutions with the initial concentrations of 0.133, 0.167,
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Table 2 Lagergren first-order and pseudo-second-order kinetics parameters

Lagergren first-order model

Pseudo-second-order model

T/K Q/(mgg )

k1/10min”! R /(10 3g'mg "'min"") Ry
288 310.9 7.955 0.8048 2414 0.9986
298 322.7 7.038 0.9290 3.059 0.9988
308 347.6 9.069 0.8673 3.400 0.9995

0.200 and 0.233 mg/mL were shaken in flasks until
equilibrium at pH 5.5, 288—308 K and 100 r/min.
Adsorption isotherms of Yb(III) at different
temperatures are depicted in Fig. 3. With increasing
concentration of solution, adsorption capacity increased.
Several adsorption isotherms models were available and
the two important isotherms models (Langmuir,
Freundlich) were selected in this study. Langmuir
isotherms model is expressed as
L 5)
Qe OnkL On

where K is the Langmuir constant which can be

considered a measured adsorption energy and O, is the
maximum adsorption capacity corresponding to complete
monolayer coverage (mg/g). A plot of C/Q. versus
C. over the entire concentration range produces a
straight line, which is an indication of the applicability of
the Langmuir system under
consideration. Freundlich isotherms model is expressed
as

isotherms for the

1
g0, =—lgC, +IgKp (6)
n

where Ky is the Freundlich constant, and » is an
empirical constant related to the magnitude of the
adsorption driving force. The intercept and the slope of
the linear plot of 1gC, versus IgQ. at given experimental
conditions provide the values of K¢ and 1/n, respectively.
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Fig. 3 Effect of initial Yb(III) concentration on adsorption
capacity at different temperatures (resin 15.0 mg)

The Langmuir isotherms model assumes that
adsorption takes place at specific homogeneous sites
within the adsorbents and has been successfully applied
to many other real adsorption processes. The calculated
values of Langmuir constants (O, and Ky) are listed in
Table 3. Langmuir constant (Q,,) was 391.5 mg/g which
represented the maximum monolayer adsorption capacity
of SQD—85 resin for Yb(III) sorption at 308 K. The
increase of Q,, with the temperature rise signifies that the
process needed thermal energy (endothermic) and there
was a chemical interaction between adsorbent and
adsorbate [21]. The correlation coefficient RE >0.99
indicated the applicability of Langmuir isotherms model
for the adsorption data. However, the Freundlich
isotherms model describes equilibrium on heterogeneous
surfaces and hence does not assume monolayer capacity.
The values of Freundlich constants (# and Kf) are also
listed in Table 3. The values of n greater than 1 indicate
favorable adsorption conditions. In most cases, the
exponent 1<n<10 shows beneficial adsorption [22].

Table 3 Langmuir and Freundlich adsorption isotherms

parameters
K Langmuir Freundlich
On/(mgg) Ky R’ Kr n Ry
288 359.7 113.6 09912 5544 490 0.9196
298 373.0 120.2 09989 5939 4.75 0.9962
308 391.5 113.3 09933 681.1 4.21 0.9513

3.5 Adsorption thermodynamics

The effect of temperature on the adsorption of
Yb(IIT) onto SQD—85 resin was also studied in the range
of 288—308 K under optimum conditions. There are three
important thermodynamic parameters, i.e., changes in
enthalpy (AH), entropy (AS) and Gibb’s free energy (AG),
respectively. They were estimated using the following
relationships [23]:

lgp=——~ A5 ™
2303RT  2.303R
AG = AH —TAS (8)

where D is distribution coefficient; R is the gas constant;
and T is the absolute temperature. A linear plot was
obtained by plotting 1gD versus 1/T as shown in Fig. 4.
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The linear equation was y=—0.4939x+5.3672 and the
correlation coefficient was 0.998. The values of AH, AS
and AG were estimated using the relationships. The
calculation results are listed in Table 4.
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Fig. 4 Effect of temperature on distribution ratio (resin 15.0 mg,
Cy=0.233 mg/mL)

Table 4 Thermodynamic parameters for Yb(III) onto SQD—85
resin

AH/ AS/ AG/(kJ-mol ™)
(kImol™)  (FK'mol™) 288K 298K 308K
9.46 102.00 2936 3038  -31.40

The positive values of AS (102.00 J/(K-mol))
referred to the increased randomness at the solid—
solution interface. The positive values of AH (9.46
kJ/mol) indicated that the adsorption process was an
endothermic process, and significant changes may occur
in the internal structure of the adsorbent through the
adsorption. The negative value of AG confirmed the
feasibility of the process and spontaneous in nature of the
adsorption process [24].

3.6 Desorption

Efficient elution of adsorbed solute from resin is
essential to ensure the reuse of resin for repeated
adsorption-desorption  cycles. To determine the
desorption properties of SQD—85 for Yb(III), the elute
tests were designed. 15.0 mg SQD—-85 resin was added
into a mixed solution composed of pH 5.50 buffer
solution and desired amount of Yb(III) solution. After
equilibrium reached, the concentration of Yb(III) in the
aqueous phase was determined, and the adsorption
capacity of the SQD—85 resin for Yb(III) was obtained.
Then, the SQD—85 resin separated from aqueous phase
was washed three times with the buffer solution, and was
shaken with 30.0 mL HCl eluant of different
concentrations.  After  equilibrium reached, the
concentration of Yb(III) in aqueous phase was
determined and then the percentage of elution for Yb(III)

was obtained. Table 5 shows that the concentration of
HCI increases the percentage of elution for Yb(III). The
percentage can achieve 95.7%, so the Yb(III) adsorbed
on SQD—85 resin can be recovered efficiently.

Table S Elution test of Yb(III) from loaded SQD—85 resin
Concentration of  Elution amount/  Elution percentage/

HCl/(mol'L™") mg %
0.1 3.35 68.6
0.5 4.35 89.1
1.0 4.68 95.7
1.5 4.60 95.8
2.0 4.68 95.7

Considering the environmental pollution and
economic cost, the experimental results show that
1.0 mol/L HCl is the best.

3.7 Column experiments
3.7.1 Dynamic adsorption curve

The performance of packed bed is described
through the concept of the breakthrough curve. The
breakthrough curve shows the adsorption behaviour of
Yb(III) from solution in a packed bed and is usually
expressed in terms of adsorbed Yb(III) concentration
(C=Cy—C,) or normalized concentration defined as the
ratio of effluent Yb (III) concentration to the inlet Yb(III)
concentration (Co/Cp) as a function of time or volume of
effluent for a given bed height [25]. The area under the
breakthrough curve obtained by integrating the adsorbed
concentration (C,) versus the throughput volume (V)
plot can be used to find the total adsorbed Yb(III)
quantity (the maximum column adsorption capacity).
Total adsorbed Yb(III) quantity (Q) in the column for a
given feed concentration and flow rate can be calculated
from

0 :J'(;’Mdy 9)
m

The obtained adsorption capacity Q was 348.2 mg/g
according to Eq. (9). Successful design of a column
adsorption  process requires prediction of the
concentration versus time profile or breakthrough curve
for the effluent. The maximum sorption capacity is also
in design. Traditionally, the Thomas model is used to
fulfill the purpose. The model follows form:

C 1

[

Cy  1+exp[K;(Om—Cy)/0]

(10)

where Kt is the Thomas rate constant and 6 is the
volumetric flow rate. The linearized form of the Thomas
model is as follows:

n(Co_py_ Kim_KiCy
C o o

(5]

)] (11)
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The kinetics coefficient Kt and the adsorption
capacity Q of the column can be determined from a plot
of In[(Co/C,)—1] versus ¢ at a certain flow rate as shown
in Fig. 5. The outlet time ¢ is obtained from V7. The
Thomas equation coefficient for Yb(III) adsorption was
K1=2.10x10"* mL/(min‘mg) and theoretical Q was 359.3
mg/g. The theoretical predictions based on the model
parameters were compared with the observed data as
shown in Fig. 6. It was shown that the experimental data
were well fitted by the model of Thomas model with the
high R* value (0.9717) and the calculated O value was
very close to the experimental data. The successful
simulation of the experimental result demonstrates the
validity of applying Thomas model for the design and
simulation of column adsorption.

_5 1 1
0 20 40 60 80
t/h

Fig. § Linear plots of In[(Cy/C.)—1] versus ¢ by application of
Thomas model (resin 150.0 mg, C;=0.100 mg/mL, flow rate
0.200 mL/min)
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Fig. 6 Experimental and predicted breakthrough curves using
Thomas model for Yb(III) adsorption by SQD—85 resin (resin
150.0 mg, Cy=0.100 mg/mL, flow rate 0.200 mL/min)

3.7.2 Dynamic desorption curve

With respect to the dynamic desorption of Yb(III)
from SQD-85 resin, the 1.0 mol/L HCIl cluant was
employed. Desorption curve was plotted with the
effluent concentration (C.) versus elution volume (V)

from the column at a certain flow rate. As shown in
Fig.7, the total volume of eluent was 100 mL and the
desorption process took 8.3 h, after which further
desorption was negligible. The percentage of elution can
reach 97.3 %. The volume of elution was significantly
less than saturation volume, which was beneficial to the
easy handling and it can obtain a relatively high
concentration for economical recovery of Yb(III).

2.0
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Fig. 7 Dynamic desorption curve (flow rate 0.200 mL/min)

3.8 IR analysis

IR analysis is an important analytical tool for
determination of adsorption mechanism. The information
about structural changes caused by the SQD—85 resin
loading with Yb (III) was given by FTIR spectra (Fig. 8).
The spectrum of SQD—85 resin showed peaks at 3 439
cm ' assigned to stretching vibrations of hydroxyl groups;
2 931 cm' assigned to the stretching vibrations of
—CH,, —CHj groups; 1 712 cm ™' assigned to stretching
vibrations of C=0 in —COOH groups; 1 403cm'
assigned to bending vibrations of O—H; 1 552 cm ™' and
1 447 cm' assigned to antisymmetric stretching
vibration band and symmetric stretching vibration band
of —COO— groups, respectively. After the adsorption,
the characteristic peak of hydroxyl groups stretching
vibrations shifted to lower frequency (from 3 448 cm™' to
3 427 ecm’'), the peak at 1 710 cm ' decreased in
intensity, and 1 403 cm™' was blue-shifted at 1 409 cm .
These findings may suggest that the hydrogen and
oxygen atoms in the —OH and C=O groups were
involved in Yb(IIl) adsorption [26]. The adsorption
mechanism might be partly a result of the ion exchange
or complexation between the Yb(III) ions and carboxyl
groups of SQD—85 resin. Thus, the Yb(III)/SQD—85
resin reaction may be represented in two ways as shown
in Fig. 9 [27]. First, since the oxygen of the carboxyl has
a pair of electrons that can add themselves to a proton or
a metal ion to form a complex through a coordinated
covalent bond, it takes us to propose that the complexes
between metal ions (Yb(III)) and SQD—85 resin are
formed according to the mechanism illustrated in
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Fig. 9(a). Second, under acidic environment, the metal
adsorption capacity diminishes as the solution pH
decreases. This may be a result of the decrease of the
retention efficiency of the absorbent due to the
occupation of the active sites of the weak ion-exchanger
by protons. The proposed mechanism is illustrated in
Fig. 9(b). According to the FT-IR spectra, we can infer
that these two adsorption ways co-exist in the same
process under our experimental conditions.

4000 3000 2000 1000
Wavenmber/cm

Fig. 8 FTIR spectra of SQD—85 resin before and after being
loaded Yb (III)

0] (0]
Q%C/ tib O%Ci in
~N 0O- (6]
3 H 3
() (b)

Fig. 9 Schematic diagram of proposed Yb(IIl) adsorption
mechanism with SQD—-85 resin: (a) Complexation and ion
exchange; (b) Complexation

4 Conclusions

1) The adsorption of Yb(III) onto SQD—85 resin is
highly dependent on pH of the medium as well as contact
time and system temperature. The maximum adsorption
capacity is estimated to be 347.6 mg/g in pH 5.50
HAc—NaAc system at 308 K. And it is found that 1.0
mol/L HCl1 solution provides effectiveness of the
desorption of Yb(IIT) from SQD—8S5 resin.

2) The kinetics of adsorption of Yb(III) onto
SQD—85 resin were tested with models based on the
Lagergren first-order and pseudo-second-order. Close
conformity can be obtained with pseudo-second-order
mechanism.

3) The isotherms adsorption data are fitted better to
the Langmuir model than Freundlich model. This
suggests that the adsorption of Yb(III) onto SQD—85
resin is monolayer-type.

4) Thermodynamic parameters such as changes in
the enthalpy (AH), entropy (AS) and Gibb’s free energy
(AG) indicate that Yb(III) adsorption onto SQD—85 resin

is endothermic and spontaneous in nature.

5) Thomas model is reasonably accurate in
predicting experimental column results for this work.
Column experiments show that it is possible to removal
and recovery Yb(III) from aqueous medium dynamically.

6) The FT-IR spectra of SQD—85 resin before and
after the adsorption of Yb(III) show that hydrogen and
oxygen atoms in the —OH and C=O groups are
involved in Yb(III) adsorption.
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