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Abstract: To selectively separate La(Ill) and Ce(Ill) from aqueous solution, complexation—ultrafiltration and shear
induced dissociation coupling with ultrafiltration were adopted with rotating disk membrane (RDM) and complexing
agent polyacrylate sodium (PAAS). The effects of mass ratio of PAAS to rare earth ions (m(P)/m(RE)) and pH on rare
earth rejection were investigated, and the suitable conditions of m(P)/m(RE)=4.0 and pH 5.0—7.0 were obtained. The
critical shear rates of PAA-La and PAA-Ce complexes were 8.5x10* and 9.0x10*s™! at pH 5.0, respectively. Frontier
orbital theory was employed to obtain the energy gap value (AE) of the complexes. The results showed that PAA-Ce
complex was more stable, which was consistent with the results of the critical shear rate. The maximum selective
separation coefficient (frace) arrived at 49.3 and 16.6 under the rotating rate of 1500 r/min at pH 5.0 and 6.0,
respectively. Finally, the complexation property of regenerated PAAS was studied.
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1 Introduction

Rare earth elements, with the good name of
“industrial vitamins”, are widely used in military,
electronics, petrochemical, metallurgy and other
fields due to their excellent optical, electrical,
magnetic and other special properties. China’s rare
earth reserves occupy the first place in the world,
and their development and utilization have become
a research hotspot [1,2]. Solvent extraction is
currently used for the separation of rare earth
ions [3—5], but there also exist some disadvantages
such as low efficiency of one-stage extraction, high
consumption of acid and alkali in saponification
treatment, and loss of organic solvent. Therefore, it
is necessary to develop a novel separation method
with green and high efficiency for the long-term

sustainability of rare earth industry [6—10].
Complexation—ultrafiltration (C-UF) is a typical
membrane separation technology for the separation
of heavy metal ions from wastewater [11—13]. REN
et al [14] used palygorskite to treat heavy metals in
wastewater by complexation-ultrafiltration under
different pH wvalues and ionic strengths. The
rejections of Cu, Zn and Cd could reach over 86.8%,
93.6% and 93.7%, respectively. REZANIA et al [15]
synthesized PITA as a complexing agent and used it
in an ultrafiltration process to remove Pb(Il) in
synthetic water. However, there still exists low
efficiency in selective separation of metal ions
in complexation—ultrafiltration process, and it
consumes large amount of acid and alkali in the
subsequent dissociation of the polymer-metal
complex and the recovery of the metal ions [16,17].
The shear induced dissociation coupling with

Corresponding author: Yun-ren QIU, Tel: +86-13507479124, E-mail: csu_tian@csu.edu.cn

DOI: 10.1016/S1003-6326(23)66279-X

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



2536

ultrafiltration  (SID-UF) outstanding
advantages in the separation and recovery of heavy
metal ions from wastewater [18,19]. It achieves
high selective separation of metal ions according to
the difference of shear stabilities among different
polymer-metal [20]. Rotating disk
membrane (RDM) can produce adjustable shear
field and create a powerful shear force on the
membrane surface by the rotating disk. The strong
shear action makes it difficult for the pollutant to

deposit on the membrane

reveals

complexes

surface, and can
effectively reduce the concentration polarization
and the adsorption fouling [21,22]. SID-UF is
regarded as a promising separation technique
because of its high separation efficiency and
environmental friendliness.

In this work, La(Ill) and Ce(IIl) in aqueous
solution separated using polyacrylate
sodium (PAAS) as complexing agent by RDM
complexation—ultrafiltration technology. The effects
of rotating speed, pH and mass ratio of PAAS to
rare earth ions (m(P)/m(RE)) on La(Ill) and Ce(III)
rejections were studied in C-UF. Furthermore, the
shear stabilities of PAA-RE(La,Ce) complexes were
investigated, and the critical shear rates were
obtained. The selective separation of La(Ill) and
Ce(III) and the regeneration of PAAS were realized
by SID-UF.

WEre

2 Experimental

2.1 Materials and apparatus

Sodium polyacrylate (PAAS, with relative
molecular mass of 2.5x10°) was obtained from
Tianjin Guangfu Fine Chemical Research Institute,
China. The structural formula is shown in Fig. 1.
A hollow fiber ultrafiltration membrane with the

Rotating disk
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relative molecular mass of 2x10° was used to
remove small molecules in PAAS. A polyether
sulfone (PES) flat ultrafiltration membrane with a
relative molecular mass cut-off (MWCO) of 1x10*
was used for complexation and ultrafiltration
(Tianjin Aisheng Membrane Filtration Technology
Co., Ltd., China). La(Ill) and Ce(III) were derived
from lanthanum oxide and cerium sulfate
tetrahydrate, respectively. Appropriate additions of
sodium hydroxide (0.1 mol/L) and hydrochloric
acid (0.1 mol/L) were used to adjust the pH of the
solution. All experimental agents were analytically
grade and all solutions were prepared with
deionized water.

(0] ONa

Fig. 1 Structure of PAAS

The experimental device module is shown in
Fig. 2, wherein, a rotatable stainless steel disk with
four blades was embedded in the vertical cavity
shell. The feed port was set at the left 2/3 radius of
the cavity shell, and the reflux liquid port and
permeate port were located at the right center
and 1/3 radius of the cavity shell, respectively.
An electric motor was connected to one side of
the housing to drive the disk to rotate. The
polyethersulfone ultrafiltration membrane (outer
diameter of 17.6 cm, inner diameter of 1 cm, and
effective area of 0.0253 m?) was attached to the
stainless steel felt of the same size and fixed on the
inner wall of the right cavity shell in front of the
rotating disk. The rotating speed (N) of the rotating
disk can be adjusted from 0 to 3000 r/min.

(a) Pump Valve Membrane (b)
—Q o
mo | Electroic 231 Permene
| | |
M | l Retentate u

Thermostatic bath

Electronic scale

Fig. 2 Schematic diagram of shear enhanced ultrafiltration: (a) Operation diagram of shear enhanced ultrafiltration

system; (b) Rotating disk with four blades
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2.2 Ultrafiltration process

The feed was transferred from the feed tank
with thermostatic bath into the rotating disk
membrane module by a peristaltic pump, as shown
in Fig. 2. In all experiments, the concentration of
initial rare earth ions was 10 mg/L and feed flow
rate was 12 L/h. The rotating speed was set as
50 r/min in C-UF. The rotating speed was adjusted
and the permeate was collected for analysis after the
system ran stably in SID-UF. Equivalent ultrapure
water was added to the feed tank to maintain
constant when the permeate was
continuously removed throughout the experiment.
All tests were repeated at least three times.

volume

2.3 Calculation of critical shear rate and critical
radius

The shear rate on the membrane surface
increases with increasing rotating speed at the same
radius, and it increases with increasing radius at a
certain rotating speed. BOUZERAR et al [23]
solved the axisymmetric equation and obtained the
shear rate formula on the rotating disk. The
formulas are as follows:

yoy = 0.7V (ko) r (1)
Vi = 0.0296v "% (ko) * 1 )

where ymi and ym: represent the shear rates of the
rotating disk in laminar and turbulent flow regimes,
respectively; v represents the kinematic viscosity of
the solution; w is the angular velocity of the
rotating disk; » stands for radius; kis the speed
factor, which depends only on the geometry of the
device.

The critical shear rate (y.) is the smallest
one at which the polymer-metal complex begins to
dissociate. Different complexes have different
critical shear rates. According to Ref.[24], a
segmentation model has been established, as shown

in Fig. 3(a), where r; and 7, are the inner and outer
radii of the membrane, respectively. The membrane
surface is divided into a complexation zone and a
dissociation zone, as shown in Fig. 3(b). The
critical shear rate and critical radius could be
calculated according to the mass balance [21].

3 Results and discussion

3.1 Effect of m(P)/m(RE)

The effects of m(P)/m(RE) on the rejections (R)
of La(Ill) and Ce(IIl) in C-UF are shown in Fig. 4.
It is obvious that the rejections of La(Ill) and Ce(III)
increase with the addition of PAAS at the initial
stage. In Fig. 4(a), the rejection exceeds 99% at
m(P)/m(RE)=4.0 and gradually stabilizes at pH 5.0.
The rejections of rare earth ions increase constantly
as more RE ions can combine with PAAS with the
addition of PAAS. Almost all the rare earth ions
completely combine with PAAS when excessive
PAAS is added, and the rejection is near 100%.

It can be seen from Fig. 4(b) that both the
rejections of La(Ill) and Ce(Ill) increase with the
increase of m(P)/m(RE), but the rejection of La(III)
is a little smaller than that of Ce(Ill). The rejection
of Ce(Ill) is approximately 44% and La(Ill) is
about 40% at m(P)/m(RE)=0.8. Ce(Ill) is almost
completely complexed at m(P)/m(RE)=2.0, while
La(III) is done at m(P)/m(RE)=2.4.

3.2 Effect of pH

pH has an important
complexation in solution and the charge on the
membrane surface. Figure 5 shows the effect of pH
on the rejection at m(P)/m(RE)=4.0. As the pH rises,
the rejections of La(Ill) and Ce(Ill) are gradually
increased up to 99%. Due to very similar chemical
properties of rare earth elements, indicating that pH
plays a significant role in the separation of La(III)

influence on the

Complexation

Dissociation
zone

Fig. 3 Membrane surface segmentation diagram (a) and distribution form of RE on membrane surface (b)
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Fig. 4 Influence of m(P)/m(RE) on rejections of single RE ions (a) and mixed RE ions (b)
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Fig. 5 Influence of pH on PAA-RE rejection

and Ce(IIl). Massive hydrogen ions will combine
with PAA™ and reduce the complexation sites with
RE ions at low pH. With the increase of pH, more
rare earth ions will combine with PAA™ and form
PAA-RE complexes, and the rejection increases.
However, rare earth ions may form hydroxide
precipitate when pH is greater than 5.0 and deposit
on the membrane surface. Thus, pH 5.0 is chosen as
the suitable condition.

3.3 Effect of shear rate
3.3.1 Dissociation of PAA-RE complexes at
different m(P)/m(RE)

The PAA-RE complexes begin to dissociate
when the rotating disk reaches a certain rotating
speed, i.e. the critical rotating speed (Nc). After
dissociation, the free rare earth ions pass through

the membrane, resulting in the decrease of rejection.

Figure 6 shows the influence of m(P)/m(RE) and
rotating speed (V) on the shear stability of PAA-La
and PAA-Ce complexes at pH 5.0.

In Fig. 6(a), when N is below 1520 r/min, the
rejection of La(Ill) remains constant, but the
rejection decreases rapidly when the speed is
greater than 1520 r/min. Therefore, the N. of
PAA-La complex is 1520 r/min. Similarly, as seen
from Fig. 6(b), the N. of PAA-Ce complex is
1570 r/min. The critical shear rates of PAA-La and
PAA-Ce complexes were calculated as 8.5x10* and
9.1x10*s™! at pH 5.0, respectively. The N. of
PAA-RE complexes remains unchanged regardless
of m(P)/m(RE), showing that m(P)/m(RE) has no
effect on the stabilities of the complexes.

3.3.2 Dissociation of PAA-RE complexes at
different pH

It can be seen from Fig. 7 that the rejections of
La(Ill) and Ce(Ill) have the same change trend at
pH 7.0, 6.0, and 5.0. The critical rotating speeds of
PAA-La and PAA-Ce complexes are 1520 and
1570 r/min at pH 5.0, respectively, 1470 and
1530 r/min at pH 6.0, respectively, and 1300 and
1480 r/min at pH 7.0, respectively. At the same pH,
the N. of PAA-La complex is lower than that of
PAA-Ce complex.

The complexation of PAAS and rare earth ions
and dissociation of PAA-RE complexes are
reversible. pH affects the complexation of RE ions
with PAAS as well as the dissociation of PAA-RE
complexes. The increase of H' improves the
competitive combination with complexing agent
and enhances the dissociation of PAA-RE
complexes. However, high shear action generated
by the rotating disk at high speeds may cause the
dissociation of PAA-RE complexes. The greater the
rotating speed is, the larger the dissociation area on
the membrane surface is [24].



Dan-dan LU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2535-2542

100 -

T TITT (a)
80
c\\c 60 [
3
54
40
20+ —=—m(PAA)/m(La)=2
—eo—m(PAA)/m(La)=3
—a—m(PAA)/m(La)=4

1500
N/(remin")

0 500 1000

2000 2500 3000

2539

100 -

T TTT

(b)

. —a— m(PAA)/m(Ce)=2
—e— m(PAA)/m(Ce)=3
—a—m(PAA)/m(Ce)=4

F

2000 2500 3000

1000 1500
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Fig. 7 Influence of pH on PAA-RE shear stability: (a) PAA-La; (b) PAA-Ce

studies have proved that the
complexing agent can still maintain a complete
molecular chain even at high rotating speeds.
Therefore, the decrease of rejection is attributed to
the breaking of coordination bond of PAA-RE
complexes [20]. It can be seen from the above that
the PAA-Ce complex is more stable than PAA-La
complex in the shear field.
3.3.3 Separation coefficient of La(IIl) and Ce(III)
The separation coefficient of two RE ions
(La(Ill) and Ce(IIl)) is expressed as Prace as
follows [25]:

ﬂ o Cp, La Cf, Ce _I_RLa
a/Ce — -

he Cf, La Cp, Ce 1_RCe
where Cp, 1o and C;, c. represent the concentrations
of La(Ill) and Ce(IIl) ions in the permeate (mg/L),
respectively; Crra and Crce indicate the initial
concentrations of La(Ill) and Ce(Ill) ions in the

feed (mg/L), respectively.
It can be seen from Fig. 8 that the separation

Previous

3)

coefficient of La(Ill) and Ce(Ill) increases with
increasing the rotating speed. It gradually reaches
the maximum and then decreases to a smallest value
near 1.0. PAA-La complex begins to dissociate when
the shear rate reaches its y., leading to a decrease of
rejection. However, Ce(I1I) still exists in the solution

50r

40 -

301

ﬁLa/Cc

20+

101

1000 1500 2000 2500 3000
N/(rmin™")

Fig. 8 Separation coefficients of La(Ill) and Ce(Ill) at

different rotating speeds
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as PAA-Ce complex, so frace gradually increases.
When the shear rate reaches the y. of PAA-Ce
complex, the rejection of Ce(Ill) begins to decrease,
resulting in the reduction of pfrace. Therefore,
selective separation can be achieved by adjusting an
appropriate shear rate.

When the solution pH is 5.0 and 6.0, the
maximum separation coefficients of La(Ill) and
Ce(Ill) and the corresponding rotating speeds are
49.3, 16.6 and 1500, 1600 r/min, respectively. As
can be seen from Fig. 8, the separation coefficient
reaches its maximum at pH 5.0.

3.3.4 Regeneration of PAAS

PAA-La complexes begin to dissociate at
1520 t/min and pH 5.0, and the free La(III) ions can
permeate the membrane. After almost all the
PAA-La complexes have dissociated and little
La(III) ions are found in the permeate, the rotating
speed is adjusted up to 1570 r/min, PAA-Ce
complexes begins to dissociate, and the La(IIl) and
Ce(Ill) are separated. After almost all the PAA-Ce
complexes have dissociated and little Ce(III) ions
are found in the permeate, the PAAS is regenerated
in the retentate. The regenerated PAAS can be
reused. The results of the 15 times of regeneration
of PAAS are shown in Fig. 9. It is clearly seen that
the rejections of La(Ill) are about 98% by using
regenerated PAAS, which indicates that the
regenerated PAAS has almost the
complexation property as the original PAAS.

same

3.4 Stability of PAA-RE complex

In order to further verify the shear stability
of PAA-RE complexes, the combination of RE
with PAAS has been calculated using the DMol3
electronic structure code (Materials Studio 2019)
based on the density functional theory GGA/BLYP/

HOMO

PAA-Ce

PAA-La

100

951

RL/%
O
o

851

80

0 2 4 6 8 10 12 14 16
Regenarated times of PAAS

Fig. 9 Effect of regenerated PAAS on La(IIl) rejection

DNP. All atoms were selected to the all-electron
double numerical polarization group (DNP). The
complex was optimized with convergence accuracy
of 1.0x1075.

The energy gap (AE) of PAA-RE complex has
been calculated based on the energy of type and
frontier orbital theory (HOMO and LUMO).

AE=FEnomo—ErLumo 4)

where Enomo and Erumo are the highest occupied
molecular orbital energy and the lowest unoccupied
orbital energy, respectively.

The stable configuration and frontier orbital
theory distribution diagram of PAA-RE complexes
are shown in Fig. 10. The frontier orbital theory
energy of PAAS and rare earth ions complex is
shown in Table 1.

The energy gap AE reflects the ability of
electrons to transfer from an occupied orbit to an
empty orbit in a chemical reaction. Generally, the
higher the energy gap, the stronger the interaction
force between the complexing agent and RE ions,

Fig. 10 Stable configuration, HOMOs and LUMOs of PAA-RE
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Table 1 Frontier orbital energy of PAA-RE complexes

Complex Enomo/eV Erumo/eV AE/eV
PAA-Ce —8.5130 —6.1917 2.3213
PAA-La —8.0060 —5.7481 2.2579

and the more stable the structure [26,27]. From
Table 1, the energy gaps of PAA-Ce complex and
PAA-La complex are 2.3213 and 2.2579eV,
respectively. It can be seen that the stability order of
PAA-RE complexes from high to low is PAA-Ce >
PAA-La. This is consistent with the experimental
results.

4 Conclusions

(1) The effects of pH and m(P)/m(RE) on the
rejections of RE ions were investigated by
complexation—ultrafiltration, and the suitable
conditions were m(P)/m(RE)=4.0 and pH 5.0-7.0.

(2) Stabilities of PAA-RE complexes were
studied in the shear field at pH 5.0, and the critical
shear rates of PAA-La and PAA-Ce complexes were
8.5x10% and 9.0x10%s™!, respectively. This indicated
that the PAA-Ce complex was more stable than
PAA-La complex in the shear field, which was
confirmed by frontier orbital theory.

(3) The effects of operating parameters on the
selectivity separation coefficient (Brac.) were
studied. The maximum prac. arrived at 49.3 and
16.6 under the rotating rate 1500 r/min at pH 5.0
and 6.0, respectively. La(Ill) and Ce(II) could be
separated efficiently when the rotating speed was
adjusted between the critical shear rates of PAA-La
and PAA-Ce complexes.

(4) The regeneration of PAAS was achieved by
SID-UF and the regenerated PAAS showed almost
the same complexation property as the original one.
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