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Abstract— Rare earth elements are widely used in many technological
domains, including reactants, alloying elements, catalysts, batteries,
superconductors, etc., because of their unique electro-optical properties.
Recovery and separation of rare earth elements are particularly crucial
due to the steadily rising demand, as they can enhance scarce resources
and reduce radiation-related waste disposal harm. Reports about the
harmful effects of rare earth elements on microbes, plants, and animals
have become increasingly common in recent years. More dangerously,
residues from rare earth elements can build up in the human body through
ingestion or digestion in the food chain. Finding a practical and
affordable way to use rare earth elements or remove them from our
surroundings is therefore essential. To extract these elements, halloysite
is processed using a straightforward chemical procedure to produce rare
earth metal ion adsorbent materials. The Halloysite that has been
processed has a rod-shaped, one-dimensional nanomorphology.
Halloysite-kaolinite is the two-phase version of the adsorbent material.
The strong adsorption capacity of halloysite for Ce®* is demonstrated by
research findings. Halloysite adsorbs Ce®* using the monolayer physical
adsorption model and the pseudo-second-order adsorption Kkinetic
equation.

I.  INTRODUCTION

Due to their unique electro-optical properties, rare earth
elements are widely used in many technological fields, such
batteries,
increasing
demand makes rare earth element recovery and separation
especially important, which can improve limited resources
and minimize damage caused by waste disposal caused by
radiation. In recent years, there have been more and more
reports on the toxic effects of rare earth elements on
bacteria, plants, and animals. More seriously, when rare
earth elements are inhaled or digested in the food chain,

as reactants,
superconductors,

alloying elements,
etc [1-5].

catalysts,
Continuously
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residues can accumulate in the human body. Therefore, it is
necessary to find an effective and economical method to
exploit or remove rare earth elements from our living
environment [5].

As an abundantly available and low-cost natural clay
mineral, halloysite has the distinctive morphology of hollow
one-dimensional nanotubes, whose walls consist of unit
layers with one tetrahedral layer (SiO4) and one octahedral
layer (AlOg). The outer diameter of halloysite nanotubes is
about 50-150 nm, and their length is about 200-1000 nm.

High specific surface area, adsorption capacity,
physicochemical properties, availability, cost, and
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environmental advantages make natural halloysites
attractive for many applications [6-9]. Similarly, kaolinite is
a bifacial alumino silicate layered clay of the kaolin group
comprising octahedral AI(OH); and tetrahedral SiOa.
Kaolinite usually has a multilayer array structure with two
types of alternating surfaces: one side is SiOg macro ring,
and the other side is AI(OH)s. The negatively charged
kaolinite surface is balanced by cations that can be easily
exchanged with other cations [10].

In Vietnam, many areas have excellent mineral
potential, including halloysite minerals. Tubular halloysite
minerals commonly exist in weathered layers of pegmatite
bodies of the Tan Phuong complex. Thach Khoan area, Phu
Tho, is one of the areas where many pegmatite bodies are
distributed in this complex. According to published research
results on halloysite mineral characteristics in this area,
halloysite exists in two forms with fundamentally different
properties [11, 12]. Long halloysite has a more significant
tube length (from 750 to 1,250 nm) and is mainly distributed
in the lower weathering layer. Short halloysite has shorter
tube lengths (from 250 to 750 nm) spread primarily in the
upper weathered layer. The surface area of halloysites in the
upper layer sample was determined to be 15.7434 m2.g’%; in
the lower layer, it was 22.0211 m2.g’. The inner diameter
of halloysite tubes is mainly distributed at 4.3 nm, with
smaller diameters of 9.2, 10.7, and 13.5 nm. In addition, the
phase composition of the mineral sample shows the
simultaneous existence of halloysite, kaolinite, and quartz
phases. This study surveyed and evaluated the characteristic
properties and ability to recover the rare earth element Ce®*
in the water environment of halloysite minerals in the Thach
Khoan area, Phu Tho.

1. EXPERIMENTS
2.1. Materials and sample

The halloysite powder was taken after the screening process
from Lang Dong Kaolin mine, Thach Khoan, Phu Tho. The
samples were mixed well and separated using a wet sieve
method with a mesh size of 32 um. The sample under the
sieve was filtered and dried at 60°C. After drying, the
sample was tested and analyzed in the following steps.

2.2. Characterization

The material samples' infrared (IR) spectra were recorded
using an FT-IR spectrometer (Brucker, Germany) in the
400-4000 cm* range. Scanning electron microscopy (SEM;
Hitachi S-4600, Japan) was used to image the materials'
surface and morphologies. Powder X-ray diffraction (XRD)
patterns were measured using an X’Pert Pro diffractometer
(Jeol, Japan) with CuK, radiation (15 mA and 40 kV) at a
scan rate of 2°.min"! with a step size of 0.02°. The specific

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 10(11)-2023

surface area values of the halloysite were calculated by the
Brunauer Emmett Teller (BET) method and the Langmuir
method using the nitrogen adsorption isotherm.

2.3. Adsorption experiments

A series of experiments were conducted at room
temperature. The adsorption process was done by mixing an
amount of halloysite with 50 mL of Ce® solution at self-
generated pH (~ 6.5). At the reserved times, the remaining
Ce* solution was analyzed, and its residual concentration
at equilibration time t (min), (Ce, in mg.L™) was determined
by Inductively Coupled Plasma Mass Spectrometry
(ICP/MS).

C, (initial concentration of Ce®) and C. values were
used to estimate the amount of Ce® adsorbed on the
halloysite at each equilibrium, ge (mg.g™?), was determined
as the following equation [13]:

Co—Ce
e = m X Vees+ 1)

where mng is the halloysite mass (g), and Vces: is the
volume of the Ce®* solution (L).

Different equilibrium isotherms and adsorption kinetic
models were used to study the adsorption process. Excel
software employed the linear curve fitting method to fit
kinetic and isotherm models to the experimental data. To
assure the sureness of results, each investigation was
performed three times and averaged.

The Langmuir, Freundlich and Temkin models were
used in this study to describe the adsorption equilibrium:

()

Freundlich equation [13]: Ing, = InKp +j—11nce ?)

1
KL.Qm

Langmuir equation [13]: g_e =—C, +
e

1
qm

Temkin equation [14]: q, = BlnA + BInC, 4

where q. is the adsorption capacity at equilibrium
(mg.gY), gm is the maximum adsorption capacity of the
adsorbent (mg.g?), KL is Langmuir constant; C. is the
adsorbate concentration at equilibrium (mg/m?3). Ke and n
are model constants, K is related to the adsorption affinity
of the adsorbent, and n indicates the adsorption process’s
support. B = RT/b, b (J.mol?) is the Temkin constant,
related to the heat of adsorption, R (8.314 J.mol.K?) is the
gas constant, T (K) is the absolute temperature; A is the
Temkin thermal constant (L.g™2).

The adsorption kinetics of Ce®*" were explored based on
two models: pseudo-first-order and pseudo-second-order.
The kinetic rate constants were calculated, respectively
[13].

- The pseudo-first-order equation can be expressed as
follows:
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(g — qc) = NG — ky X —— (5)

2.303

where g: and gm are the adsorbed amounts (mg.g™?) at time t
(min), and at equilibrium, k; (min) is the corresponding
adsorption rate constant.

- The pseudo-second-order model, as shown below, has
been applied broadly for solute adsorption and catalysis
reactions in liquid conditions:
t 1 t
q_t T kpxq2 ;

(6)

where g and g are the adsorbed amounts (mg.g™?) at time t
(min), and at equilibrium, k; (g.mglmin?) is the
corresponding rate constant.

I1l. RESULT AND DISCUSSION
3.1. Characterization

XRD pattern of the halloysite sample in natural is presented
in Fig. 1. The results indicated that minerals of the kaolin
system coexisted in the material. The characteristic peaks of
halloysite - 7 angstroms at the angular positions 19.9°,
24.8°, 35.0°, and 38.4° correspond to the triclinic structure
Al;Si,05(0OH)s (PDF No. 00-29- 1487). The peaks at the
angular positions 26.6°, 54.8°, and 62.3° correspond to the
hexagonal structure Al;Si,Os(OH)4.2H,0 (PDF No. 00-29-
1489) representing halloysite - 10 angstrom. In addition, the
diffraction peaks at angles 12.3° 22.8° and 45.5° are
assigned to the monoclinic structure
Nao3Al:SisO15(0OH)6.4H,0  of  kaolinite (PDF-00-029-
1490).

1004 H - halloysite
K - kaolinite

80+

60

Intensity (a.u)

40

20

2 theta (degree)

Fig. 1: The XRD patterns of the halloysite

Figure 2 shows the halloysite sample’s FT-IR spectra
and presents the kaolin minerals’ existence. The absorption
bands at 3695 and 3621 cm™ in the FTIR spectra are
assigned to the stretching vibration due to the inner surface
of the O-H groups. The absorption at 1635 cm™ is given to
the interlayer water [15]. The Si-O stretching region
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comprises an absorption band at 1037 cm™*. The band at 914
cmt is given to the bending vibration of Al-OH. The band
observed at 752 cm™ of the sample is set to the stretching
mode of Al-O-OH. The low stretching band Si-O defined at
694 cm confirms the halloysite in the sample. The band at
539 cm is due to the vibration of Al-O-Si [16].
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Fig. 2: The FTIR spectroscopy of the halloysite
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Fig. 3: The SEM (a, b) and TEM (c) images of the halloysite

The SEM images of the samples with the size fraction <
2 pm are shown in Fig. 3a,b. The rod-shaped minerals were
interwoven and overlapped each other as matrices. From
these images, it can be seen that there may be two types of
halloysite available in the samples: short halloysites and
long halloysites of the weathered pegmatite profile. The
TEM in Fig. 3c also displays the 1D nano morphology of
the material.
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Fig. 4: The EDS spectroscopy of the halloysite

The EDS spectra (Fig. 4) shows the main elements of
Al, Si, and O relative to the halloysite chemical formula
(Al3Si205(0H)4.2H,0).
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Fig. 5: The BET isotherm plot of the halloysite
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The porous property of halloysite was identified by
measurement of surface area (BET), which was investigated
using N adsorption-desorption isotherms. Nitrogen
adsorption isotherms show type | curves, which reveal the
microporous nature. The BET surface area of the halloysite
in Fig. 5 was 30.93 m2g® With this characteristic,
halloysite can adsorb various objects, such as gases [17],
toxic organic compounds [18], or heavy metal ions in water
[19]. This study tested the halloysite for the adsorption of
the ion Ce** in an aqueous medium.

3.2. Adsorption study

The ability to adsorb Ce®* in halloysite was investigated
under the following conditions: the mass of halloysite
powder used was 0.5 g/50 mL of Ce® solution with a
concentration of 40 mg.L* and a pH of 6.5 (initial pH),
25°C. The survey results are shown in Fig. 6. The results
show that halloysite has a good adsorption capacity for
Ce*. The adsorption efficiency gradually increases and is
almost stable after 60 minutes. After an adsorption time of
60 minutes, the adsorption capacity reaches 2.46 mg.g™* and
remaines practically tough as the adsorption time continues
to increase.

2.8
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> /
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time (min)

Fig. 6: The Ce®* adsorption capacity of the halloysite

Based on the results of research on the effect of
adsorption time on Ce® adsorption capacity, graphs of
pseudo-first-order and pseudo-second-order adsorption
Kinetic equations can be built, the results are shown in Fig.
7. The results of calculating the value of the adsorption rate
constant (k) and the adsorption capacity at equilibrium (ge)
based on the graph obtained in Figure 7 are introduced in
Table 1. The pseudo-first-order adsorption kinetics (1.923
mg.g™h) differs more from the g. value determined from
experiment (2.48 mg.g*) than the ge value calculated by the
second-order pseudo-adsorption kinetics equation (2.673
mg.g?), at the same time, the regression coefficient of the
pseudo-second-order Kinetic equation reaches R? = 0.9985
~ | while the regression coefficient of the pseudo-first-order
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kinetic equation (0.9359) is far from 1. This result proves
that the adsorption process of Ce®" by halloysite follows the
pseudo-second-order adsorption kinetic equation. The
determined adsorption rate constant is 0.0525 g.mg*.min.

07 y = -0.06125x + 0.65395
R2 = 0.93591
14
-~ 27
o
Iﬂ)
g 31
=
-4
54
(@)
-6 T T T T T
0 20 40 60 80 100
time (min)
45
404 y=0.37417x + 2.66605
R? = 0.99852
35
r"m 30
€
(o2}
E 25
€
= 204
o
=
15
10
5 (b)

T
0 20 40 60 80 100
t (min)

Fig. 7: The pseudo-first-order and pseudo-second-order
kinetic curves for Ce3*

Table.1: Isotherm constants and correlation coefficients
for the adsorption of Ce3* on halloysite

Pseudo-first-order Pseudo-second-order | qe

Qe K, Qe ko exp
(mg. ] R? (mg. | (g.mg R? (mg.
gh (min”) g") | min) gh)

1.923| 0.06125 | 0.9359 (2.673| 0.0525 | 0.9985 |2.48

The pH of the solution is an important factor that affects
the adsorption of metal ions in aqueous media. pH not only
affects the existence of ionic species in solution but also
affects the surface state of the adsorbent [18]. The effect of
pH on the Ce®* adsorption capacity of halloysite was
investigated in the range from 3.5 + 7.2. The investigated
pH range veries around the pHpzc value (zero charge point)
of halloysite (pHpzc = 5.99) [19], while ensuring that there
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is no formation of hydroxide precipitate of Ce3*, thus
accurately determine the adsorption efficiency of halloysite
to Ce(lll) [20]. Investigation experiments were conducted
with 0.5 g halloysite/50 mL of Ce®* solution 40 mg.L™, 60
minute adsorption time. The results (Table 2) show that, in
the investigated pH range, when pH increases, the
adsorption efficiency and capacity increase. This result is
explained by the fact that in an acidic environment,
halloysite is protonated, then the surface of the particle will
be positively charged, leading to a reduction in the number
of adsorption centers of halloysite. In addition, the
competitive adsorption between H* ions and Ce®* ions will
reduce the ability to adsorb Ce®* ions [10]. As pH increases,
the positive charge density of the surface gradually
decreases, the Ce(lll) adsorption capacity will gradually
increase. pH > pHpzc will be favorable for Ce(lll)
adsorption. Althought at pH = 6.5 (initial pH), the
adsorption efficiency and capacity (61.53% and 2.46 mg/g,
respectively) are lower than the values at pH 7.2, but to
facilitate the treatment of large quantities without having to
adjust pH, pH = 6.5 was chosen for the Ce3* adsorption
process in subsequent studies.

Table.2: The effect of pH on the Ce3* adsorption capacity

of halloysite
pH | Cion, mg.L? | H,% g, mg.g*
3.5 27.80 30.51 1.22
4.5 21.45 46.38 1.86
55 16.81 57.97 2.32
6.5 15.39 61.53 2.46
6.9 10.41 73.97 2.96
7.2 6.50 83.75 3.35

The effect of halloysite mass on the ability to adsorb
Ce® was studied in the range of 0.3-1.2 g halloysite/50 mL
of solution Ce®* 40 mg.L™* at pH 6.5, 25°C. As the amount
of solid adsorbent in the solution increases, the adsorption
efficiency increases due to the increase of contact area
between the adsorbent and the solution, so there are more
active centers for adsorption [18]. According to the results
in Table 3, the adsorption efficiency increases greatly from
45.4% to 71.3% as the halloysite mass increases from 0.3 g
to 0.8 g, then increases slightly and stabilizes as the amount
of adsorbent increases to 1.0 g. However, the adsorption
efficiency remains almost unchanged while the adsorption
capacity gradually decreases as the mass of the material
keeps increasing, because the adsorption reaches an
equilibrium state. The ratio of 0.8 g halloysite/50 mL of
solution Ce%* 40 mg.L* giving relatively high adsorption
efficiency and capacity is suitable for further research.
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Table.3: The effect of halloysite mass on the Ce3*
adsorption capacity

Mha, § | Cion, mg.L? | H,% g, mg.g*
0.3 23.99 40.02 2.67
0.5 15.39 61.53 2.46
0.7 11.83 70.43 2.01
0.8 8.41 78.97 1.97
0.9 7.02 82.45 1.83
1.0 6.42 83.96 1.68
11 5.46 86.36 157
1.2 4.87 87.83 1.46

The initial Ce®* ion concentration has a significant
influence on the adsorption capacity and efficiency. In the
initial Ce3* concentration range investigated (10 mg.L"*-80
mg.L™) under the conditions: halloysite mass 0.8 g/50 mL
Ce® solution, pH = 6.5 and room temperature, as the Ce®*
concentration increases, the adsorption capacity gradually
increases while the adsorption efficiency decreases (Fig. 8).
When the initial Ce%* ion concentration is low, the contact
area between the Ce®* solution and the halloysite solid phase
is large, and the ability to adsorb Ce®** ions onto the
halloysite is favorable. However, when the solution
concentration increases, the amount of Ce3* ions increases,
but the adsorption capacity of halloysite is saturated and
does not increase anymore, so the adsorption efficiency will
decrease [10]. At a Ce** concentration of 30 mg.L?, the
adsorption capacity and efficiency reached 1.62 mg.g* and
86.64%, respectively. This result shows the high adsorption
efficiency of halloysite to Ce®* comparable to Cd(ll) -
86.31% [19], As(lIl) - 82.4% [10].

25 ——y -=- q(mg.g?) I 100

-v- H (%) ] |
\ ./-/ 90

2.04 . — L
/ 80

1.5 \ I
70

/ v |

g (mg.g?)
H (%)

1.0 1 - 60

0.5 4

v v\\v 50

T T T T T T T T 40
0 10 20 30 40 50 60 70 80 90

Initial conc. of Ce® ions (mg.L™?)

Fig. 8: The effect of initial Ce3* ion concentration on the
adsorption capacity
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Fig. 9: The adsorption isotherms of Ce®* on halloysite

Table.4: The adsorption isotherms parameters of Ce3* on

halloysite

dm (Mg.g?) 2.313

Langmuir K (L.mg?) 0.753
R? 0.98255

Kg (mgtin.gL.LYm) 1.276

Freundlich n 6.082
R? 0.90330

e A(Lg) 0.2456
B 4.29233
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b (.mol) 577.209
R2 0.94696

Based on the experimental results of the effect of initial
Ce® ion concentration on the halloysite’s adsorption
capacity of Ce®*, the linear regression lines between Ce/qe
and C. (Langmuir model, Fig. 9a), between InC. and Inge
(Freundlich model, Fig. 9b) and between InC. and g
(Temkin model, Fig. 9¢) are build. The parameter values of
the isothermal equations and other related parameters can
be calculated from the slope and intercept values of the
vertical axis according to equations (2)-(4), respectively.
The results are presented in Table 4.

The results in Fig. 9 and Table 4 show that the Langmuir
model is the most suitable among the three models when
comparing the reliability coefficient R? (the reliability
coefficient R? of the Langmuir isotherm model is 0.98255,
the highest of the three models and close to unity)
demonstrating the monolayer physical adsorption. This
result is also consistent with studies on the adsorption of
halloysite to some other metal ions [21].

IV.  CONCLUSION

Halloysite is pretreated with a simple chemical process to
create rare earth metal ion adsorbent materials, aiming to
recover these elements. The morphology of the pretreated
halloysite is rod-shaped and one-dimensional in nano
dimensions. The adsorbent material exists in the two-phase
form of halloysite-kaolinite. Research results show the high
adsorption capacity of halloysite for Ce®*. The Ce%*
adsorption process by halloysite follows the pseudo-second-
order adsorption Kkinetic equation and the monolayer
physical adsorption model.
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