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In the present article, the adsorbent prepared from laterite with lanthanum and cerium oxides (La2O3-CeO2/laterite (LCL)) was
efficiently employed for the removal of arsenite and fluoride from an aqueous environment. The obtained materials were
characterized by XRD, SEM, and nitrogen adsorption/desorption. The synthesized LCL exhibited a high adsorption capacity
towards arsenite (As(III)) and fluoride. The adsorption of both analytes on LCL, which was well-fitted to a pseudo-second-order
equation, was found to be kinetically fast in the first 20 minutes and reached equilibrium at around 180 minutes. Weber’s
intraparticle diffusion model in multilinearity using the piecewise linear regression combined with Akaike’s criteria was
addressed. The adsorption capacities of LCL calculated from Langmuir’s isotherm model were found to be 67.08mg·g-1 for
arsenite and 58.02mg·g-1 for fluoride. Thermodynamic parameters presented an endothermic nature of arsenite adsorption but
an exothermic nature for fluoride and a negative Gibbs free energy for the spontaneous process of arsenite or fluoride
adsorption at the studied temperature range. The excellent adsorption performance and stability make the composite of laterite
and La-Ce binary oxides an alternative efficient and cheap adsorbent for the removal of arsenite and fluoride in an aqueous solution.

1. Introduction

Arsenic or fluoride-contaminated water is an environmental
problem which can lead to severe human health implications
and ecological concern [1, 2]. These elements are increasingly
introduced to water sources by natural processes or human
activities [3, 4]. Inorganic species of arsenic in both forms
of arsenate (As(V)) and arsenite (As(III)) prevail in ground-
water. However, its valence states depend on the redox envi-

ronment in aqueous sources and may change from region to
region, in which arsenite is considered more mobile and
acutely toxic than arsenate [5]. The acceptable concentration
is 10μg·L-1 for total arsenic in drinking water [6, 7]. Excess
arsenic in drinking water can cause some health problems
such as neurological complications, skin lesions, kidney can-
cers, and the retardation of mental development of children
[8]. Meanwhile, fluorine is abundant in the natural environ-
ment which is released from the fluoride-containing minerals
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and wastewater discharge from industrial processes using
fluorine compounds [9]. It can be introduced into the human
body via food and water consumption [10]. It is advised that
the fluoride concentration in the range 0.5–1.5mg·L-1 is
acceptable in drinking water [11]. A higher concentration
will have negative effects on the metabolism of several ele-
ments such as P and Ca in the human body and can cause
dental fluorosis or molting of teeth [12]. Fluoride concentra-
tion, however, has been found to exceed the permissible
values in groundwater in many regions in the world, espe-
cially in developing countries.

Some studies have reported that arsenic or fluoride
elimination can be achieved by various methods such as oxi-
dation/precipitation [13, 14], electrocoagulation [15], reverse
osmosis and nanofiltration [16, 17], ion-exchange resin [18],
polymer ligand exchange [19], coagulation and microfiltra-
tion [20], dialysis [21], ion-exchange processes [18], and
adsorption processes [22]. Each method has its own advan-
tages; however, the adsorption process is still considered
one of the most employed techniques due to its low cost
and simple operation without the use of large amounts of
chemicals or the discharge of contaminated coagulant sludge
as found in other methods. Therefore, the search for new and
economical adsorbents with high adsorption capacity and
affinity for contaminated elements that can be effectively
employed under relevant environmental conditions has
recently attracted extensive attention from scientists. Natural
iron-contained minerals such as diatomite, laterite, kaolinite,
montmorillonite, and illite are highly effective and widely
used to remove arsenic [23, 24]. Among them, the laterites
are promising alternative adsorbents in removing hazardous
anions because of their high surface area and abundant num-
ber of adsorptive sites. Laterites are found from the weather-
ing of parent rocks in tropical climate regions with their
chemical composition varying according to the nature of par-
ent rocks. Laterites are predominantly composed of quartz,
aluminum hydroxide, kaolinite mineral, goethite, and hema-
tite [23] and are abundantly available in several regions in the
central and northern areas of Vietnam. Recently, synthesized
nanosized adsorbents including La2O3, Fe3O4, CeO2, CuO,
MnO2, and TiO2, which exhibited a potential ability to
remove arsenic or fluoride from an aqueous environment,
have been extensively studied [25–27]. Their improved
adsorption could be attributed to their controllable surface
properties, being suitable for arsenite and fluoride removal.
Cerium and lanthanum oxides or their binary oxides have
been studied for application in areas such as catalysts [28,
29], electrochemistry [30], and disease therapy [31] due to
their specific physical and chemical properties. For environ-
mental applications, cerium and lanthanum oxides have
demonstrated a high adsorption capacity for hazardous
chemical substances, such as arsenate [32], phosphate [33],
and dyes [34]. Embedding such nanoparticles on laterite is
expected to produce a promising adsorbent with low cost,
yet great adsorption capacity for environmental remediation
applications.

In the present work, the composite of low-cost natural
laterite and La-Ce bimetal oxides (LCL) is explored as a
potential fluoride and arsenic adsorbent. Both equilibrium

and kinetic studies are conducted to evaluate the adsorption
effectiveness of LCL to remove arsenite and fluoride from
water. The Langmuir and Freundlich isotherms were
addressed, and the thermodynamic calculations were also
performed to have more insight into the process.

2. Experiments

2.1. Materials. Laterite for this study was collected from the
northern area of Vietnam. It was ground and washed several
times by distilled water. After being dried, solids were
screened and stored in a desiccator for further use. The oxide
composition analyzed by the X-ray fluorescence method
(XRF) is listed in Table 1.

Gelatin (Mw = 834), lanthanum nitrate hexahydrate
(La(NO3)3·6H2O, 99%), and cerium nitrate hexahydrate
(Ce(NO3)3·6H2O, 99%) were obtained fromMerck (Germany).
Other reagents were of analytical grade.

Arsenite and fluoride stock solution (1000mg·L-1) was
prepared by dissolving sodium-meta-arsenite (NaAsO2,
Merck, Germany) and sodium fluoride (NaF Merck, Ger-
many) in distilled water. The working solution was freshly
prepared from stock solution (1000mg·L-1) to the desired
concentration. The acid (0.01M HNO3) and base solutions
(0.01M NaOH) were employed for pH adjustments.

2.2. Synthesis of La2O3, CeO2, and La2O3-CeO2/Laterites
(LCL). To synthesize La2O3 and CeO2, gelatin (50 grams)
was firstly dissolved in distilled water at 80°C before adding
La(NO3)3 or Ce(NO3)4 at a La(NO3)3/gelatin or Ce(NO3)4/-
gelatin molar ratio of 1/1. The mixture was stirred properly to
form a gel. The obtained gel was dried at 110°C in 12 hours
and calcinated at 550°C for 4 hours to generate the corre-
sponding oxide. An LCL sample was synthesized in a similar
manner, with the molar ratio of La(NO3)3/Ce(NO3)4/gelatin
being 1/1/1. The pH of the mixture was adjusted to 7. Laterite
was added at an oxide/laterite mass ratio of 10/90 just after
gel formation. This mixture was then continuously stirred
to allow an even dispersion of the gel over the laterite. Then,
the laterite gel was dried at 110°C in 12 hours and finally
calcined at 550°C for 2 hours to obtain LCL.

2.3. Apparatus. X-ray diffraction (XRD) was measured on a
Bruker D8 ADVANCE with CuKα, λ = 0:15406 nm. The X-
ray fluorescence spectrometer (XRF) used was a ZSX Primus
IV (Rigaku, Japan). Thermal analysis (TG-DTA) was recorded

Table 1: Chemical composition of used laterite.

Oxides %

Al2O3 40.69

SiO2 14.38

Fe2O3 32.14

CaO 0.14

MgO 0.18

S 1.94

K2O 0.33
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in an ambient atmosphere from room temperature to 850°C
using a Setaram thermal analyzer (France). Energy-dispersive
X-ray elemental mapping was performed on a Bruker D8
ADVANCE (Germany). The nitrogen adsorption/desorption
isotherms were characterized by the Quantachrome Autosorb-
iQ Station 1 (USA). The arsenic element was measured by
atomic absorption spectroscopy (AAS) using a PerkinElmer
Analyst 200 with an acetylene flame (F-AAS) at a wavelength
of 193.7nm. The fluoride concentration was measured with
the spectrophotometric method using a vanadate-molybdate
reagent according to Vietnam’s standard (TCVN 6202:2008).

2.4. Adsorption Study

2.4.1. Kinetics, Thermodynamics, and Equilibrium Study of
Adsorption Process

(1) Adsorption Kinetics. The adsorption capacity (qt) and
equilibrium adsorption capacity (qe, mg·g–1) were calculated
as equation (1) and equation (2), respectively:

qt =V
Co − Ct

m
,  ð1Þ

qe =V
Co − Ce

m
, ð2Þ

where V is the solution volume (L); m is the weight of the
adsorbent (g); Co, Ct, and Ce (mg·L-1) are the concentrations
of the adsorbate at the initial, certain, and equilibrium times.

The kinetics data were analyzed using the pseudo-first-
order kinetic and pseudo-second-order kinetic models. The
pseudo-first-order kinetic and the pseudo-second-order
kinetic equations in the nonlinear form [35, 36] are written
as equation (3) and equation (4), respectively:

qt = qe · 1 − e−k1·t
� �

, ð3Þ

qt = qe
qe · k2 · t

1 + qe · k2 · t
, ð4Þ

where k1 (min-1) and k2 (g·mg-1·min-1) are the rate constants
for the pseudo-first-order kinetic and the pseudo-second-
order kinetic models, respectively.

The values of k1, k2, and qe were obtained by the nonlin-
ear regression method with the Solver function in Microsoft
Excel.

For the study of kinetics diffusion, the intraparticle diffu-
sion model proposed by Weber and Morris [37] is used
(equation (5))

qt = ki · t1/2 + xi, ð5Þ

where ki (mg·g-1·min-0.5) is the intraparticle diffusion rate
constant, xi (mg·g-1) is a constant related to the thickness of
the boundary layer. The values of ki and xi were obtained
from the slope of the linear plot of qt versus t

1/2 . If intrapar-
ticle diffusion is the rate limiting step, then a linear plot of qt

vs. t0:5 will give an intercept equal to zero. Otherwise, the
intraparticle diffusion is not the only rate-limiting step. The
plot of Weber’s model often consists of multilinearity in
nature. A statistical approach of the piecewise linear regres-
sion combined with Akaike’s criteria proposed by Malash
and El-Khaiary [38] for the analysis of kinetics data was
described in S1.

(2) Thermodynamics Adsorption. Thermodynamic studies
were performed in batch condition. LCL (2.5 g) was added
to 500mL of the arsenite solutions (5 and 10mg·L–1) and
fluoride solutions (5 and 10mg·L–1) in a 1-litre beaker
attached with a mechanical stirrer at room temperature. Four
mL of the solution was withdrawn at different times. The
concentration of arsenite or fluoride in the supernatant was
determined by the corresponding analysis method.

The temperature effect on arsenite or fluoride adsorp-
tion was investigated using 0.5 g of LCL in a 100mL flask
containing arsenite solution (10mg·L–1) or fluoride solution
(10mg·L–1). The flasks were magnetically stirred for 6 hours
at a fixed temperature to obtain the adsorption/desorption
equilibrium. The equilibrium concentration of arsenite or
fluoride in the supernatant was measured. The distribution
coefficient Kd is described as follows [39]:

Kd =
Co − Ce

Ce
: ð6Þ

The change of standard Gibbs free energy of adsorption
(ΔG°) is expressed by

ΔG° = ΔH° – T · ΔS°, ð7Þ

whereΔG°, ΔH°, and ΔS° are the change of standard Gibbs
free energy, enthalpy, and entropy.

The relationship betweenKdandΔH
°andΔS°can be dem-

onstrated as follows:

LnKd = −
ΔH°

R · T + ΔS°

R
, ð8Þ
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Figure 1: TG-DSC of as-synthesized La2O3/CeO2/laterite.
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The linear plot of ln ðKdÞ vs. 1/T provides the values of
ΔH° and ΔS°.

(3) Equilibrium Study. The equilibrium study was performed
at ambient temperature. Briefly, 0.5 g of adsorbent (LL, CL,
and LCL) was introduced into eleven 200mL flasks filled with
100mL of different arsenite or fluoride concentrations (i.e., 1,
5, 10, 20, 30, 40, 50, 100, 120, 150, and 200mg·L–1). The flasks
were stirred by a shaker for 12 hours at room temperature.
Afterwards, the liquid was obtained by centrifugation.

Two isotherm models of Freundlich and Langmuir were
employed to analyze the equilibrium data. The Freundlich
isotherm model is described as follows [40]:

qe = KF · C1/n
e , ð9Þ
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Figure 2: XRD patterns of (a) La2O3, (b) CeO2, (c) laterite, and (d) LCL.
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Figure 3: SEM observations of (a) La2O3, (b) CeO2, (c) laterite, and (d) LCL.
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where KF is the Freundlich constant, n is the empirical
parameter.

The Langmuir isothermmodel is expressed as follows [41]:

qe =
KL · qm · Ce
1 + KL · Ce

, ð10Þ

where qm is the maximum monolayer capacity amount
(mg·g–1), KL is the Langmuir equilibrium constant (L·mg–1).
The model parameters were determined using nonlinear
regression.

2.4.2. Desorption of Adsorbents. The saturated NaCl solution
was used to recover LCL nanoparticles. A saturated NaCl
solution was allowed to run through a column containing
the used LCL nanoparticles several times to completely elim-
inate the adsorbates (fluoride or arsenite). The recovered
LCL nanoparticles were separated from the column and
cleaned in both acid and base solutions and subsequently
dried at 110°C for 12 hours before reuse.

3. Results and Discussion

3.1. Synthesis of La2O3-CeO2/Laterite (LCL). The thermal
behavior of LCL is presented in Figure 1. As can be seen from
Figure, three distinct weight losses according to three
exothermic process peaks at 192°C, 281°C, and 476°C are
observed. The two first losses of around 15% are probably
attributed to the evaporation of moisture and gelatin with
low molecular masses. Nevertheless, major weight losses of
about 10% are observed in the range of 400°C-500°C, which
corresponds to the decomposition of the main chain of gela-
tin. Therefore, the temperature of at least 500°C is required to
completely remove the gelatin.

The structural phases of the obtained samples were stud-
ied by XRD measurement (Figure 2). Figures 2(a) and 2(b)
present the characteristic diffractions of lanthanum oxide
and cerium oxide according to JCPDS No. 01-072-6356 and
JCPDS No. 01-080-6915, respectively. The major constitu-
ents of laterite are quartz (JCPDS No. 00-003-0444) and iron
oxide (JCPDS No. 01-084-0308). As expected, the LCL
pattern exhibited crystallization with characteristic diffrac-
tion peaks of lanthanum oxide, cerium oxide, iron oxide
hematite (JCPDS No. 01-071-5088), and quartz indicating
the formation of the laterite/lanthanum oxide/cerium oxide
composite.

The morphology of the obtained samples was performed
by SEM observation (Figure 3). Both La2O3 and CeO2 mate-
rials exhibit large agglomerates of fine particles of around 50–
200nm. It is clear that laterite exhibits a highly porous struc-
ture with a heterogeneous texture. The LCL composite pre-
sents the embroiling of fine oxide particles in the laterite
matrix.

The specific surface areas of the obtained materials were
calculated by the Brunauer–Emmett–Teller (BET) model
using adsorption data with relative pressure in the range of
0.05–0.35 (Figure 4). It was found that the specific surface
areas of lanthanum oxide, cerium oxide, laterite, and LCL
are 47.3, 48.3, 4.0, and 14.4m2·g-1, respectively. Laterite

exhibits a significantly low surface area, but the combination
of laterite with lanthanum and cerium oxides greatly
enhances the specific surface area which can lead to an
improvement in its adsorption capacity.

The element composition of the LCL sample was ana-
lyzed by EDX spectroscopy. The main elements include Al,
Si, Fe, La, and Ce in laterite and added oxides. It is notable
that the La/Ce molar ratio in the product was close to the ini-
tial mixture. The distribution of elements in the obtained
composite was studied by EDX mapping (Figure 5) showing
that elements of Ce and La were highly dispersed in the later-
ite matrix. Some other elements (S, Mi, K, Ca, Ti, and C) of

2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

pH

q
e (

m
g·

g–
1 )

Arsenite
Fluorite

Figure 6: The variation of arsenite and fluoride adsorption
capacities of LCL with pH (mLCL: 0.5 g; V : 100mL; initial conc. is
1mg·L–1 for arsenite and 2mg·L–1 for fluorite; contact time: 120
min; temperature: 25°C).
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around 5.8 atomic % as impurities in laterites were found in
EDX mapping (data not shown).

3.2. Arsenite and Fluoride Adsorption on
La2O3/CeO2/Laterite Composite (LCL)

3.2.1. Effect of pH. The effect of pH on the adsorption of arse-
nite or fluoride over LCL was investigated in the pH range of

2–9.2 (Figure 6). No significant change in arsenite adsorption
capacity was observed in the pH range of 2 to 9.2. This is con-
sistent with the existence of the solely neutral molecule
H3AsO3 in aqueous media at pH < 9:2 [42]. Hence, the elec-
trostatic interaction could play a negligible role in the arse-
nite removal due to uncharged arsenite species at this pH
range. The pHPZC of LCL was estimated by the pH drift
method [43] (Figure 7). It was notable that the pHPZC
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Figure 8: Kinetics of (a) arsenite adsorption and (b) fluoride adsorption at different initial concentrations on LCL. (c) The plot of multilinear
regression for arsenite adsorption at 10mg·L-1. (d) The plot of multilinear regression for fluoride adsorption at 10mg·L-1 (mLCL: 2.5 g; V : 500
mL; initial As(III) concentrations: 5 and 10mg·L−1; initial F-concentrations: 5 and 10mg·L–1).

Table 2: Parameters of formal kinetics for arsenite and fluoride adsorption onto LCL.

Adsorbate Conc. (mg·L–1) Pseudo-first-order model Pseudo-second-order model
qexp (mg·g–1) q1model (mg·g–1) k1 (min–1) R2 q2model (mg·g–1) k2 (g·mg–1·min–1) R2

Arsenite
5 7.82 3.71 2.3 · 10–2 0.955 7.97 1.65 · 10–2 0.997

10 12.82 4.40 3.7 · 10–2 0.933 13.19 1.97 · 10–2 0.999

Fluoride
5 5.68 2.55 2.14 · 10–2 0.986 5.72 2.43 · 10–2 0.996

10 10.28 4.93 3.31 · 10–2 0.949 10.61 1.60 · 10–2 0.996
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decreases from ~6.6 in a solution without arsenite to ~6.1 in a
solution with 1mg·L–1 NaAsO2 (Figure 7). The shift of
pHPZC could be due to the result from the negatively charged
inner-sphere complexes between arsenite and the adsorbent
[44, 45], and effective removal was achieved. Similarly, the
fluoride adsorption capacity varies slightly from 1.88 at pH
2 to 1.1mg·L–1 at pH7 and increases to 1.88mg·g-1 at pH
9.2 (Figure 6). The pHPZC of LCL does not vary much from
~6.6 (in an electrolyte solution) to ~6.5 (with 2mg·L–1 F)
(Figure 7). The anionic displacement and adsorption via cou-
lombic forces on the surface of metal oxide is widely used to
explain the result in the fluoride adsorption of porous mate-
rials [40, 41]. However, the electrostatic interaction does not
play an important role in this case, and the capillary attrac-
tion could explain for the fluoride adsorption of LCL due to
its porous structure with a heterogeneous texture.

3.2.2. Adsorption Kinetics. The kinetic experiments were
conducted at two concentrations of arsenite or fluoride
(Figures 8(a) and 8(b)).

More than 90% of arsenite (Co = 5mg · L−1) and fluoride
(Co = 10mg · L−1) were removed within the first 120min.
The adsorption occurred in three distinct stages for both
the arsenite and fluoride: (1) a rapid removal in the first 20
min (>50%), (2) relatively slower removal after 20min until
120min, and (3) little removal beyond 120min. The fitting
of experimental data to the pseudo-first-order and pseudo-
second-order reaction models shows that the pseudo-sec-
ond-order model provides the best fit (R2 > 0:990) for both

arsenite and fluoride (Table 2). The plot of Weber’s model
in multilinearity was performed. It was found that the
three-segment linear model gives the best goodness of fit with
the lowest AIC (Table 3 and Figures 8(c) and 8(d)). As seen
from Table 3, the intercept of the first segment with 95% con-
fidence interval in the plot varies from a negative value to a
positive value (except for 10mg·L-1 of arsenite) (Table 4)
indicating that the intercept passes the origin or the intrapar-
ticle diffusion is the rate-limiting process. In the second and
third stages, all values of the intercept varying from a positive
value to a positive value are significantly different from zero

Table 3: Parameter of intraparticle diffusion model for arsenite and fluoride adsorption at different initial concentrations.

CAs (mg·L–1)
Linear one-segment

regression
Linear two-segment

regression
Linear three-segment

regression
Linear four-segments

regression

SSE R2 AIC SSE R2 AIC SSE R2 AIC SSE R2 AIC

5 28.26 0.566 11.62 8.02 0.88 -7.62 4.20 0,94 -12.77 8.02 0.93 10.01

10 113.05 0.37 39.34 48.62 0.73 28.43 1.30 0,99 -36.23 1.30 0.99 -25.60

C−
F (mg·L–1)

Linear one-segment
regression

Linear two-segment
regression

Linear three-segment
regression

Linear four-segments
regression

SSE R2 AIC SSE R2 AIC SSE R2 AIC SSE R2 AIC

5 13.99 0.51 -2.43 4.59 0.38 -18.76 0.44 0.98 -57.98 4.59 0.89 -0.34

10 41.82 0.53 19.46 11.56 0.87 -0.30 2.10 0.98 -26.61 2.10 0.98 -15.99

Table 4: Piecewise regression analysis for the three-linear-segment model for LCL.

C First linear segment Second linear segment Third linear segment

Arsenite (mg·L–1) Intercept 1 Slope 1 Intercept 2 Slope 2 Intercept 3 Slope 2

5 -1.058 (-7.43; 5.332) 2.32 2.73 (2.14; 3.32) 0.60 6.30 (5.78; 6.82) 0.12

10 1.41 (0.39; 2.43) 1.998 11.70 (11.12; 12.27) 0.13 12.63 (12.57; 12.68) 0.014

Fluorite (mg·L–1) Intercept 1 Slope 1 Intercept 2 Slope 2 Intercept 3 Slope 2

5 0.31 (-1.96; 2.57) 1.22 2.64 (2.17; 3.12) 0.35 5.51 (5.47; 5.55) 0.012

10 0.77 (-1.12; 2.66) 1.98 5.48 (4.96; 5.99) 0.52 9.65 (9.45; 99.85) 0.047

The values in parentheses describe a 95% confidence interval.

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
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Figure 9: Arrhenius plots of ln Kd vs. 1/T for arsenite adsorption
(a) and fluoride adsorption (b).
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implying that the line does not pass the origin [38]. These
results reveal that the intraparticle diffusion is not the only
rate-limiting process.

3.2.3. Thermodynamic Parameters. A thermodynamic study
was performed in the temperature range of 283–313K
(Figure 9). By increasing temperature from 283 to 313K,
arsenite removal efficiency increases but that for fluoride
decreases. At 283K, arsenite and fluoride adsorption capaci-
ties were 8.3 and 10.9mg·g-1, respectively, and by increasing

solution temperature to 313K, adsorption capacity increases
to 13.38mg·g-1 for arsenite but decreases to 10.2mg·g-1 for
fluoride. The positive values of ΔH° and ΔS° indicate the
endothermic nature and high randomness at the surface of
solid/solution phases in the arsenite adsorption system
(Table 5). The increase in the randomness may be related
to the fact that the displacement of adsorbed water molecules
or hydroxyl ion by the arsenite species enhances translational
entropy which creates the prevalence of randomness in the
system [46]. The low exothermic enthalpy value and negative

Table 5: Thermodynamic parameters for arsenite and fluoride adsorption.

T (K)
Arsenite adsorption Fluoride adsorption

ΔH° (kJ·mol-1) ΔS° (kJ·Mol-1·K-1) ΔG° (kJ·mol-1) ΔH° (kJ·mol-1) ΔS° (kJ·mol-1·K-1) ΔG° (kJ·mol-1)

283

25.87 0.90

0.298

-3.482 -0.011

-0.171

293 – 0.605 -0.337

303 – 1.150 -0.226

313 – 2.412 -0.004
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Figure 10: Adsorption equilibrium isotherms of (a) arsenite and (b) fluoride on LCL.

Table 6: Parameters of Langmuir’s and Freundlich’s isotherm models at 25°C.

Langmuir’s isotherm model Freundlich’s isotherm model
qm (mg·g–1) KL R2 KF n R2

La2O3

Arsenite 89.10 0.112 0.988 20.276 3.359 0.955

Fluorite 67.83 0.020 0.997 3.761 1.851 0.992

CeO2

Arsenite 52.54 0.040 0.987 7.235 2.650 0.943

Fluorite 28.17 0.204 0.991 7.443 3.696 0.964

Laterite
Arsenite 6.34 0.029 0.998 0.679 2.450 0.987

Fluorite 4.27 0.055 0.998 0.764 3.056 0.985

LCL
Arsenite 67.08 0.063 0.996 11.400 2.873 0.965

Fluorite 58.02 0.039 0.991 7.702 2.617 0.980
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entropy change in fluoride adsorption imply the possible
domination of physical forces. However, the negative Gibbs
free energy indicates the spontaneous process of arsenite or
fluoride adsorption at the studied temperature range.

3.2.4. Adsorption Equilibrium. Langmuir and Freundlich iso-
therm models were employed to estimate arsenite and fluo-
ride sorption behavior by LCL. Both arsenite and fluoride
adsorption data were found to be fitted better for the Lang-
muir model (R2 = 0:99 and 0.99 for arsenite and fluoride,

respectively) than the Freundlich model (R2 = 0:96 and 0.98
for arsenite and fluoride, respectively) (Figure 10).

Based on the Langmuir isotherm, the maximum mono-
layer capacity amount of LCL was found to be 67.08mg·g-1
for arsenite and 58.02mg·g-1 for fluoride (Table 6). It was
notable that laterite has low arsenite or fluoride adsorption.
However, the combination of laterite with oxides signifi-
cantly increases the adsorption capacity. Although the arse-
nite and fluoride adsorption capacity of LCL is lower than
the lanthanum oxide and cerium oxides, they are compatible

Table 7: Comparison of arsenite and fluoride adsorption capacity for various materials with the LCL.

Adsorbent Specific surface area (m2·g-1) qm (mg·g-1) References

Fluoride

Aligned carbon nanotubes 75 2.85 [43]

Amorphous alumina supported on carbon nanotubes 165 28.7 [44]

Pumice modified by hydrogen peroxide 53.1 11.8 [45]

Pumice modified by HCl and NaOH N/A 65.5 [47]

UiO-66-NH2 905 58.8 [46]

LCL 14.4 58.02 The present work

Arsenite

Iron nanoparticles/graphene oxide 160 306 [37]

Layered double hydroxide biochars N/A 16.1 [48]

Hydrous cerium oxide (HCO) nanoparticles 198 172 [27]

Laterite 15.4 0.18 [49]

Acidified laterite 99.36 1.90 [50]

LCL 14.4 67.08 The present work

Table 8: Effect of competing ions on arsenite and fluorite adsorption of LCL (C0 ðarseniteÞ = 5mg · L–1; C0 ðfluorideÞ = 10mg · L–1; V =
100mL; mLCL = 0:5 g).

Interferent ions
Arsenite adsorption Fluoride adsorption

Molar ratioa q (mg·g–1) Molar ratioa q (mg·g–1)

Fe(III)

0 3.14 0 8.84

1 3.18 1 9.1

1.4 3.28 10 15.84

2 3.38 20 16.2

Mn(II)

0 3.14 0 8.3

1 3.16 1 8.42

1.4 3.2 10 9.04

2 3.22 20 10.08

Cl-

0 3.14 0 8.30

10 2.76 1 8.30

20 2.16 10 8.28

50 1.84 20 8.30

SO4
2–

0 3.14 0 8.30

10 2.88 1 8.26

20 2.62 10 8.26

40 2.04 40 8.26

“a” indicates the interferent/adsorbate molar ratio.
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compared to other materials so far reported as shown in
Table 7. Since the laterite natural mineral is inexpensive,
the high adsorption capacity makes it a great potential adsor-
bent for the removal of arsenite and fluoride from aqueous
sources.

3.2.5. Competing Anions. The arsenite or fluoride removal
performance in the presence of Fe(III), Mn(II), Cl-, and
SO4

2- was conducted with the initial concentrations of arse-
nite and fluoride of 5mg·L–1 and 10mg·L–1, respectively
(Table 8). It was found that in the presence of 2-fold excess
of iron (III), the adsorption capacity for arsenite improved
from 3.14 to 3.38mg·g-1 and that for fluoride almost doubled
from 8.84 to 16.2mg·g-1 with 10-fold excess of iron (III).
Mn(II) also slightly enhanced the arsenite and fluoride
removal ability of LCL. The anions such as Cl- and SO4

2-

did not show any observable effect on the adsorption of fluo-
ride; however, that of arsenate was reduced by half in the
presence of 20-fold excess of Cl-, and by one-third in the
presence of 40-fold excess of SO4

2-.

3.2.6. Reusability. The reusability of LCL is one of the impor-
tant criteria for its practical applications. The arsenite or fluo-
ride amount adsorbed on LCL was desorbed with a NaCl-
saturated solution. Before reuse, the recycled LCL was dried
at 110°C for 12 h. After eight cycles, the adsorption capacity
declines by approximately 8% for arsenite and 10% for fluo-
ride (Figure 11) indicating that LCL was stable after several
adsorption cycles.

4. Conclusions

Laterite has been effectively used as a matrix material carry-
ing La-Ce binary oxides to form efficient adsorbents. The

La2O3-CeO2/laterite exhibits high fluoride and arsenite
removal efficiency in a wide pH range. The combination of
laterite with lanthanum and cerium oxides enhances signifi-
cantly the arsenite and fluoride adsorption capacity com-
pared with laterite. The arsenite and fluoride adsorption
capacity of the La2O3-CeO2/laterite are 10.5 and 13.6 times
higher than those of laterite, respectively. It is a promising
adsorbent due to the high recyclability and arsenite and fluo-
ride adsorption capacity. The easy availability and abundance
of laterite in various areas in Vietnam make LCL an inexpen-
sive, feasible, and applicable material in practice.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was financially supported by the Vietnam Acad-
emy of Science and Technology through grant number
UQĐTCB.02/20-21.

Supplementary Materials

A statistical approach of the piecewise linear regression com-
bined with Akaike’s information criteria (AIC) for the analy-
sis of kinetics data. This method allows the determination of
the number of linear segments and the nature of each one,
which would avoid the subjective decisions that are common
with the graphical method. AIC is employed to compare the
models.AIC estimates how well the data support each model.
The model with the lowest AICc score is most likely the
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