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Abstract 

 

As a carcinogen, arsenic poses a significant threat when it contaminates water sources and agricultural products. In water-based 

environmental contamination, the most significant arsenic species are arsenate (As(V)) and arsenite (As(III)), with the latter presenting 

a greater challenge for removal. The development of more efficient adsorbents to successfully remove As(III) from contaminated water 

is still needed. A novel nanosorbent, ceria supported on Na-P zeolite (CeZ), was created in this study to perform the dual functions of 

oxidizing As(III) to As(V) and subsequently adsorbing the resulting As(V). CeZ was characterized by XRD, TEM, FTIR, pHpzc, and 

XANES analyses. Batch adsorption experiments indicated that As(III) removal in the pH range of 3-10 was highly efficient, with a 

maximum removal capacity of 31.746 mg g-1, which was best explained by pseudo-second-order kinetics. XANES analysis confirmed 

that CeZ oxidized As(III) to As(V) on the surface during As(III) adsorption. The hydroxyl groups at the CeZ interface play a key role 

in As(III) sorption, forming inner-sphere monodentate and bidentate complexes. As(III) removal was effective because the sorption 

reaction was coupled with the oxidation process. Specifically, the CeO2 on the Na-P zeolite surface was the main factor responsible 

for the oxidation of As(III) to As(V) and its sorption. The As(V) in the solution subsequently adsorbed onto the zeolite. 
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1. Introduction 

 
Arsenic (As) is a carcinogenic and poisonous element that is considered one of the most serious global environmental problems 

[1]. Chronic ingestion of As causes cancers of the lung, bladder, and skin as As accumulates and becomes concentrated in the lung, 

liver, kidney, and skin tissues, especially as a result of drinking water consumption. The WHO set a stringent standard of 10 µg L-1 as 

the acceptable amount of As in potable water [2]. The most common forms of arsenic found in ground and surface water are inorganic 

arsenite (As(III)) and arsenate (As(V)), respectively [3]. Compared with As(V), As(III) is more poisonous, more mobile, and more 

soluble in the environment [4, 5]. Therefore, the development of a rapid and efficient method for As removal, especially for As(III), is 

needed. Various methods have been used to remove As from drinking water, including adsorption, membrane separation, coagulation, 

and precipitation. Among these techniques, adsorption is one of the most common because of its low consumption requirements, high 

efficiency, and cost effectiveness [6]. However, the removal efficiency for As(III) is currently lower than that for As(V). Thus, the pre-

oxidation of As(III) to As(V) before the adsorption process is a potential strategy for conventional As(III) treatment [7]. This common 

method usually requires an oxidizing agent before co-precipitation and adsorption, which increases operational costs and ancillary 

pollution problems [8]. Therefore, the development of an adsorbent for the efficient and cost-effective removal of As(III) that does not 

require a pre-oxidation process would be ideal. Recent research has extensively explored the effectiveness of potential adsorbents such 

as iron (Fe) nanoparticles, zero-valent iron (ZVI), iron oxide nanoparticles (IONPs), and Fe(III)-modified montmorillonite for 

removing As species [9-12]. 

Cerium oxide (CeO2) has also been successful in removing both As(III) and As(V) [13]. Studies have shown that high As(III) 

removal efficiency occurs at pH 3-11 [14, 15]. It was posited that the presence of hydroxyl groups on the particles was responsible for 

their excellent performance. For example, Li et al. [14] used hydrous cerium oxide nanoparticles for both As(III) and As(V) adsorption. 

The As adsorption capacity was greater than 170 mg g-1 for As(III) and 107 mg g-1 for As(V) at neutral pH [14]. However, CeO2 

adsorbents can easily aggregate into larger particles, leading to a decreased As adsorption capacity. To prevent nanoparticle aggregation 

and maximize the adsorption capacity by utilizing small particles, a dispersing agent is desirable. Na-P zeolite, with its proven ability 

to remove As(V) (≥ 60%) via negative surface charges or cation exchange capacity (CEC), is a potential candidate [16]. However, 

zeolite is ineffective for As(III) removal. Therefore, one proposal is to use zeolite to mitigate the aggregation problems of CeO2, while 
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taking full advantage of CeO2 oxidation to eliminate As(III) [17]. However, the application and performance of CeO2 modified with 

zeolite and the possibility of oxidation during As adsorption have yet to be studied. In the present work, the suitability of Na-P zeolite-

supported CeO2 (CeZ) for the removal of high concentrations of As(III) was investigated via characterization and determination of its 

adsorption performance. 

The objective of this research was to modify CeO2 doped on Na-P zeolite for arsenite removal. Fourier transform infrared 

spectroscopy (FTIR), field-emission transmission electron microscopy (FE-TEM), X-ray diffraction (XRD), point of zero charge 

(pHpzc), specific surface area determination via the Brunauer-Emmett-Teller method (BET) method, and X-ray absorption near-edge 

structure spectroscopy (XANES) were used to characterize the fresh and spent CeZ to identify the composition, properties, and structure 

of CeZ, as well as understand As(III) removal mechanisms. 

 

2. Methodology 

 

2.1 Materials and preparation 

 

Only analytical-grade chemicals, including 99% Ce(NO3)3·6H2O (Merck) and NaOH (Merck), were used for CeO2 nanoparticle 

synthesis in this study. The fly ash used as the raw material in this study was obtained from a coal-fired power plant in Thailand. Na-

P zeolite synthesis was carried out via the Chansiriwat method [18-20]. To prepare solution A, 30.25 g of distilled water was mixed 

with 10 g of NaOH and 16.86 g of fly ash and heated at 100°C. Then, 10 g of solution A was mixed with 5.61 g of NaOH in 61.20 g 

of distilled water to form the seed gel. Solution B (mother gel) was prepared by mixing 75.00 g of distilled water with 8.27 g of NaOH 

and 7.98 g of fly ash, which was also heated at 100°C. The seed gel and mother gel were then combined and stirred continuously for 

30 minutes. The resulting mixture was transferred into a Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment 

at 105 °C for 12 hours. The final product was recovered via centrifugation. 

The As(III) stock solution for the adsorption experiments was prepared by dissolving NaAsO2 (Merck). The RO water used to 

prepare all of the chemical solutions had a conductivity of 1.178 µS cm-1. 

CeZ was synthesized through co-precipitation by dissolving 3.1 g of Ce(NO3)3·6H2O in 10 mL of RO water and 1 g of Na-P zeolite 

in 50 mL of 1 M NaOH [21]. The solution was stirred for 30 min at room temperature (~25°C), and then the precipitates were collected 

via centrifugation and washed multiple times with RO water to eliminate residual ions. The precipitates were then dried at 105°C and 

subsequently calcined at 250°C overnight in a furnace. The dried CeZ flakes was ground, and CeZ powder was finally obtained. 

 

2.2 Characterization 

  

The chemical compositions were analyzed using energy dispersive X-ray fluorescence (XRF) (MESA-50). The crystal structures 

of Na-P zeolite, CeO2, and CeZ were characterized by XRD (D8 Discover, Bruker AXS). The XRD patterns were recorded in the 2θ 

range of 20-80° using Cu Kα radiation (λ = 0.1514 nm) at an operating voltage and current of 40 kV and 40 mA, respectively. The 

morphology and nanostructure of CeZ were determined by FE-TEM (JEM-3100(HR)) operated at 100 kV. The FTIR spectra were 

measured on a Tensor 27 FTIR spectrometer from Bruker in the range of 4000-400 cm-1. The specific surface areas of CeO2 and CeZ 

were measured by a nitrogen adsorption-desorption instrument (TriStar II 3020, Micromeritics) via the BET method.  

The point of zero charge (pHpzc) of the adsorbent was measured to determine the net surface charge of the ion in solution. The pHpzc 

was determined by the salt addition method. In this procedure, 40 mL of DI water was adjusted to various pH values (2-11) in closed 

flasks. After 0.1 g of adsorbent was added to each flask, the flasks were agitated for 48 h, and the final pH was measured [22]. 

The oxidation states of the As and Ce complexes on the CeZ surface were measured and analyzed using As K-edge and Ce L3-

edge XANES at the Synchrotron Light Research Institute (SLRI), Thailand. Au0 and V0 foils and As(III), As(V), Ce(III), and Ce(VI) 

standards were used as references. All the analyses were performed in fluorescence and transmission modes via a 19-element Ge 

detector. 

 

2.3 Batch adsorption experiments 

 

Kinetic experiments were conducted in a 600 mL beaker containing 500 mL of 10 mg L-1 As(III) solution and adsorbents. The 

dosage of adsorbents for As(III) was 10 mg L-1. For the adsorption experiments, beakers containing As solution and adsorbents were 

stirred at 160 rpm at room temperature (27°C) for 6 h and conducted at a pH of 7.5±0.5.  

The effect of pH on As(III) adsorption was examined by varying the pH range from 3 to 10. The solutions’ pH was adjusted by 

adding NaOH and HCl. The contact time was determined after the kinetic experiment. 

Adsorption isotherm experiments were conducted in a 50 mL centrifuge tube containing 50 mL of As(III) solution. The materials 

were added to As(III) solutions with initial concentrations of 1 to 50 mg L-1. Subsequently, the solutions were shaken with a vertical 

rotating mixer at 160 rpm at room temperature. After adsorption, the samples were filtered from the solution using a 0.45 µm syringe 

filter and collected to measure the concentrations of As via an inductively coupled plasma optical emission spectrometer (ICP-OES, 

PerkinElmer Optima 8000). 

 

3. Results and discussion 

 

3.1 Material characterizations 

 

The major elements of fly ash and zeolite were measured by XRF and are represented as the main oxides of SiO2, Al2O3, some 

amount of Fe2O3, and other oxides (Table 1). The results revealed that the materials contained high contents of SiO2 in raw fly ash, 

Na-P, Na-P (C), and Na-P (K) with SiO2/Al2O3 ratios of 3.44, 2.22, 1.90, and 2.39, respectively. After zeolite synthesis, the Si/Al ratio 

was reduced from 3.44 to 2.22, corresponding to previous research, in which synthesized Na-P zeolite obtained ratios of Si/Al between 

1.90 and 2.39. 
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Table 1 Chemical composition of the used fly ash and synthesized Na-P as revealed by the XRF technique 

 

Sample 
X-ray fluorescence analyses, wt% 

Ref. 
SiO2 Al2O3 Fe2O3 CaO K2O MgO Na2O LOI Si/Al 

Fly ash 59.46 17.27 4.56 11.73 1.36 0.96 0.73 2.37 3.44 This study 

Na-P 42.35 19.00 6.55 9.30 1.58 1.33 14.82 6.07 2.22 This study 

Na-P (C) 32.35 17.00 16.55 22.30 0.58 1.33 7.82 2.07 1.90 [18] 

Na-P (K) 63.10 26.30 0.90 1.10 0.60 1.50 5.50 1.00 2.39 [23] 

 
The crystal structures of Na-P zeolite, CeO2, and CeZ were characterized by XRD, and their XRD patterns are shown in Figure 1a. 

The characteristic peaks of the Na-P zeolite pattern can be noted at approximately 2θ = 26.7, 28.2, 29.5, and 33.5 degrees (JCPDS 40-

1464). The face-centered-cubic (FCC) structure of the CeO2 pattern is notable at approximately 2θ = 28.5, 33.0, 47.4, 56.3, 59.3, 69.6, 

76.7, and 79.1 degrees (JCPDS 00-034-0394), confirming the synthesis of pure phase CeO2. The XRD pattern of CeZ showed identical 

peaks for all three substances. However, some substantial loss of CeO2 crystallinity occurred (XRD patterns at around 2θ = 47.4, 56.3, 

and 69.6 degrees, corresponding to the 220, 311, and 222 crystalline planes, respectively). Thus, CeO2 was observed in the CeZ, 

indicating the successful fabrication of the targeted materials. 

TEM was used to study the morphology and microstructure of the CeZ. The CeZ consisted of ultrafine nanoparticles with a 

relatively uniform size of around 3.5 nm on average (Figure 1b), indicating that zeolite can serve as a deterrent to the aggregation of 

CeO2 into large particles. Moreover, the typical lattice fringe spacing was measured to be 0.29 nm and corresponded to the (111) plane 

spacing of CeO2, which was consistent with previous XRD research [8]. 

 

 

 
 

Figure 1 (a) XRD patterns and (b) TEM images of CeZ with magnification 10 nm, 50 nm, and 100 nm with a lattice spacing of the 

(111) plane of CeO2. 

 

The FTIR spectra of the CeO2 and CeZ are presented in Figure 2a. The peak at 3418 cm-1 was revealed in the CeO2 and CeZ 

spectra, indicating -OH stretching and bending vibration modes [19]. However, the percent transmittance of CeZ decreased compared 

with that of CeO2 implying that the number of -OH groups on the material surface decreased. Strong and broad bands at 1632-1622 

cm-1 (O-H out-of-plane bend) and 1079-1053cm-1 (C-OH stretching vibration) were present in the CeO2 and CeZ. Moreover, two new 

peaks at 996 and 537 cm-1 were found as the stretching of the CeO-O band after the CeO2 was doped with zeolite. It was concluded 

that the functional groups of -OH and C-OH could play a role in the As(III) adsorption reaction over CeZ. Our investigation into the 

possible adsorption mechanisms of As(III) removal by CeO2 had similar findings and are discussed in Section 3.5. 

(a) 

(b) 
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Figure 2 (a) FTIR spectra of CeO2 and CeZ at calcination temperature of 250 °C and (b) Plot of initial pH versus final pH for 

determination of pHpzc. 

 

The pHpzc values of ash, zeolite, CeZ, and CeO2 were found to be 11.0, 10.3, 9.5, and 6.0, respectively (Figure 2b). The pHpzc of 

CeZ was at a higher pH compared to that of CeO2 but at a lower pH compared to that of zeolite. This result was probably caused by 

the composition of CeO2 and zeolite in the CeZ. The adsorbent surface is positively charged at pH < pHpzc, which favors anions, and 

is negatively charged at pH > pHpzc, which benefits adsorbing cations [24]. 

Therefore, the role of pH in As speciation is important, since As(III) species, such as H3AsO3 and H2AsO3- at pH < 9.2 and AsO2- 

at pH > 9.2, dominate these conditions, whereas H2AsO4-, HAsO4
2- and AsO4

3- are the dominant As(V) species in the pH ranges of 2-

6, 6-11, and 11-14, respectively [25]. The pHpzc of 9.5 indicated that CeZ would have a positive surface charge at pH < 9.5 and would 

therefore be likely to attract As(III) (As(OH)3 and AsO(OH)2
-) and transform As(V) (AsO2(OH)2

- and AsO3(OH)2
-). The pHpzc of CeZ 

composite materials is a result of complex surface interactions between CeO2 nanoparticles and zeolite. When CeO2 is added, its 

amphoteric surface sites (donating/accepting protons) combine with the negatively charged aluminosilicate network of the zeolite, 

leading to simultaneous surface phenomena. The overall pHpzc depends on the abundance and accessibility of these sites. Experiments 

have shown that increasing the CeO2 content shifts the pHpzc to more acidic values. This is likely due to Ce–OH functional groups, 

which have different acid-base properties than the Si–OH and Al–OH groups in pure zeolite. Therefore, the CeO2-to-zeolite ratio is 

crucial for the overall surface charge of a composite. 

The specific surface areas of CeO2 and CeZ were calculated to be 58.4 and 224.6 m2 g-1, respectively, according to the BET method. 

Therefore, the zeolite increased the surface area, which should improve the As removal capacity. 

 

3.2 Batch adsorption studies 

 

The initial pH of a solution is known to affect the adsorption process. In our study, As(III) sorption by CeZ decreased slightly with 

increasing solution pH and reached its maximum in the pH range of 3-7 (Figure 3a). At a relatively high pH, As(III) sorption decreased 

slightly. Adsorption of weak acid anions over metal oxides is typically maximized at a pH close to the pKa1 of the acid, which is 9.2 

for arsenious acid. The decrease in As(III) sorption may be attributable to the coulombic repulsion between As(III) forms and the 

decreased charge of the CeZ surface [26]. 

The Variation of C/C0 by CeO2 and CeZ versus time is shown in Figure 3b. The As(III) removal of each sorbent occurred rapidly 

in the first 120 min and then continued slowly thereafter. As(III) removal by CeZ was slightly better than that by CeO2, indicating that 

the zeolite was helpful as a protective agent against CeO2 aggregation, a result that was consistent with the TEM results. The Na-P 

zeolite was also able to continue removing As over time (Figure 3b).  

 

(a) 

(b) 
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Figure 3 (a) Effect of pH at 120 min on As(III) sorption for CeZ and (b) comparison of As(III) sorption at pH 7.5 ±0.5 for three 

different materials (initial As(III) concentration of 10 mg L-1 and sorbent loading of 0.5 g L-1). 

 

Table 2 Kinetic model and adsorption isotherm parameters evaluated for the sorption of As(III) by CeO2 and CeZ. 

 

Model Equation Parameter, unit CeO CeZ 

2nd–order 
t

q
t

=
1

k2q
e
2

+
1

q
e

t 

k2, g mg-1 min-1 0.003 0.003 

qe,cal, mg g-1  65.34 68.49 

R2 0.999 0.999 

Intraparticle q
t
= kit

0.5 

k1, mg g-1 (min0.5)-1 4.983 3.177 

R2 0.986 0.948 

k2, mg g-1 (min0.5)-1 0.391 0.755 

R2 0.968 0.980 

Langmuir 
Ce

q
e

=
1

KLq
m

+
Ce

q
m

 

qm, mg g-1 - 31.75 

KL, L g-1 - 1.981 

R2 - 0.904 

Freundlich ln(q
e
) = ln(Kf) + ( 

1

n
 ) ln(Ce) 

KF, (mg g-1)  

(L mg-1)-1/n 
- 15.74 

n - 2.848 

R2 - 0.994 

D-R 

ln(q
e
)=ln(q

e
) − (kε2) q, mol g-1 - 549.6 

ε = RTln(+1
1

Ce
) E, J mol-1 - 13.61 

E = 
1

√2k
DR

 R2 - 0.983 

Temkin q
e
=BlnA+Ce 

BT, J mol-1 - 8.377 

A, KT, L g-1 - 8.829 

R2 - 0.928 

 

3.3 Adsorption kinetic study 

 

Kinetics data describing the adsorption reaction were analyzed using pseudo-first -order (Eq. 1) and pseudo-second-order (Eq. 2) 

models, expressed as follows [26]: 
 

log (q
e
- q

t
)  = logq

e
−

k
1
t

2.303
                                                                                                                         (1) 

 
t

q
t

=
1

k
2
q

e

2 +
t

q
e

                                                                                                                 (2) 

 

where qt and qe (mg g-1) are the amounts of As(III) sorption at time t (min) and at equilibrium, respectively, and k1 (min-1) and k2 

(g mg-1 min-1) are the rate constants for Eqs. 1 and 2, respectively.  

The kinetic parameters obtained from the fitted data in Figure 4a are summarized in Table 2. To better understand the reaction 

kinetics of As(III) removal by CeO2 and CeZ, pseudo-second order kinetics were applied to the experimental data. The model fit was 

evaluated using the correlation coefficient (R2). Consequently, the mechanism of As adsorption on CeZ appears to be chemisorption, 

driven by valence forces and characterized by the sharing or exchange of electrons between CeO2, zeolite, and As(III). A comparison 

between CeO2 and CeZ showed that the removal efficiency of CeZ at 120 min was higher than that of CeO2.  

(a) (b) 
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The mathematical correlation between the concentration of the adsorbed substance on the solid surface and t0.5 was derived by 

analyzing the adsorption mechanism governed by intraparticle diffusion within the adsorbent (Eq. 3). 
 

q
t
= k

id
t
0.5

 + C
id

                                                                                                                      (3) 

 

where kid is the intraparticle diffusion rate constant (mg g-1 min-0.5) and Cid is the intercept. The value of Cid is proportional to the 

boundary layer thickness. Thus, when Cid is zero, the rate of sorption is likely controlled by intraparticle diffusion. However, the plot 

of qt versus t0.5 often shows multiple linear segments. If the slope of the first portion is not zero, then the sorption is initially controlled 

by film diffusion. Thus, the value of the intercept provides an idea about the thickness of the boundary layer. The larger the intercept 

is, the greater the boundary layer effect. The results suggested that adsorption occurred in two phases (Figure 4b). First, film diffusion 

occurred, as shown by the steep slope, which was later followed by a gradual adsorption stage where intraparticle or pore diffusion 

was rate-limiting. Because the plot did not pass through the origin, intraparticle diffusion was not the sole rate-limiting step. Instead, 

the adsorption rate was limited by different processes, but there was only one rate-limiting process at any particular time. 

 

      
 

Figure 4 (a) Adsorption kinetics and (b) intraparticle diffusion model for As(III) adsorption by CeZ material (experimental conditions: 

initial As(III) concentration of 10 mg L-1, sorbent loading 0.5 of g L-1, and pH of 7.5 ±0.5). 
 

3.4 Adsorption isotherm study 
 

The experimental data were fitted to Freundlich and Langmuir adsorption isotherms (Eqs. (4) and (5), respectively). Equilibrium 

adsorption isotherm plots were used to examine As(III) adsorption capacity of CaZ (Figure 5a). 
 

q
e
 = 

q
max

KLCe

1+KLCe

                                                                                                       (4) 

 

q
e
 = KFCe

1

n                                                                                                            (5) 

 

where qe (mg g-1) is the amount of As(III) adsorbed by CeZ, and Ce (mg L-1) at equilibrium, qmax (mg g-1) is the maximum amount 

of As(III) adsorbed by CeZ, KF (mg g-1) (L mg-1)1/n is related to the adsorption capacity of CeZ, 1/n is a constant known as the 

heterogeneity factor that is related to surface heterogeneity, and KL (L mg-1) is a constant related to the heat of adsorption. 

The R2 for the Freundlich isotherm was also greater than that of the Langmuir isotherm (Table 2). As shown in Figure 5a, the 

Freundlich isotherm plot showed a relatively better fit to the experimental data than the Langmuir isotherm plot. The data for As(III) 

in the plot demonstrated very favorable linear correlation coefficients, implying a good fit to a linear model. Figure 5a presents the 

sorption isotherm for As(III), showing the concentration of As(III) in the solid phase (adsorbed by CeZ) relative to its equilibrium 

concentration in the leachate. The Freundlich isotherm model effectively described the adsorption of As(III) by CeZ. Furthermore, the 

'n' values for As(III), which were greater than 1, confirmed that the adsorption process was favorable. According to the Freundlich 

model, the most important assumption is that sorption takes place on heterogeneous surfaces, both in terms of the sorption sites and 

the heterogeneous energy distribution among the surfaces. Moreover, it describes reversible adsorption that can form multilayers. 

The data were also analyzed using the D-R isotherm (Eq. 6) in order to estimate sorption energy for As(III) [19]. 
 

lnQ
e
 = inQ

m
− K

DR
ε

2
                                                                                                                       (6) 

 

Qe and Qm denote the equilibrium and saturated sorption capacities in mol kg-1, respectively, whereas KDR is a constant associated 

with the free energy (mol2 kJ-2) of sorption. The values of Qm and KDR were derived from the slope and intercept of the lnQe versus ε2 

plot, where ε represents the Polanyi potential, as expressed in Eq. 7: 
 

ε  = ln RT {1 + )
1

C
e

'
(}                                                                                                       (7) 

 

where Ce
' (mol L3) denotes the same meaning as Ce as described above, and R and T are the molar gas constant (kJ mol-1) and 

absolute temperature (K), respectively.  

(a) (b) 
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Figure 5 (a) Adsorption isotherms for As(III) adsorption by CeZ material and (b) Dubinin Radushkevich, and (c) Temkin isotherms 

for As(III) adsorption by CeZ material (experimental conditions: initial As(III) concentration of 10 mg L-1, sorbent loading of 0.5 g 

L-1, and pH of 7.5 ±0.5). 
 

The D-R isotherm data from the fitting in Figure 5b are summarized in Table 2. The mean free energy (E) of sorption was calculated 

from Eq. 8, which relates the mean free energy (E, kJ mol-1) of sorption to the KDR. 
 

E   =
1

√2K
DR

                                                                                                                                    (8) 

 

The mean free energy of sorption (E) was determined to be 2.886 kJ mol-1. Because E was less than 8 kJ mol-1, As(III) sorption by 

the CeZ sample occurred through physical adsorption processes. Physical sorption is possible and is consistent with the results of 

surface area and pH effects. Thus, this finding supports the theory that As(III) was oxidized to As(V) as it came into contact with the 

oxide surface.  

The Temkin isotherm equation (Eq. (9)) assumes that as the number of coverage layers increases, the heat of adsorption of all the 

molecules decreases linearly due to adsorbent-adsorbate interactions. The theory also assumes that the bonding energies are uniformly 

distributed, up to some maximum binding energy.  

 

q
e
 = 

RT

b
T

ln (k
T
C

e
)                                                                                                                      (9) 

 

where, R is the universal gas constant (8.314 J mol-1 K-1), T is the absolute temperature (K), kT is the equilibrium binding constant 

(L mg-1) corresponding to the maximum binding energy and bT is the variation in the adsorption energy (kJ mol-1). This model can be 

linearized (Eq. 10) as follows (shown in Figure 5c): 

 

q
e
 = Blnk

T
 + BlnC

e
                                                                                                                    (10) 

 

where B = RT/bT is the Temkin constant related to the heat of adsorption (J mol-1). The values of kT and B were calculated from 

the intercept and the slope of the linear plot of qe vs lnCe. Based on the R2 values of both isotherms (Table 2), the experimental data fit 

well with the D-R isotherm (R2 = 0.983), indicating that As(III) adsorption onto CeO2 is a physical adsorption process. 

Comparisons of the removal efficiency of the prepared adsorbents with those in previous reports were difficult because of 

differences in procedures and experimental conditions. Nevertheless, the adsorption capacity of CeZ was compared to that of existing 

materials (Table 3). As(III) removal by CeZ was much higher than that achieved by the other adsorbents, except for one, in which the 

adsorption was reported to be 36.8 mg g-1 when CeO2-modified activated carbon was used [27]. Although CeO2-modified activated 

(a) (b) 

(c) 



Engineering and Applied Science Research 2025;52(6)                                                                                                                                                  625 

carbon had a higher removal capacity than CeZ, a comparison of production and investment costs shows that activated carbon is more 

expensive than zeolite. Furthermore, CeZ has a relatively high adsorption rate and functions ideally under neutral pH conditions that 

are typical of surface water and groundwater contaminated by As(III). 

 

Table 3 Comparison of adsorbents in terms of As(III) adsorbent capacity 
 

 

The cost of the chemicals used to synthesize 1 gram of CeZ material is $0.45. (Note that this cost varies depending on the supplier 

and purchase volume.) Therefore, according to Table 3, the amount of CeZ material required to treat 1 m³ of water contaminated with 

10 mg/L arsenic is 44.5 grams, which costs approximately $20.11 per 1 m³ of water. 
 

3.5 Mechanisms and interactions of arsenic on the CeZ surface 
 

The normalized As K-edge XANES spectra of the reference materials were characteristic of the As(III) and As(V) standards 

(11870.3 and 11873.3 eV, respectively) (Figure 6a). The normalized As K-edge XANES spectra of both the CeO2 and CeZ samples 

showed that the spectral properties were paired with the As(III) standard, whereas the XANES spectra of CeZ samples showed that 

both spectral properties were paired with the As(III) and As(V) standard. The results identified a coexistence of As(III) and As(V) on 

the surface of CeO2, which is consistent with the fact that, to a certain extent, As(III) can be oxidized to As(V) on the surface of CeO2 

through the Ce(IV) redox reaction [13].  Dahle and Arai [33] noted that CeO2  has an especially high oxygen storage capacity and can 

easily change between its Ce(III) and Ce(IV) states. This makes CeO2 a superior choice as a catalyst. 

In addition, the Ce L3-edge XANES spectra of fresh and spent CeZ were analyzed.  The XANES spectra for CeZ showed peaks 

representative of the Ce(III) standard present at 5467.40 eV and double peaks representative of the Ce(IV) standard present at 5470.60 

eV and 5477.19 eV (Figure 6b). For fresh and spent CeZ, combinations of Ce(IV) and Ce(III) were identified as electron transmission 

between Ce(IV) and As(III), leading to a change in As(III) to As(V) on the surface, as described by Eq. 11:  
 

2CeO2 + 3H3AsO3       H3AsO4 + 2CeAsO3 + 3H2O                                                                                                (11) 
                       

There was oxidation of As(III) to As(V) by receiving electrons from the CeO2  oxidation-reduction reaction. CeO2  was reduced to 

Ce2O3 as a Ce(III) intermediate reaction product. This generated Ce2O3 that could oxidize H3AsO3 to H3AsO4 and Ce(III) was combined 

with As(III) in the form of 2CeAsO3. The results of Ce L3-edge XANES spectra analysis suggested that CeO2 was involved as an As 

species adsorbent and acted as an oxidizing agent. 

Based on the XANES results, possible mechanisms for As(III) adsorption on the CeZ surface can be inferred. Previous studies 

have pointed to As(III) adsorption by way of hydroxyl group bonds that form on the CeZ surface (Ce-OH) after the reaction. FTIR 

analysis has similarly revealed that Ce-OH and -OH functional groups are involved in the As(III) ions adsorption on CeZ (CeO2 on the 

surface) since highly hydroxylated As(III) complexes were formed via a reaction between Ce-OH and As-OH [8, 34-36]. Fast 

adsorption kinetics have indicated chemisorption related to valence forces through a sharing mechanism between CeO2 , zeolite, and 

As(III) [14]. Therefore, these results suggested that the mechanism of As(III) adsorption on CeZ involved the formation of inner-sphere 

complexes at its surface hydroxy groups. The adsorption behavior being unaffected by pH provides evidence for the complexity of the 

inner sphere where the As(III) species exchange with the -OH group directly coordinated with the CeZ surface. With a rapid and 

efficient process, monodentate and bidentate surface complexes allow CeO2 to adsorb As(III) [6].  
 

      
 

Figure 6 Normalized (a) K-edge XANES data of the CeZ-As, CeO2-As, As(III), and As(V) standards (the energy scale is relative to 

the As(III) and As(V) K-edge) and (b) Ce L3-edge XANES data of the CeZ-As, CeZ, Ce(IV), and Ce(III) standards (the energy scale 

is relative to the Ce(IV) and Ce(III) L3-edge. 

Adsorbent 
Surface area    

(m2 g-1) 
Adsorption capacity 

(mg g-1) 

Initial As(III) conc. 

(mg L-1) 
pH Ref. 

PS-350-HFO 350 11.08 5 7 [28] 

PANi/PVA - 27.25 10 11 [29] 

BT-4 229 27.4 70 3 [30] 

NICMO 104 2.42 4.8 7 [31] 

CeO2/AC 414.1 36.8 10 5 [32] 

CeO2 67.5 21.27 10 7-8 [13] 

CeZ 224.6 31.75 10 7-8 This study 

(a) (b) 
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The XANES method, which was used to analyze the reaction in terms of its relationship to contact time, suggested that, under 

experimental conditions, the As(III) on the surface of CeZ was partially transformed to As(V) via an oxidation reaction and then 

adsorbed over CeO2 and the zeolite surface through two mechanisms:  surface complexation and the oxidation-reduction reaction of 

CeO2  to Ce2O3 .  As(III) is oxidized to As(V) by donating electrons in the oxidation-reduction reaction of CeO2 .  After that, the Na-P 

zeolite was able to remove As(V) from the solution via the oxidation of CeO2 , as shown in Figure 7.  Thus, the proposed mechanisms 

of As(III) adsorption over CeZ were as follows: (i) complexation between -OH groups and As(III) on the CeO2  surface; (ii) As(III) 

oxidation to As(V) via an oxidation-reduction reaction; and (iii) As(V) elimination by adsorption onto the Na-P zeolite and CeO2 

surfaces. Furthermore, As(III) can adsorb by forming inner-sphere complexes with Ce(III) in the form of CeAsO3.  
 

 
 

Figure 7 Proposed mechanisms and interactions of arsenic on the CeZ surface. 

 

4. Conclusions 

 

Our results showed that CeZ could be synthesized successfully and used in a simple adsorption process for As(III) contamination 

in water. The Na-P zeolite alleviated the aggregation of large particles of CeO2 nanoparticles and allowed As(V) removal via the 

oxidation of CeO2. The behavior of As(III) adsorption was consistent with the Freundlich adsorption isotherm and a pseudo-second 

order kinetic model. D-R and Temkin isotherms indicated that the adsorption behavior was physisorption. The XANES spectra of CeZ 

indicated that the oxidation states of As occurred on the interface of the spent CeZ. The mechanisms of As(III) adsorption were related 

to As(III) adsorption on the CeZ surface, As(III) oxidation to As(V), and the adsorption of As(V) in the solution on the surface of the 

material.  
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