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TÓM TẮT

Trong nghiên cứu này các quá trình trao đổi và hấp phụ các cation kim loại được khảo sát sử dụng các tính 
toán theo các nguyên lý đầu tiên. Các kết quả thu được chỉ ra rằng, các sự trao đổi cation hầu như không thuận 
lợi, trong đó các vị trí Al3+ dễ thay thế hơn Si4+. Các cation kim loại được hấp phụ mạnh mẽ trên kaolinite ở cả hai 
mặt H-slab và O-slab. Kết quả tính tại phiếm hàm PBE, khả năng hấp phụ các cation kim loại giảm theo thứ tự  
Li+ > K+ > Na+ > Ca2+ > Al3+ > Fe3+ > Cr3+ > Mg2+. Đáng chú ý, sự xâm nhập vào cấu trúc tinh thể của kaolinite 
được phát hiện đối với Li+ và Mg2+ ở mặt H-slab cùng với sự hình thành tương ứng các liên kết mới Li-O và Mg-O. 
Trong khi đó, sự xen vào giữa các lớp kaolinite bởi các cation Ca2+ được phát hiện với sự hình thành các liên kết 
Ca-O với cả hai mặt H-slab và O-slab. Đối với Na+, K+, hay Cr3+, sự ưu tiên ở bề mặt O-slab trong quá trình hấp phụ. 
Trong khi đó, Al3+ và Fe3+ tạo sự tương tác tốt ở trên bề mặt H-slab. Các phân tích mật độ trạng thái và phân bố 
mật độ electron chứng tỏ sự hình thành các liên kết cộng hóa trị M-O trong quá trình hấp phụ. Hơn nữa, K+ được 
đề xuất như là sự bổ sung trên bề mặt kaolinite đối với các khảo sát xa hơn về hấp phụ và loại bỏ hiệu quả các hợp 
chất hữu cơ trong các môi trường. 

Từ khóa: Sự trao đổi, hấp phụ, cation kim loại, kaolinite, DFT.
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ABSTRACT

In this study, metal cations exchange and adsorption processes onto kaolinite surfaces are investigated using 
first-principles calculations. Obtained results indicate that the exchanges of cations are mostly unfavorable, and 
the Al sites are conveniently replaced compared to Si sites. The metal cations are adsorbed strongly onto kaolinite 
surfaces at both O-slab and H-slab. The adsorption ability of metal cations decreases in the order of Li+ > K+ > Na+ 
> Ca2+ > Al3+ > Fe3+ > Cr3+ > Mg2+ at the PBE functional. Remarkably, the insertions of Li+ and Mg2+ into the lattice 
structure of kaolinite are found at H-slab following the formation of Li-O and Mg-O new bonds, respectively. 
The intercalation into kaolinite by Ca2+ is observed in forming Ca-O bonds for both H-slab and O-slab. For Na+, 
K+, and Cr3+, the favorable attachment is located at the O-slab upon adsorption. Besides, the Al3+ and Fe3+ ions 
interact preferably on the H-slab. The analyses of the density of states and electron localization function clarify the 
appearance of M-O covalent bonds upon the adsorption process. Further, K+ is suggested as a promising addition 
to kaolinite surfaces for the efficient adsorption and removal of organic compounds in environments.

Keywords: Exchange, adsorption, metal cations, kaolinite, DFT.

1. INTRODUCTION

Kaolinite is one of two-layer aluminosilicates, 
containing the hydrogen-rich surface (H-slab) 
and oxygen-rich surface (O-slab). The H-slab 
with high positive charge density is favorable for 
interaction with organic compounds containing 
functional groups such as -OH, -COOH.1-3  

In particular, the adsorptions of benzene, 
n-hexane, pyridine, and 2-propanol on H-slab 
are more substantial than those on O-slab.4 
Similarly, phenol, toluene, and CO2 are adsorbed 
preferably on the kaolinite aluminol surface 
(H-slab).5 In contrast, the O-slab containing a 
sizeable negative charge density is considered 

an efficient surface for the adhesion of metal 
cations or other cations.6-8 As a result, kaolinite is 
one of the potential materials for the adsorption 
and removal of heavy metals from aquatic 
environments.9 Besides, theoretical approaches 
using density functional theory (DFT) provide 
insight into the adsorption process of metal 
cations on material surfaces.1-8

It is noticeable that the exchange of 
cations in the material structure leads to 
considerable changes in electronic and surface 
properties, increasing the applicability of 
materials, especially in energy and environment 
fields.10 Recently, the alkali activated kaolinite 



Quy Nhon University Journal of Science, 2024, 18(3), 5-13 7
https://doi.org/10.52111/qnjs.2024.18301

QUY NHON UNIVERSITY
SCIENCEJOURNAL OF

has been investigated for antibiotic adsorption.11 
Accordingly, replacing Al3+/Si4+ on kaolinite with 
Na+ cations improves adsorption performance. 
In another report, the hydrated form of Cd(II) 
adsorbed on basal planes of kaolinite (H-slab 
and O-slab) was carried out using theoretical 
approach.12 Moreover, Cs(I) adsorption on 
kaolinite was more convenient for O-slab than 
for H-slab.13 It can be seen that the hydrated 
forms of metal cations and material surfaces in 
aquatic environments are quite complex, affected 
by various factors such as temperature, pressure, 
concentration, pH, and the presence of other 
compounds. Additionally, the suitable planar 
surface of kaolinite for the cation adsorption was 
not clarified in the previous studies. Therefore, 
in the present work, we use DFT calculations 
to investigate the replacement of exchangeable 
cations in the structure of kaolinite (Al3+, Si4+), 
and adsorption of various cations with the 
unhydrated form on both H-slab and O-slab, to 
have an insight into the structural and electronic 
properties, surface interactions. Furthermore, 

results are expected to suggest promising 
metal cations adding to the kaolinite surface 
for the good adsorption and removal of organic 
pollutants in environments.

2. COMPUTATIONAL METHOD

The geometric structures of the kaolinite surfaces 
and adsorption configurations are optimized 
by VASP.14 Kaolinite is one of the common 
clay minerals, including a series of uncharged 
layers connected by a network of hydrogen 
bonds between H-slab and O-slab, as shown 
in Figure 1. In this work, the 1 x 1 x 1 (for one 
layer in exchange) and 2 x 1 x 1 (for two layers 
in adsorption) cell models are designed with 
dimensions size of the unit cell in experiments15: 
a = 5.15 Å; b = 8.93 Å; c = 7.38 Å, and a = 10.30 
Å; b = 8.93 Å; c = 28.51 Å, respectively. The 
vacuum space in the two-layered structure is 15 
Å, large enough to ignore boundary interactions 
between two slabs. Plane-wave cutoff energy is 
set up at 500 eV upon optimization. 

One layer (unit cell) Two layers

In addition, the Perdew-Burke-Ernzerhof 
(PBE) function with a generalized gradient 
approximation (GGA) for the exchange-
correlation component is used in all calculations.16 

Adsorption energy (Eads) is computed by using 
the following expressions: 

Eads = Ecomp – Ekaoli – EM

where Ecomp, Ekaoli and EM are the energy values of 
complexes, kaolinite surfaces, and metal cations, 
respectively. The exchange energy (Eexh) of metal 

Figure 1. The surface models of kaolinite in this work. 

cations into the lattice structure of kaolinite is 
determined as follows: 

Eexh = Ekaoli-M + EAl/Si – EM – Ekaoli

in which Ekaoli-M and EAl/Si correspond to the 
energy values of the new structure of cation 
exchange and Al3+/Si4+. Moreover, to understand 
the formation of stable structures, the density of 
states (DOS) and electronic localization function 
(ELF) analyses are carried out at the same level 
of theory. 
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3. RESULTS AND DISCUSSION

3.1. Optimized structures 

The stable configurations of exchange and 
adsorption of metal cations (M), including Li+, 
Na+, K+, Mg2+, Ca2+, Al3+, Cr3+, and Fe3+ based 
on DFT calculations at PBE functional, are 
presented in Figures 2 and 3. Accordingly, the 

cation exchange occurs at Al3+ or Si4+ sites of 
kaolinite lattice structure. Some Al-O or Si-O 
bonds are broken and replaced by new M-O 
bonds upon optimization. The bond lengths of 
Al/Si-O in kaolinite are ca. 1.85-2.00 Å (Al) and 
1.61-1.64 Å (Si), consistent with experiment 
values in previous studies.17

Exch-M1 (at Al site) Exch-M2 (at Si site)

For derivatives in exchange, the M-O 
bond lengths for replacement of Al3+ (denoted by 
M1) and Si4+ (denoted by M2) sites are 1.97-2.24 
Å (Li1), 1.80-1.89 Å (Li2), 2.13-2.37 Å (Na1), 
2.08-2.17 Å (Na2), 2.35-2.89 Å (K1), 2.30-3.15 
Å (K2), 1.99-2.07 Å (Mg1), 1.86-1.92 Å (Mg2), 
2.18-2.30 Å (Ca1), 2.11-2.73 Å (Ca2), 1.73-1.75 
Å (Al2), 1.84-1.99 Å (Si1), 1.91-2.03 Å (Cr1), 
1.72-1.80 Å (Cr2), 1.88-2.01 Å (Fe1), 1.73-
1.81 Å (Fe2). As a result, the M-O distances are 
larger at M2 than at M1 structures following 
the cation exchange. Moreover, the charge 
densities surrounding Al/Si sites in kaolinite 
change in replacing metal cations. Hence, the 
cation substitutions lead to considerable changes 

Figure 2. The optimized structures of cations exchange on kaolinite surfaces. 

in M-O bond length and charge density on 
M, which could cause a decrease in structure 
strength compared to original kaolinite.

In addition, the adsorption of metal cations 
onto kaolinite is observed at the H-slab, O-slab, 
and between two of these slabs, as displayed in 
Figure 3. According to the optimization, metal 
cations attach on H-slab at the O sites to form 
M-O interactions in Ads-M1, while the adhesion 
of metal cations on O-slab is preferred at the 
tetragonal cage in Ads-M3 and hexagonal cage 
in Ads-M4. The attachment of cations into the 
interlayer of H-slab and O-slab is considered in 
the present work. Here, the configurations are 
stabilized by M-O new bonds in Ads-M2. 

Figure 3. The stable structures of cations adsorption on kaolinite surfaces. 
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Å (Cr2), 2.27 Å (Cr3), 2.28 Å (Cr4), 2.38-2.69 
Å (Fe1), 1.97-3.56 Å (Fe2), 2.23 Å (Fe3), 2.45-
2.92 Å (Fe4) upon adsorptions. Noticeably, the 
Li+ and Mg2+ cations tend to insert into the lattice 
structure of kaolinite and form Li-O and Mg-O 
new bonds along with Al-O bonds at H-slab. 

3.2. Exchange and adsorption energies

The characteristic parameters such as the 
exchange energy (Eexh) and adsorption energy 
(Eads) calculated and gathered in Table 1 aim to 
evaluate the exchange and adsorption ability of 
cations onto kaolinite surfaces.

The interaction distances in adsorption 
configurations (Ads-M1, Ads-M2, Ads-M3, 
Ads-M4) are mostly larger than M-O bond 
lengths in cation exchange. In particular, the M-O 
distances are ca. 2.66-2.69 Å (Li1), 2.04-2.29 
Å (Li2), 1.90-2.57 Å (Li3), 2.08-2.50 Å (Li4), 
2.45-2.50 Å (Na1), 2.27-2.90 Å (Na2), 2.35-2.66 
Å (Na3), 2.39-2.95 Å (Na4), 2.80-2.82 Å (K1), 
2.49-3.02 Å (K2), 2.65-3.06 Å (K3), 2.75-3.14 
Å (K4), 2.22 Å (Mg1), 2.05-2.14 Å (Mg2), 2.92 
Å (Mg3), 3.25 Å (Mg4), 2.42 Å (Ca1), 2.32-
2.73 Å (Ca2), 2.40 Å (Ca3), 2.47-2.50 Å (Ca4), 
2.01 Å (Al1), 2.14-3.08 Å (Al2), 2.16 Å (Al3), 
2.31-2.94 Å (Al4), 2.50-2.65 Å (Cr1), 2.13-3.02 

Table 1. The energy of cation exchange (Eexh) and adsorption (Eads) on kaolinite (in kcal.mol-1).

 M Li+ Na+ K+ Mg2+ Ca2+ Al3+ Cr3+ Fe3+

Eexh Exch-M1 214.7 250.0 282.5 126.1 123.2 -- 57.7 96.6

Exch-M2 284.5 326.5 357.6 210.9 210.6 70.9 92.3 132.8

Eads Ads-M1 -12.9 -12.1 -12.7 -5.5 -11.8 -22.6 -6.7 -11.7

Ads-M2 -61.9 -25.9 -14.6 -7.0 -24.3 -12.0 -6.7 -10.5

Ads-M3 -26.8 -21.4 -25.3 -0.7 -14.2 -18.1 -7.9 -8.1

Ads-M4 -42.1 -29.8 -33.5 -0.8 -21.6 -17.4 -8.7 -7.1

Calculated results show that the exchange 
energy values are highly positive, in the range of 
57.7 - 357.6 kcal.mol-1, indicating these processes 
are endothermic and thermodynamically 
unfavorable. This result is consistent with the 
previous report on substitutions in kaolinite by 
combining ions from groups II and III.18 As a 
result, the replacement of Al3+/Si4+ with Cr3+, and 
Fe3+ are more convenient than other cations. The 
cation exchanges are more favorable at the Al3+ 
than at Si4+, especially the Cr-derivative (Eexh ca. 
57.7 kcal.mol-1). With the Si4+ substitutions, the 
Al-derivative (Eexh ca. 70.9 kcal.mol-1) is formed 
more preferably than other ones. Here, it can be 
understood that the changes in charge density 
and radius of the metal cations yield changes 
in geometrical structures. The substituted metal 
cations mostly have a smaller charge and a much 
different radius than the substituted Al3+/Si4+ in 
kaolinite, leading to the formation of less stable 
structures. 

Considering the adsorption of metal 
cations onto H-slab and O-slab, the adsorption 
energy (Eads) ranges from -7.0 to -61.9 kcal.
mol-1. The obtained configurations are thus 
relatively stable. The metal cations are adsorbed 
strongly to different sites onto kaolinite surfaces. 
Specifically, Li+ cations tend to insert into the 
kaolinite in the octahedral cage and form Li-O 
new bonds in the Ads-Li2 (Eads = -61.9 kcal.
mol-1), the most stable structure in investigated 
systems. The Ads-Li4 is formed conveniently 
with an adsorption energy value of -42.1 kcal.
mol-1, and Li-O bonds located at the octahedral 
cage of the O-slab. This is due to the Li+ ion has the 
smallest radius among the investigated cations, 
so it is conveniently located at cages of H-slab 
and O-slab and inserted into the lattice structure 
of kaolinite. Besides, Na+, K+, and Cr3+ cations 
interact considerably with O sites on the O-slab 
in forming the Ads-Na4, Ads-K4, and Ads-Cr4 
with corresponding adsorption energies of -29.8, 
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-33.5, and -8.7 kcal.mol-1. These structures are 
much more stable than Ads-Na1, Ads-K1, and 
Ads-Cr1 where the adsorption occurs preferably 
on the H-slab. 

In addition, the Al3+ and Fe3+ cations 
are adsorbed strongly at the H-slab leading to 
the existence of M-O bonds at the top of the 
tetrahedral cage in Ads-Al1 (Eads of - 22.6 kcal.
mol-1) and Ads-Fe1 (Eads of -11.7 kcal.mol-1). 
These configurations are about 4-5 kcal.mol-1, 
more stable than Ads-Al4 and Ads-Fe4. With 
the remaining metal cations (Mg2+, Ca2+), the 
most stable configurations are Ads-Mg2 and 
Ads-Ca2 with the intercalation of ions between 
the H-slab and O-slab. Here, Mg2+ inserts into 
the H-slab and forms Mg-O bonds similar to Li+. 
However, the Ads-Mg2 (Eads of -7.0 kcal.mol-1) 
is much less stable than Ads-Li2. Meanwhile, 
the intercalation of Ca2+ yields the appearance of 
Ca-O bonds with both H-slab and O-slab. The 

Ads-Ca2 is thus relatively stable in this case, 
with an adsorption energy of -24.3 kcal.mol-1.  
Furthermore, results indicate that among the 
common metal cations in aqueous environments 
(Na+, K+, Mg2+, and Ca2+), K+ has the best 
adsorption ability on kaolinite surfaces. In 
previous reports, the alkali metal (Na, Mg, Ca) 
supported on kaolinite enhances the adsorption 
capacity of heavy metal.19,20 From this aspect, 
K+ is expected to be a good candidate to support 
kaolinite surfaces for the adsorption of heavy 
metals and organic compounds.

3.3. DOS and ELF analyses

To better understand the formation of structures 
following the exchange and adsorption of 
cations, the density of states (DOS) and electron 
localization function (ELF) analyses at the PBE 
function are examined and illustrated in Figures 
4 and 5.

Results of ELF analysis indicate that 
the interactions are formed between M metals 
and O at the H-slab and O-slab with highly 
localized electron density, regarded as the 

Figure 4. The ELF maps of the most stable adsorption configurations.

chemical bonds.21 The electron density sharing 
between M-O bonds is more favorable at the 
O-slab surface than at the H-slab. Moreover, the 
electron density localized at the M-O bonds for 
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the structures is considerably high and decreases 
from Ads-Li2, Ads-K4, and Ads-Na4, going 
to Ads-Ca2, Ads-Al1, and finally in Ads -Fe1, 
Ads-Cr4, Ads-Mg2. Therefore, the formation of 

M-O covalent bonds is preferred in the order of 
Li, K, Na > Ca, Al > Fe, Cr, and Mg, consistent 
with the difference in adsorption energy values 
above.

Figure 5. The pDOS of the most stable configurations for metal cations exchange and adsorption.
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As shown in Figure 5, there are slight 
decreases in the density of states (DOS) in the 
valence band (VB) and conduction band (CB). 
These two shifts are approximate in most 
structures, so the gap energy (Eg) has little change 
compared to the initial kaolinite. Besides, in 
the exchange of Cr3+ at Al site (Exch-Cr1) and 
adsorption of Al3+, Fe3+ on H-slab (Ads-M1), 
the hybridizations of the 3s, 3p (Al), 3d (Cr, Fe) 
orbitals and the 2s, 2p orbitals of O (in kaolinite) 
lead to form Al-O and Cr/Fe-O new bonds. It can 
be seen from new states as narrow lines between 
VB and CB. The band gaps of these structures 
are thus significantly reduced. Therefore, the 
Cr3+ exchange at the Al site and the Al3+, Fe3+ 

adsorption at the H-slab would yield better 
light absorption and increase the photocatalytic 
activity of the materials compared to the original 
kaolinite.

4. CONCLUSIONS

Theoretical results indicate that the cation 
exchanges into the lattice structure of kaolinite 
are unfavorable and endothermic. The adsorption 
of metal cations on planes of kaolinite is 
preferred on both H-slab and O-slab in forming 
M-O bonds. The Li+, Mg2+, and Ca2+ cations are 
adsorbed alternately to the H-slab and O-slab, 
in which Li+ and Mg2+ favorably insert into the 
lattice structure of kaolinite. The Na+, K+, and 
Cr3+ ions interact strongly with O sites on the 
O-slab at the octahedral cage. In addition, Al3+ 
and Fe3+ are located firmly at the tetrahedral 
cage on the H-slab. Adsorptions of metal cations 
on kaolinite are regarded as chemisorption and 
follow the sequence: Li+ > K+ > Na+ > Ca2+ > 
Al3+ > Fe3+ > Cr3+ > Mg2+. The formation of 
configurations yields the changes in VB and 
CB regions and band gap energy. Noticeably, 
the considerable differences in DOS and band 
gaps are found in structures of Cr3+ exchange 
and Al3+, Fe3+ adsorption as compared to the 
remaining cations. Besides, the ELF analysis 
determines the formation of the M-O covalent 
bonds, which contribute mainly to the stability 
of configurations. 
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TÓM TẮT

Nghiên cứu này tổng hợp vật liệu CeO2 sử dụng hai tác nhân tạo gel là tartaric acid (A) và polyvinyl alcohol 
(P) bằng phương pháp đốt cháy. Các đặc trưng được sử dụng để phân tích mẫu tổng hợp được là DTA-TGA, XRD, 
BET, SEM. Vật liệu tổng hợp ở các điều kiện tối ưu được ứng dụng xử lí methylene blue (MB) trong môi trường 
nước. Kết quả phân tích MB cho thấy hiệu suất xử lí đạt gần 80% ở pH4, nồng độ đầu vào của chất ô nhiễm  
10 ppm, hàm lượng chất xúc tác 1 g/L. 

Từ khóa: CeO2 ,  PVA, tartaric acid, MB.
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ABSTRACT

The CeO2 material was synthesized using two gelling agents: tartaric acid (A) and polyvinyl alcohol 
(P) through the combustion method. DTA-TGA, XRD, BET, and SEM methods were employed to analyze the 
characteristics of the synthesized material. The synthesized materials, prepared under optimal conditions, were 
utilized for the treatment of methylene blue (MB) in water. The efficiency achieved nearly 80% at pH4 with an 
input concentration of the pollutant at 10 ppm and a catalyst concentration of 1 g/L.

Keywords: CeO2 , PVA, tartaric acid, methylene blue.
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1. INTRODUCTION 

Currently, environmental pollution poses 
a significant global challenge, including in 
Vietnam. Untreated or improperly treated waste 
released into the environment pollutes the 
soil, water, and air, directly impacting human 
life. Various methods are being applied and 
researched to treat pollutants, each with its own 
set of advantages and disadvantages.

Recently, photocatalytic method using 
CeO2 catalyst has received research attention. 
Research results showed the effectiveness of 
CeO2 in treating pollutants that are difficult 
to biodegrade1,2 as well as pigments.3,4 The 
advantages of CeO2 are manifested in its 
structure. According to research,5 in the unit 
structure of CeO2, the cation Ce4+ was easily 

replaced by Ce3+. To compensate for the charge, 
the part of the oxygen elements were lost and 
created oxygen vacancies. Therefore, CeO2 was 
converted to the form CeO2-n. These oxygen 
vacancies were the reason for their effectiveness 
in catalytic reactions.

CeO2 material was synthesized by many 
different methods such as hydrothermal,6 sol-
gel,7 combustion method8...or a combination 
of methods. The combustion method offers the 
advantage of simplicity and the capability to 
synthesize a large quantity of material. In this 
study, two gelling agents, PVA and tartaric acid, 
were combined. The addition of tartaric acid to 
the reaction mixture enhanced its complexation 
ability, provided additional heat, reduced the 
concentration of PVA, and lowered the synthesis 
temperature of the material.
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2. EXPERIMENT

2.1. Material synthesis process

Oxide nanoparticles of CeO2 were synthesized 
by the combustion method. The gelling agents 
were dissolved in water with salt solutions of 
Ce3+ in appropriate molar ratios. The solution 
was stirred and heated until transparent gel was 
formed. The formation gel had high viscosity 
and was dried for 2 hours at 110 oC. Finally, 
it formed a puffy, spongy mass. Material 
products were obtained after calcinating at 
different temperatures. pH buffers were used 
to investigate desire pH. The chemicals used in 
this study were analytical quality.

2.2. Photocatalytic process 

Research investigated the degradation of 
MB via photocatalytic processes employing 
CeO2 nanoparticle oxides. Initially, a solution 
containing a specified concentration of the 
contaminant and catalyst was introduced into 
the reactor system (250 mL). Following this, 
the suspension was stirred in darkness for 60 
minutes to establish an adsorption/desorption 
equilibrium before irradiation. After that, the 
mixture was lit by LED light with power 220 V,  
30 W with different times. At specific time 
points, approximately 5 mL of the mixture 
was withdrawn, centrifuged, and subsequently 
filtered to remove the residual catalyst 
particulates for analysis. The concentration of 
MB was determined using UV-Vis spectroscopy 
(CE-2011) at a wavelength of 663 nm.

3. RESULTS AND DISCUSSION 

3.1. Effect of calcination temperature

Different thermal analysis method was used 
to investigate calcination temperature of dried 
sample synthesized gelation temperature of  
80 0C; pH4; Ce/AP ratio = 1/3; AP ratio = 1/1. 
The results were shown in Figure 1.

Figure 1. DTA – TGA of gel sample. 

Figure 1 depicts a rapid weight loss 
observed within the temperature range of 30 
to 300 0C, attributed to both dehydration and 
decomposition of PVA and tartaric acid within 
the sample. This phenomenon aligns with the 
distinct exothermic peak recorded at 236.09 0C  
on the DTA curve. Subsequently, minimal mass 
variation was noted above the TGA curve, 
indicative of the formation of the pure product.

To examine the formation of CeO2 
material, the sample underwent calcination 
at various temperatures. The outcomes are 
illustrated in Figure 2.

Figure 2. XRD diagrams of samples at different 
temperatures a) 300 0C; b) 400 0C; c) 450 0C; d) 500 
0C; e) 600 0C; f) 700 0C.

The peaks located at 2θ = 28.99; 33.39; 
47.91; 56.75; 59.1; 69.6; 76.5 and 79.47 
correspond to the (111), (200), (220), (311), 
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(222), (400), (331), and (420) crystal planes of 
CeO2, respectively, according to JCPDS card: 
34-0394.9 These peaks began to appear at low 
temperatures of 300 0C, and the peaks formed 
more clearly when sample was calcined at higher 
temperatures. Here the calcination temperature 
of 400 0C  was chosen for further studies.

3.2. Effect of pH

After choosing the appropriate calcination 
temperature, the sample was surveyed to select 
the optimal pH for the synthesis process. Sample 
was kept at conditions: gelation temperature  
80 0C; Ce/AP ratio = 1/3; AP ratio = 1/1; 
calcinating temperature 400 0C and pH values 
were changed by pH2, pH3, pH4. The results 
were shown in Figure 3.

Figure 3. XRD diagrams of samples at a) pH2;  
b) pH3; c) pH4.

Figure 3 distinctly displays the formation 
of diffraction peaks specific to CeO2. The 
findings indicate that pH did not significantly 
influence the phase formation process of CeO2 
oxide in this study. However, if the pH is low 
(pH2, pH3), it can break the polymer chains of 
PVA, reducing the uniform dispersion of metal 
cations in the network. The appropriate pH here 
is pH3, pH4. In the next study, pH4 was chosen.

3.3. Effect of Ce/AP ratio

The ratio of metal and the gelling agent mixture 
were studied. The sample was synthesized at a 

gelation temperature of 80 0C; AP ratio = 1/1; 
calcinating temperature 400 0C; pH4; and Ce/AP 
ratios were changed at values of 9/1; 3/1; 1/1; 
1/3; 1/9. Figure 4 showed the results of XRD 
diagrams of the synthesized samples.

Figure 4. XRD diagrams of samples with different 
Ce/AP ratios a) Ce/AP = 9/1; b) Ce/AP = 3/1;  
c) Ce/AP = 1/1; d) Ce/AP =1/3; e) Ce/AP = 1/9.

At ratios of Ce/AP = 9/1; Ce/AP = 3/1; 
Ce/AP = 1/1 of the amount of agent used to form 
complexes with metal ions were not enough, 
resulting gels exhibited poor viscosity. When 
forming gels at Ce/AP = 1/3 and 1/9, it ensured 
the appropriate amount of gel-forming agent, 
leading to high viscosity gels. Upon thermal 
treatment, the products showed increased 
porosity and more uniform particle sizes. 
However, as shown in Figure 4, at the Ce/AP = 1/9,  
the peaks formed were higher and sharper 
compared to the Ce/AP = 1/3. This may indicate 
an increase in the crystal size of the obtained 
material. Therefore, the Ce/AP = 1/3 was chosen 
for further studies.

3.4. Effect of gel formation temperature

To investigate gel formation temperature, the 
sample was synthesized at conditions Ce/AP ratio 
= 1/3; AP ratio = 1/1; calcinating temperature 
400 0C; pH4, and gel formation temperatures 
were changed at 40 0C, 60 0C, 80 0C, 100 0C. The 
results were shown in Figure 5.
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Figure 5. XRD diagrams of sample at different gel 
formation temperatures a) 40 0C, b) 60 0C, c) 80 0C, 
d) 100 0C.

The synthesis time for sample preparation 
was observed to be prolonged, taking 8 hours 
at 40 0C and 4 hours at 60 0C. Surprisingly, at  
100 0C, although the synthesis duration was shorter 
(an hour), the characteristic peaks of CeO2 were 
distinctly evident in the XRD pattern. However, 
significant noise in the background suggested 
potential instability in the product. Conversely, 
at 80 0C, the synthesis duration of 2 hours was 
sufficient for uniform distribution of metal ions 
within the complexing agent's network, resulting 
in clear and well-defined peaks of CeO2 in the 
XRD pattern. Consequently, a temperature of 
80 0C was selected for synthesizing the desired 
sample.

3.5. Material characteristic after choosing 
optimum conditions

The CeO2 oxide successfully synthesized 
under the studied conditions was employed for 
decomposing pollutants via a photocatalytic 
process. This process was notably influenced by 
factors such as grain size, material surface area, 
and more. The material characterization results 
are presented in Figure 6 and Table 1.

Figure 6. TEM image of CeO2.

Figure 6 showed that the oxide 
nanoparticles of CeO2 were spherical with an 
average size of about 10 nm. When compared 
with similar studies10,11 that used only alone 
gelling agent the results were shown in Table 1.

Table 1. Comparision of CeO2 material formed by 
using gel agents PVA, AT and mixture of PVA and AT.

Gel 
agent

Calcination 
temperature (0C)

BET 
(m2/g)

References

PVA 180 35.0 [10]

AT 600 38.57 [11]

AP 400 72.97 This study

The calcination temperature of the sample 
using the AP gelling agent mixture was lower 
by 200 0C compared to the sample using AT 
alone. Additionally, the specific surface area of 
the sample using the AP gelling agent mixture 
was nearly double that of the sample using 
the gelling agent alone. This demonstrates the 
advantage of employing a mixture of gelling 
agents, PVA and AT. The combination enhanced 
the ability to form complexes with AT and 
achieve even distribution on the structural net 
of PVA. The even distribution of heat reduced 
the required heating temperature, resulting in a 
final product with a larger specific surface area, 
thereby creating favorable conditions for the 
decomposition of pollutants. Figure 7 shows the 
N2 adsorption–desorption isotherms and the pore 
size distribution plot of the CeO2 samples.
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Figure 7. Nitrogen adsorption–desorption isotherm 
and the pore size distribution plot for the synthesized 
CeO2 sample.

Figure 7 shows that the adsorption and 
desorption isotherms of the CeO2 material 
samples exhibit type IV (according to the IUPAC 
classification), characteristic of mesoporous 
structures. The average pore diameter was 
calculated using the BJH method to be 9.7 nm.

3.6. Photocatalytic process to decompose 
organic pigment of CeO2 

 material

3.6.1. Effect off catalyst concentration

The material was continued to research on 
the influence of catalyst content on the MB 
decomposition process. The initial concentration 
of the pollutant was 10 ppm, pH 4, the catalyst 
content was changed at values of 0.25 g/L,  
0.5 g/L, 1 g/L, 1.5 g/L. The results were shown 
in Figure 8.

The results demonstrated that as the 
catalyst content increased, the efficiency of MB 
treatment also increased over time, reaching its 
peak at a catalyst content of 1.0 g/L after 7 hours 
of treatment (80%). However, with a further 
increase in the catalyst content to 1.5 g/L, the 
efficiency of MB treatment decreased. This could 
be attributed to the material's black color, which 
potentially reduced the amount of light reaching 
the material, thereby affecting the efficiency of 
the pollutant treatment process.

Figure 8.  Effect of catalyst content to MB decomposistion 
over time.

3.6.2. Effect of initial concentration 

The initial pollutant concentration was changed 
at 5 ppm, 10 ppm, 15 ppm at pH4, catalyst content 
1 g/L. The results were shown in Figure 9.

Figure 9. Effect of initial concentration to MB 
decomposition over time.

The initial concentration of the pollutant 
greatly affected the pollutant treatment process. 
MB concentration was increased; therefore, it 
led to an increase in the amount of pollutants 
in the reaction mixture. With the same catalytic 
content and a certain number of active sites, the 
amount of MB adsorbed on these active sites 
were greater. Therefore, the number of active 
sites were not enough to decompose this amount 
of pollutant. The efficiency of decomposing 
pollutants decreased.



Quy Nhon University Journal of Science, 2024, 18(3), 29-35 35
https://doi.org/10.52111/qnjs.2024.18303

QUY NHON UNIVERSITY
SCIENCEJOURNAL OF

During photocatalysis, electron/hole pairs 
are formed under appropriate light conditions. 
Similar to the study by Le Thi Thanh Tuyen,9 
under UV light irradiation, these electrons 
further react with dissolved oxygen to generate 
superoxide radical anions (O2

•−), while h+ in the 
valence band reacts with adsorbed water and 
produces more hydroxyl radicals (•OH). These 
strong oxidizing radicals are reactive species 
which are mainly responsible for degradation 
of MB.

4. CONCLUSION

Oxide nanoparticles of CeO2 were successfully 
synthesized under optimized conditions: 
calcination temperature at 400 0C, pH4, Ce/
AP = 1/3, AP = 1/1, and gelation temperature 
at 80 0C. The resulting nanoparticles exhibited 
a spherical shape with an average particle size 
of approximately 10 nm and a surface area of 
72.97 m2/g, nearly doubling that achieved when 
using either the gelling agent PVA (35 m2/g) or 
AT (38.57 m2/g) individually.

The photocatalytic process utilizing these 
CeO2 nanoparticles demonstrated an efficiency 
of 80 % in treating MB under conditions of pH4, 
initial MB concentration of 10 ppm, catalyst 
content at 1 g/L, and a reaction duration of  
7 hours.
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TÓM TẮT

Vật liệu composite ZnO/g-C3N4 đã được tổng hợp thành công bằng phương pháp nung đơn giản từ các tiền 
chất g-C3N4 và zinc acetate hexahydrate. Hình thái, độ kết tinh, thuộc tính hình học và liên kết hóa học của vật liệu 
được đặc trưng bằng các kỹ thuật phân tích khác nhau như hiển vi điện tử quét (SEM), nhiễu xạ tia X (XRD), phổ 
phản xạ khuếch tán tử ngoại khả kiến (UV-Vis DRS),  phổ hồng ngoại (FT-IR). Vật liệu được đánh giá hiệu quả 
quang xúc tác qua phản ứng phân hủy dung dịch rhodamine B (RhB) dưới ánh sáng nhìn thấy. Kết quả cho thấy 
hoạt tính quang xúc tác của vật liệu composite phân hủy dung dịch RhB cao hơn các vật liệu đơn ZnO, g-C3N4  
với hằng số tốc độ phản ứng phân hủy là 0.0243 phút-1, gấp hơn hai lần so với g-C3N4 tinh khiết (0.0091 phút-1). 

Từ khóa: g-C3N4, ZnO, composite, hoạt tính quang  xúc tác, rhodamine B.
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ABSTRACT

ZnO/g-C3N4 composite material was successfully synthesized using a facile calcination method with g-C3N4 
and zinc acetate hexahydrate as the precursors. The morphology, crystallinity, optical properties, and chemical 
bond characteristics of the synthesized composite were characterized by using various analytical techniques 
such as scanning electron microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, X-ray powder 
diffraction (XRD), ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS). The material's photocatalytic 
performance was evaluated through the decomposition of rhodamine B (RhB) solution under visible light. The 
results show that the photocatalytic properties of composite materials decomposing RhB dye solution are higher 
than those of single materials ZnO, g-C3N4 with a decomposition reaction rate constant of 0.0243 min-1, more than 
twice as fast compared to pure g-C3N4 (0.0091 min-1). 

Keywords: g-C3N4, ZnO, composite, photocatalytic activity, rhodamine B.
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1. INTRODUCTION

Along with economic development nowadays, the 
problem of environmental pollution is becoming 
increasingly serious. Therefore, effectively 
treating ecological decay is a challenging 
problem at the global level. Environmental 
treatment methods have been widely researched 
and have achieved many good results, including 
popular methods such as physics, chemistry, 
and biology. Recently, an attractive method for 
scientists to treat difficult-to-decompose organic 
substances is using semiconductor photocatalytic 

materials. Among the semiconductors published 
to date, metal oxides are the most studied due to 
their chemical and photochemical stability, low 
toxicity, and low cost.1 Among the oxides, TiO2 
and ZnO are of most interest.2 ZnO is a potential 
candidate for photocatalytic reactions due to 
its high photocatalytic activity, environmental 
compatibility, and relatively low cost and is 
therefore widely used in wastewater treatment.3,4

Zinc oxide (ZnO) is a widely researched 
and widely used semiconductor in photocatalysis. 
However, ZnO has a wide band gap energy (about 
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3.37 eV), so it is less active in the visible light 
region.5 It is an exciting idea to prepare a mix 
with two photocatalysts by appropriate matching 
band-level sites to reduce the electron−hole pair 
recombination.6

Recently, g-C3N4 material, a polymer 
organic semiconductor with a graphitic-like 
structure, can absorb visible light (the band gap 
energy of about 2.7 eV), taking many interest 
researchers due to its wide range of applications. 
However, the fast recombination rate of 
photoinduced electron-hole pair for this material 
leads to its low photoefficiency. This is a drawback 
when using it in individual status. Therefore, 
many attempts to enhance the photocatalytic 
performance of g-C3N4 by modifying it with 
other elements have been made.7,8

In this study, the ZnO/g-C3N4 composite 
was synthesized by a simple calcination method, 
and its photocatalytic efficiency was determined 
through the degradation of RhB under visible 
light.

2. EXPERIMENTAL 

2.1. Material synthesis

Chemicals 

All the chemicals for materials synthesis, including 
zinc acetate dehydrate Zn(CH3COO)2.2H2O 
(99.5%), urea (CO(NH2)2, ≥ 99%), rhodamine B 
(C28H31ClN2O3) were purchased from Merck.

Synthesis 

The pure g-C3N4 was prepared by heating urea 
in an alumina crucible covered by an alumina 
sealed with aluminum foil at 550 °C in the Argon 
gas for an hour with a temperature ramping of 
10 °C.min-1. The obtained solid product was re-
grounded and denoted as g-C3N4. 

The g-C3N4/ZnO was synthesized through 
the calcination facile method. Firstly, 100 mg 
of g-C3N4 was a mixture with 200 mg of zinc 
acetate dehydrate Zn(CH3COO)2.2H2O. Next, 
the mixture was ground finely and calcined 
in the air at 350 oC for 1 hour. The solid was 

filtered, washed, and dried at 80 oC for 24 hours 
to obtain the composite product ZnO/g-C3N4 
(denoted as ZCN). ZnO was also synthesized 
similarly to the above conditions but without 
g-C3N4 (marked as ZnO).

2.2. Characterization

Powder X-ray diffraction (PXRD) patterns 
were acquired using a Bruker diffractometer 
(D/max 2200) with Ni-filtered Cu Ka radiation 
(k = 1.5418 Å), power 40 kV, current 40 mA. 
Scanning angle from 10 to 80o. The Fourier-
transform infrared (FT-IR) spectroscopy was 
carried out on an IRAffinity-1S spectrometer 
(Shimadzu) with wavenumbers ranging from 400 
to 4000 cm-1. The composition of the element was 
determined by EDS spectroscopy. UV-Vis-DRS 
spectra of material samples were determined 
on a Jasco-V770 machine with wavelengths 
from 200 - 800 nm. The morphology and size 
of the synthesized samples were characterized 
by scanning electron microscopy (SEM, JEOL 
JSM-600F).

2.3. Photocatalytic properties

Rhodamine B (RhB, C28H31ClN2O3) was selected 
as an organic pollutant to evaluate photocatalytic 
activity. To 100 mL of 10 mg/L RhBsolution, 
0.05 g of prepared sample was dispersed under 
stirring, and the solution was kept in a dark 
condition for 30 min. Then, the solution was 
irradiated by visible light using a 30 W LED 
lamp source. RhB degradation was monitored 
by taking suspension at irradiation time intervals 
of 20 min. Each suspension was centrifuged 
to separate the catalyst from the RhB solution. 
Subsequently, the degradation rate was calculated 
as a function of irradiation time from the change 
in absorbance at a wavelength of 553 nm as 
measured using a UV–Vis spectrophotometer 
(Jenway 6800).

3. RESULTS AND DISCUSSION

3.1. Material characteristics

The X-ray diffraction patterns of ZnO, g-C3N4, 
and ZCN composite are shown in Figure 1. The 
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patterns show that the photocatalysts are well 
crystallized, the pure g-C3N4 sample has two 
distinct peaks at 12.87o and 27.69o, which are 
indexed for graphitic materials as the (100) and 
(002).9 The peak at 12.87o represents stacking of 
aromatic units corresponding to the interplanar 
distance of 6.82 Å. The strong peak at 27.69o is 
interlayer packing of aromatic tri-s-triazine with 
a stacking distance of 3.22 Å.10 Meanwhile, the 
diffraction peaks at 2θ = 31.76o, 34.44o, 36.26o, 
47.560, 56.64o, 62.94o và 68.19o in XRD patterns 
of ZnO, corresponding to the (100), (002), (101), 
(102), (110), (103) and (112).11 The XRD peaks 
of the pure ZnO sample agree with the hexagonal 
wurtzite structure (JCPDS No. 001-1136). The 
locus and shapes of characteristic peaks of ZCN 
are unchanged compared with those of pure 
ZnO. This demonstrated that modification with 
g-C3N4 does not affect ZnO's lattice structure, 
which is suitable for photocatalytic properties 
of as-prepared hybrid photocatalysts. As for a 
combination, the ZCN composites show the 
X-ray patterns analogous to the X-ray patterns 
of the components. The diffraction peaks of both 
ZnO and g-C3N4 phases are observable. 

Figure 1. XRD patterns of g-C3N4, ZnO, and ZCN.

The bond structure of ZnO, g-C3N4, 
and ZCN composite were analyzed by FT-IR 
measurement. Figure 2 shows that the spectrum 
of g-C3N4 has found some strong bands in 
the 1616 -1200 cm-1 range, corresponding to 
typical stretching vibrations of C-N, C = N 
heterocycles.12 The peak at 800 cm-1 was assigned 

to the s-triazine ring vibrations. While the peaks 
at 1616, 1560, 1461, and 1405 cm-1 were ascribed 
to stretching vibrations of heptazine-desired 
repeating units. The peak at 1313 and 1232 cm-1 
belonged to the stretching vibration of connected 
trigonal units of C-N(-C)-C of bridging C-NH-C 
(partial condensation).13 Meanwhile, the broad 
absorption band 3300 - 3000 cm-1 and a small peak 
at 891 cm-1 can be ascribed to the N-H stretching 
vibrations and bend vibration, respectively.14-17 
With the ZnO sample, there was a Zn-O bond 
vibration band at 550-450 cm-1.18 In general, 
all the characteristic peaks of ZnO and g-C3N4 
appeared in the spectra of ZCN. Combined with 
the XRD and FT-IR analysis, it reconfirmed 
the successful synthesis of the ZCN composite. 
The result showed a strong interaction between 
g-C3N4 and ZnO semiconductors. 

Figure 2. IR spectra of ZnO, g-C3N4 and ZCN.

The morphologies of ZnO, g-C3N4, and 
ZCN samples are indicated through SEM images 
in Figure 3. 

Figure 3. FE-SEM images of ZnO, g-C3N4, ZCN,  
and EDS image of ZCN.
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The results show that a typical multi-
layered structure of graphitic carbon nitride 
corresponds to the in-plane structural packing 
pattern of tri-s -triazine building blocks. Figure 3  
indicates that the ZCN material has micropores 
with large diameters. SEM image of ZnO in 
uneven sheet form, flat surface. After combining 
with g-C3N4, the morphology of ZCN changed 
significantly. This change in morphology can be 
ascribed to the surface deposition of g-C3N4 on 
the ZnO. The thin nanosheets encircled ZnO can 
be ascribed to g-C3N4 nanosheets. The ZnO core 
was uniformly beset with thin g-C3N4 flakes.14 
These results further confirm the successful 
formation of the heterostructure of ZCN. Figure 3  
shows enough presence of elements Zn, O, C, and 
N in a composite sample of the EDS spectrum.

UV-vis diffuse reflectance spectra 
investigated optical absorptions of g-C3N4, ZnO, 
and ZCN (Figure 4). 

Figure 4. UV-Vis-DRS (a) and band gap of ZnO, 
g-C3N4, and ZCN (b).

The results show a clear fundamental 
absorption edge of ZnO at 395 nm, and the 
band gap energy is determined to be 3.08 
eV. Meanwhile, the main absorption edge of 
pure g-C3N4 occurs at a wavelength of about 
445 nm and a band gap energy of 2.85 eV. As 
expected, compared with pure ZnO, the ZCN 
photocatalyst shows the same absorption edge, 
but the absorption extends to the visible light 
in the presence of g-C3N4. This result can be 
expected to be that the photocatalytic reaction of 
ZnO is improved under visible light irradiation 
when g-C3N4 is introduced into ZnO and leads to 
charge transfer between g-C3N4 and the valence 
band of ZnO. 

3.2. Photocatalytic properties of materials

The photocatalytic activity of the decomposition 
of RhB solution (10 mg/L) by LED lamp 30 W 
of materials is shown in Figure 5.

Figure 5. Decolorization kinetics of RhB over ZnO, 
g-C3N4, and ZCN under visible light irradiation 
(conditions: mcatalyst = 0.05 g; concentration of RhB = 
10 mg/L; adsorption time = 30 min).

Before evaluating the catalytic activity, 
the material samples were adsorbed in the dark 
for 30 minutes to reach adsorption/desorption 
equilibrium. Figure 5 shows that the ZCN 
sample exhibits higher photocatalytic activity to 
decompose RhB than the single ZnO and g-C3N4 
after 120 minutes of illumination. Specifically, 
the photocatalytic efficiency of samples ZnO, 
g-C3N4, and ZCN is 6.68%, 67.27%, and 
94.75%, respectively, while ZnO has almost 
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no photocatalytic properties. The improved 
photocatalytic activity of the composite is due 
to the synergistic effect of ZnO and g-C3N4. 
The connection of two semiconductors (ZnO 
and g-C3N4) will form a heterojunction at the 
contact surface. And the formed heterojunctions 
are beneficial to the effective separation of 
charge carriers. The presence of g-C3N4 in the 
ZCN sample overcomes the disadvantage of 
photogenerated electron-hole recombination that 
occurs in individual semiconductor materials.

Figure 6. Plot of Langmuir-Hinshelwood model of 
ZnO, g-C3N4, and ZCN materials.

To investigate the kinetics of photocatalytic 
reactions, the Langmuir–Hinshelwood model is 
usually employed (Figure 6). It can be observed 
that the plots of ln(C0/C) versus reaction time (t) 
are well fit by the pseudo-first-order rate model 
with high correlation coefficients  R2 (0.99–1). 

The results show that the ZCN catalyst 
has the highest reaction rate (0.0243 min–1), 
which is 2.76 times higher than g-C3N4, and 
is much more significant than ZnO material. 
This result indicates that adding g-C3N4 to 
ZnO significantly improved the photocatalytic 
activity of pure ZnO.

4. CONCLUSION

ZCN material is synthesized by a simple 
calcination method. This heterostructure shows 
the ability to effectively capture and store charge 
in the visible light region, significantly improving 

the photocatalytic efficiency of the material in the 
decomposition of RhB in a water environment. 
The reaction follows a Langmuir-Hinshelwood 
model with a calculated rate constant of 0.0243 
min-1. The ZCN composite material exhibits 
good heterojunction between ZnO and g-C3N4 
and is a promising semiconductor material for 
decomposing organic dyes in water solution by 
photocatalysis under visible light.
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