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 Abstract: Indoor air pollution is comprised of fine particles, bacteria, fungi, and 
hydrocarbons. Acceptable indoor air quality is maintained using several layers of air 
filters. Alternative materials with the capacity to remove CO2 from indoor air with 
antibacterial efficacy need to be further investigated. Mixed oxides of Ce1.0-xCuxO (x = 0.0, 
0.1, 0.5, 0.9, 1.0) were synthesized using a co-precipitation method. Characterization 
studies revealed that single oxides of Ce1.0O and Cu1.0O were of cubic fluorite and 
monoclinic crystal structures, respectively. Results also show that Ce0.1Cu0.9O and 
Ce0.5Cu0.5O were composites. All samples were classified as mesoporous materials with a 
type IV isotherm, and the main functional group was identified as Ce–O–Cu. The surface 
area of Ce0.5Cu0.5O was 17.63 m2/g. The highest CO2 adsorption capacity was 5.72 cm3/g 
for Ce0.5Cu0.5O. Moreover, the greatest antibacterial activity against B. subtilis (12.22 mm 
inhibition zone) and P. aeruginosa (7.34 mm inhibition zone) was observed for 
Ce0.5Cu0.5O at a 30 mg/L concentration. The synthesis of mixed Ce1.0-xCuxO oxides along 
with their satisfactory antibacterial performance and CO2 adsorption capacity, indicate 
its potential use as an alternative material for inclusion in indoor air filters. 
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■ INTRODUCTION 

Indoor air quality and its effects on human health 
have always been a concern since people spend about 87% 
of their time inside their homes and workplaces [1]. 
Indoor air quality has been determined to contain higher 
concentration of air pollutants when compared to 
outdoor air quality due to confined spaces and limited 
ventilation [2]. Indoor air pollution is a heterogeneous 
mixture of many substances including bacteria, 
particulate matter, carbon dioxide (CO2), ozone, and 
volatile organic compounds. Particulate matter is 
typically comprised of sulfates, nitrates, organic carbon, 
metal ions, and microbial particles [3]. Enclosed spaces 

with poor ventilation and the presence of bacteria in 
indoor air give rise to respiratory diseases in humans [4]. 
Additionally, air filters that entrap bacteria can also 
serve as its culture site. Greenhouse gasses such as CO2 
have detrimental effects on human health such as 
decreased cognitive level, asphyxia, sore eyes, high blood 
pressure, and chest pain when present in indoor air in 
elevated concentrations [5]. High CO2 concentrations 
are found in indoor environments ranging from 1000 to 
3000 ppm compared to outdoor CO2 with an average 
concentration of 415 ppm [6]. The maximum allowable 
concentration of CO2 is 600 ppm in the United States for 
indoor air, while a maximum concentration of 
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1000 ppm is acceptable in Singapore, Korea, Japan, and 
China [7]. Hence, air treatment is needed to remove 
microbes and chemical pollutants and maintain indoor air 
quality. 

There are several types of air filters that can remove 
a variety of air pollutants including microbes, chemical 
contaminants, and particulate matters [8]. Air filters can 
be modified in several ways, including surface chemical 
modification, UV treatment, ion method, and integration 
with nanoparticles [9-10]. The study of Krishnamurthy et 
al. [11] synthesized tetraethylenepentamine-based latex 
paint with a CO2 adsorptive capacity of 48.4 mg/g. In the 
work of Wicaksono et al., molecular sieve 13X zeolite 
particles with a diameter size of 1 nm were integrated into 
air filters and provided 316 mg/L reduction in indoor CO2 
using 140 g of zeolite [12]. Several types of conventional 
filters can attain high removal efficiency for pathogens 
and other air pollutants, which makes air purifier systems 
expensive and bulky. Therefore, researchers have focused 
on the development of multifunctional air filters with 
high antibacterial activity and the capacity to remove 
chemical contaminants. 

Metal oxide nanoparticles (NPs) with antibacterial 
properties that can also remove other air contaminants 
can be incorporated into air filters. Recently, NPs have 
gained attention due to their extensive potential 
applications in nanodevices, nanosensors, 
nanoelectronics, and heat transfer fluids. Cerium oxide 
(CeO2) nanoparticles have been utilized in various 
applications, including biomedicine [13-14], catalysis 
[15-16], environmental applications [17], and fuel cells 
[18]. The acid-base property of CeO2, with its highly 
reactive surface, makes it an excellent material for 
removing CO2 from the air. The study of Slostowski et al. 
[17] developed CeO2 particles using supercritical alcohols 
as surface modifiers for CO2 capture. Li et al. [19] utilized 
a surfactant-template method to synthesize CeO2 NPs 
with a CO2 capture capacity of 30 mg/g. Metal oxides such 
as ZrO2, Al2O3, SiO2, and CeO2 were investigated by 
Yoshikawa et al. [20], and their corresponding adsorption 
capacities for CO2 were determined. Another 
characteristic of CeO2 is its catalytic activity, which is also 
related to the reversible reaction between redox pairs of 

Ce3+ and Ce4+. More oxygen vacancies are present if 
there is excess Ce3+ in CeO2, which favors a quick oxygen 
exchange process. A higher fraction of Ce3+ is generally 
observed with smaller CeO2 particle sizes. The unique 
redox properties of CeO2 have been utilized to protect 
normal human cells. Additionally, CeO2 has cytotoxic 
effects on bacteria due to its oxidation-reduction 
potential, which inhibits ATP activity, affecting the 
transport of nutrients and causing oxidative stress [21]. 

To improve the antibacterial properties of CeO2, a 
second metal oxide can be introduced into the 
nanoparticle structure. Copper oxide (CuO) is 
characterized by its useful physical properties, such as 
photocatalytic characteristics, thermal stability, electron 
correlation effects, spin dynamics, superconductivity at 
high temperatures, and anti-microbial and anti-fungal 
properties [22]. There are numerous applications of 
CuO NPs in batteries, gas sensors, catalysis, adsorbents, 
antibacterial agents and fuel cells. The photocatalytic 
properties of CuO are attributed to its crystal structure 
and narrow bandgap energy. Copper-doped CeO2 has 
been utilized in several studies as a catalyst for the 
oxidation of CO [23-25] and ethene [26], as well as a 
humidity sensor [27]. The incorporation of cerium 
(Ce3+–Ce4+) oxide into copper (Cu+–Cu2+) oxide creates 
a synergistic effect during oxidation reactions. CuO and 
CeO2 can be simultaneously reduced and oxidized where 
the presence of CuO increases the redox mechanism at 
the catalyst surface. The study of Dosa et al. [23] shows 
an improved oxidation performance for ethylene and 
CO using cerium-CuO. 

Several methods of the synthesis of CuO and CeO2 
were evaluated including impregnation method [28], 
emulsion polymerization method [29], surfactant 
template method [30], and hydrothermal method [31]. 
However, several drawbacks include complex set-up, 
utilization of organic solvents that are deleterious in 
nature and requirement of high temperature [32]. 
Meanwhile, co-precipitation is a single-step process that 
operates at low temperature and utilizes green reagents. 
So far, there are no reports on mixed oxides of Ce and 
Cu as possible materials in air filters that take advantage 
of their antibacterial properties and CO2 capture capacity. 
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In this work, cerium-copper mixed oxides Ce1.0-

xCuxO (x = 0.0, 0.1, 0.5, 0.9, and 1.0) were developed by a 
simple co-precipitation method, which is controllable and 
facile. The physicochemical properties of the mixed 
oxides, such as their crystal phase structure and surface 
morphology, were determined using various techniques 
including XRD, FTIR, SEM-EDX, and N2 
adsorption/desorption isotherms. An agar well diffusion 
technique was used to study the antibacterial activity of 
cerium-copper mixed oxides. Additionally, the CO2 
capture capacity of CeCuO was evaluated using Autosorb 
for micropore analysis. 

■ EXPERIMENTAL SECTION 

Materials 

Raw materials for CeCuO synthesis including 
cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99.5 wt.%, 
Acros), copper nitrate (Cu(NO3)2, 98.0 wt.%, Ajax 
Finechem), polyethylene glycol 4000 (PEG 4000, Merck), 
sodium hydroxide (NaOH, 99.0 wt.%, QReC), and an 
ammonia solution (NH3, 30 wt.%, Carlo Erba) were used 
in this experiment. The Gram-positive bacteria, S. aureus 
(TISTR 1466) and B. subtilis (TISTR 008) and the Gram-
negative bacterium, P. aeruginosa (TISTR 781), were 
obtained from the Thailand Institute of Scientific and 
Technological Research. Nutrient agar slants were used 
for microbe cultivation. 

Instrumentation 

A BELSORP-Mini X was utilized to analyze the N2 
adsorption-desorption isotherms of CeCuO at a liquid 
nitrogen temperature of −196 °C. Before analysis, samples 
were dried at 110 °C overnight and degassed at 120 °C 
under vacuum for 3 h. The specific surface area of CeCuO 
was measured within the range of a 0–1 relative pressure 
(P/P0) using a Brunauer–Emmett–Teller (BET) method, 
while the pore size distribution through the cylindrical 
pore model was determined via the Barrett–Joyner–
Halenda (BJH) desorption method. The functional groups 
in CeCuO were determined using FTIR spectroscopy 
(Spectrum Two, Perkin Elmer, USA) combined with an 
ATR method in the scan range of 4000–500 cm−1 with a 
resolution of 4 cm−1. The crystal phases of the CeCuO 

were evaluated via XRD (D8 Advance Series 2, Bruker, 
Germany) operated at an emission current of 35 mA, an 
accelerating voltage of 40 kV, 2θ range from 20 to 80°, 
and with Cu K radiation ( = 1.54184 Å). 

Procedure 

Synthesis of CeCuO mixed oxides 
Co-precipitation method was utilized to synthesize 

mixed oxide particles of Ce1.0-xCuxO (x = 0.0, 0.1, 0.5, 0.9, 
and 1.0), referred to as CeCuO. Table 1 shows the 
precursors used in this synthesis. First, Ce(NO3)3·6H2O, 
Cu(NO3)2, and PEG 4000 were dissolved separately in DI 
water. Then, Cu(NO3)2 solution was added dropwise 
into the Ce(NO3)3·6H2O solution. After that, PEG 4000 
solution was added to the mixture and the resulting blue 
solution was stirred continuously for 15 min. Next, the 
adjustment of solution pH to 8.0  0.2 was done using an 
NH3 solution. This was followed by adding 1.5 M NaOH 
in a dropwise manner to the mixture until a pH of 
12.0  0.2 was achieved. Then, the mixture was stirred 
continuously for 30 min until precipitates were formed. 
The precipitates were filtered through Whatman No. 93 
filter paper. Any unreacted species were removed by 
washing repeatedly with n-butyl alcohol. Then, the 
filtered powders were dried in an oven at 110 °C for 5 h 
and finally calcined at 600 °C for 4 h. Ce1.0-xCuxO (x = 0.0, 
0.1, 0.5, 0.9, and 1.0) are referred to as Ce1.0O, Ce0.9Cu0.1O, 
Ce0.5Cu0.5O, Ce0.1Cu0.9O and Cu1.0O, respectively. 

Antibacterial activity 
An agar well diffusion method was used to 

determine the antibacterial activity of the CeCuO. The 
bacterial strains, P. aeruginosa, S. aureus and B. subtilis, 
were grown in a Mueller-Hinton broth (MHB) for 18 h 
under a 0.5 turbidity (McFarland standard) at 37 °C.  
 
Table 1. Mass of precursors for the CeCuO synthesis 

Sample 
 Mass (g) 

Ce(NO3)3·6H2O Cu(NO3)2 PEG-4000 
Cu1.0O - 9.3782 1.0 
Ce0.1Cu0.9O 2.1711 8.4402 1.0 
Ce0.5Cu0.5O 10.8555 4.6890 1.0 
Ce0.9Cu0.1O 19.5399 0.9378 1.0 
Ce1.0O 21.7110 - 1.0 
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Each 100 μL bacterial suspension, with a cell count of 
1 × 108 CFU/mL, was uniformly spread on individual 
MHB agar plates. Wells with diameters of 5 mm were cut 
using a sterile cork borer. Next, CeCuO aliquots (50 μL) 
were dropped in each well. Finally, the inoculated plates 
were incubated for 24 h at 37 °C. Tetracycline (30 μg) and 
dimethyl sulfoxide (DMSO) were used as positive and 
negative controls, respectively. Last, the widths of 
bacterial inhibition zones were measured. Triplicate runs 
of all experiments were performed. 

CO2 adsorption experiment 
The adsorption experiments of CO2 were performed 

using an Autosorb for micropore analysis (Autosorb 
IQ3). Prior to each adsorption experiment, CeCuO 
samples were degassed at 200 °C for 5 h under helium gas 
to remove impurities and then cooled to the required 
temperature of 30 °C. Finally, ultrahigh purity CO2 
(99.999%) was introduced into the system at 30 °C with 
pressures of 0–1 bar. 

■ RESULTS AND DISCUSSION 

Material Characterization 

Fig. 1(a) shows the lattice parameters and crystal 
phases of CeO2 and CuO in CeCuO calcined at 600 °C for 
4 h. The presence of 2 peaks in Cu1.0O was observed at 
2 = 35.74°, 38.95°, 49.21°, 61.79°, 66.22°, 68.42°, and 
75.37° that correspond to the (-111), (111), (-202), (-113),  
 

(022), (220), and (004) planes, respectively (JCPDS No. 
01-1117). This result indicates a typical CuO monoclinic 
structure within the C2/c space group. Several 2 peaks 
were observed in the XRD pattern of Ce1.0O at 28.68°, 
33.28°, 47.83°, 56.78°, 76.34°, and 79.03°, which 
correspond to the (111), (200), (220), (311), (331) and 
(420) planes, respectively (JCPDS No. 01-0800). This 
result represents a typical CeO2 cubic fluorite structure 
within the Fm-3m space group. The XRD patterns of 
Ce0.1Cu0.9O and Ce0.5Cu0.5O exhibited mixed phases of 
CeO2 and CuO. However, the XRD pattern of 
Ce0.9Cu0.1O displayed only the CeO2 phase, indicating 
that CeO2 and CuO are not present in simple composite 
forms of the individual Ce and Cu oxides. Instead, they 
are found in the form of a solid solution with metal ions 
inserted within the CeO2 crystal structure. This is due to 
differences in the ionic radii of Ce3+, Ce4+, and Cu2+, 
which are 0.114, 0.097, and 0.073 nm, respectively. The 
smaller ionic radius of Cu2+ ions may cause the 
substitution of Cu2+ for Ce4+ within the crystal lattice of 
CeO2 [33-34]. Moreover, the very low quantity of copper 
in Ce0.9Cu0.1O makes the detection of a CuO peak 
impossible. 

The average crystallite sizes (D) of CeO2 and CuO 
in CeCuO were calculated using the Debye Scherrer as 
shown in Eq. (1); 
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Fig 1. (a) XRD pattern and (b) FTIR spectra of CeCuO samples calcined at 600 °C for 4 h 
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where k refers to the broadening constant that changes 
with crystal type,  (o) refers to the Bragg diffraction angle, 
 (radians) is the full width at half maximum (FWHM) of 
a given reflection, and  is the wavelength of Cu K 
radiation ( = 0.15418 nm). 

The peaks at (111), (200), (220), (311), and (420) 
reflections, which show no interference, were used to 
calculate the crystallite size of CeO2 in CeCuO. Table 2 
shows that the crystallite size of CeO2 in all samples 
(except for Cu1.0O) gradually increases with the Ce 
content. The crystallite size increased from 33 nm 
(Ce0.1Cu0.9O) to 68 nm (Ce1.0O). The peaks at (-111), (111), 
(-202), and (-113) were used to compute the crystallite 
size of CuO. These results showed that the CuO sizes were 
in the range of 45–77 nm. However, the size of CuO in 
Ce0.9Cu0.1O could not be determined because of the very 
low amount of copper. 

The lattice parameter (a) and unit cell volume (Vcell) 
of CeO2 in CeCuO are calculated using Eq. (2) and (3), 
respectively [35]; 

2 2 2

2 2
hkl

1 h k l
d a

  
   
 

 (2) 

3
cellV a  (3) 

where dhkl represents the lattice distance between (hkl) 
planes in a cubic crystal; h, k and l refer to the 
crystallographic indices, and a refers to the 
crystallographic lattice parameters. The main peaks at 
(111), (200), (220), and (311) were used to compute the a 
value of CeO2 in CeCuO. Table 2 reveals that a and Vcell 
values of CeO2 in Ce1.0O were 0.54 nm and 0.158 nm3,  
 

respectively. The values of the lattice parameters obtained 
were similar to that in previous literature [35]. Moreover, 
the a and Vcell values of CeO2 in CeCuO were identical to 
those of Ce1.0O. This result suggests that the introduction 
of copper ions into CeO2 lattice does not induce 
substantial structural modifications at the atomic level. 

Fig. 1(b) shows the FTIR spectra of CeCuO 
samples. The broad peak at 3408 cm−1 corresponds to 
stretching vibrations, and the weak absorption band at 
1623 cm−1 is attributed to the bending vibrations of 
absorbed molecular water on the specimen surfaces [36]. 
The strong band at 1350 cm−1 can possibly be ascribed to 
M–OH (M = Ce, Cu) vibrations [37]. The 830 and 
600 cm−1 peaks correspond to the symmetric 
deformation vibrations of metal-oxygen and metal-
oxygen-metal networks (M–O–M; M = Ce, Cu) [38]. 
This suggests that atomic connectivity was present in 
CeCuO. Additionally, the 600 cm−1 peak is attributed to 
the CuO band [39]. 

Fig. 2 demonstrates the N2 adsorption-desorption 
isotherms and pore size distributions of CeCuO. All 
isotherms were classified as type IV that indicates a 
H3-type hysteresis loops. As shown in Table 2, the SBET of 
Ce1.0O and Cu1.0O are 10.28 and 3.38 m2/g, respectively. 
The total pore volume and pore diameters of the samples 
were in the range of 0.020–0.200 cm3/g and 20–45 nm, 
respectively. This implies that the synthesized CeCuO is 
a mesoporous material. Ce0.5Cu0.5O presented the 
highest surface area and pore volume with values of 
17.63 m2/g and 0.1736 cm3/g, respectively. This could 
affect the different samples' antibacterial activity and CO2 

Table 2. Structural properties of the CeCuO samples obtained from XRD analysis and N2 adsorption-desorption 
isotherms 

Sample 
Da (nm) SbBET 

(m2/g) 
DAV 

(nm) 
Vc 

(cm3/g) 
a 

(nm) 
Vcell 

(nm3) CeO2 CuO 
Cu1.0O - 45.50 3.38 24.67 0.0209 - - 
Ce0.1Cu0.9O 33.45 76.85 6.32 29.60 0.0468 0.5406 0.158 
Ce0.5Cu0.5O 45.55 59.95 17.63 39.38 0.1736 0.5406 0.158 
Ce0.9Cu0.1O 58.55 - 3.36 43.24 0.0362 0.5400 0.157 
Ce1.0O 68.10 - 10.28 34.16 0.0878 0.5406 0.158 

aScherrer’s equation to estimate the crystallite size 
bBruneuer-Emmett-Teller (BET) method used to determine specific surface area 
cBarrett-Joyner-Halenda (BJH) method used to determine the total pore volume 
DAV is the average pore diameter (BJH adsorption) 
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Fig 2. (a) N2 adsorption -desorption isotherms and (b) pore size distribution of CeCuO samples calcined at 600 °C for 4 h 
 
adsorption, which will be further discussed in subsequent 
sections. 

Antibacterial Activity 

The antibacterial activity of CeCuO at 10 and 
30 mg/mL concentrations was studied against three 
strains of bacteria using an agar well diffusion method. 
Widths of inhibition zones were measured to evaluate 
antibacterial performance. A larger zone of inhibition 
indicates higher susceptibility to an antibacterial agent. 
Table 3 and Fig. 3 show the width of inhibition zones 
around wells with CeCuO particles against three bacterial  

strains after incubation for 24 h. Results show that 
tetracycline was effective against all strains of bacteria, 
with inhibition zones ranging from 16–24 mm. 
However, no inhibition zones were observed for DMSO. 
The appearance of bacterial growth for all samples at 
10 mg/mL indicates that there is no antibacterial activity 
against any of the strains at this concentration. Based on 
previous studies, CeO2 NPs do not have significant 
antibacterial activity. The study of Syed Khadar et al. 
[40] showed that CeO2 and cobalt-doped CeO2 NPs 
synthesized via hydrothermal technique did not have any  
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Table 3. Width of inhibition zones of the synthesized CeCuO samples against three bacterial strains 

Type of bacteria 
Inhibition diameter (mm) 

(10 mg/mL) 
Inhibition diameter (mm) 

(30 mg/mL) 
Inhibition diameter (mm) for tetracycline 

(30 g) 
Cu1.0O    
S. aureus ND ND  
B. subtilis ND 11.04±0.23  
P. aeruginosa ND ND  
Ce0.1Cu0.9O    
S. aureus ND ND  
B. subtilis ND 11.13±0.79  
P. aeruginosa ND ND  
Ce0.5Cu0.5O    
S. aureus ND ND  
B. subtilis ND 12.22±0.17  
P. aeruginosa ND 7.34±0.05  
Ce0.9Cu0.1O    
S. aureus ND ND  
B. subtilis ND ND  
P. aeruginosa ND ND  
Ce1.0O    
S. aureus ND ND  
B. subtilis ND ND  
P. aeruginosa ND ND  
Tetracycline    
S. aureus   23.66 ± 0.50 
B. subtilis   16.71 ± 2.23 
P. aeruginosa   19.15 ± 0.47 

 
Fig 3. Photographs of the antibacterial activity of calcined samples against gram-negative bacteria P. aeruginosa and 
gram-positive bacteria B. subtilis at a dose of 10 and 30 mg/mL: (a) negative control, (b) positive control, (c) Cu1.0O, 
(d) Ce0.1Cu0.9O and (e) Ce0.5Cu0.5O 
 
activity against bacteria [40]. CeO2 nanoparticles 
synthesized using laser ablation in liquid showed no 
growth inhibition for bacteria even at 700 g/mL [41]. 

In the present study, inhibition zones were formed at 
concentration of 30 mg/mL of Cu1.0O and Ce0.1Cu0.9O 

with widths ranging from 11–12 mm for only B. subtilis. 
For Ce0.5Cu0.5O at a dose of 30 mg/L, all strains except S. 
aureus formed zones of inhibition that were between 7–
12 mm in width. Moreover, the strain of the Gram-
negative bacterium, P. aeruginosa, was inhibited only 
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using Ce0.5Cu0.5O at 30 mg/L. The antimicrobial activity of 
CeCuO NPs is attributed to the release Cu and Ce ions, 
which could generate reactive oxygen species that would 
break cell membranes and cell walls and react with 
protein and DNA [42]. Results showed that a Gram-
positive bacterium (B. subtilis) was more susceptible than 
Gram-negative bacteria. This likely occurred since the cell 
walls of Gram-positive bacteria are comprised of 
lipoteichoic acids and one layer of peptidoglycan [43-44]. 
However, Gram-negative bacteria have multi-layered cell 
walls characterized by low permeability [45], which makes 
these strains more difficult to treat with antibiotics. 
Additionally, Gram-negative bacteria possess numerous 
efflux pumps that prevent the accumulation of 
antimicrobial substances in cell membranes [45]. 

Studies on CO2 Uptake 

Adsorption of CO2 onto CeCuO was studied. Fig. 
4(a) shows the adsorption capacity for CO2 by CeCuO. 
The greatest CO2 adsorption was observed for Ce0.5Cu0.5O 
at 5.72 cm3/g followed by Ce1.0O (4.57 cm3/g), Ce0.1Cu0.9O 
(4.09 cm3/g) and Cu1.0O (2.65 cm3/g). Ce0.9Cu0.1O 
(2.56 cm3/g) displayed the lowest adsorption, half that of 
Ce0.5Cu0.5O. These results can be correlated with the BET 
surface area of CeCuO materials, as shown in Fig. 4(b). 
Ce0.5Cu0.5O presented the largest surface area and pore 
volume, which implies there is a larger surface and 
volume for the adsorption of CO2. This led to high 

interaction between CO2 molecules and the adsorbent 
surface. 

In this study, the maximum adsorption capacity of 
CO2 on Ce0.5Cu0.5O was 5.72 cm3/g at 30 °C. This value is 
comparable to those of CuO (9.0 cm3/g) and Cu2O 
(2.1 cm3/g) [46]. This may have occurred due to a low 
affinity to CO2 to interact with the surface of Ce–O–Cu. 
In general, many factors including temperature, 
pressure and the purity of the feed gas as well as the 
nature of the adsorbent (surface area, pore volume, pore 
size, adsorbent forms and chemistry of adsorbent) 
impact CO2 adsorption [47]. Greater surface area, pore 
size, and volume result in higher adsorption capacity. 
The surface area and pore diameter of Ce0.5Cu0.5O 
(17.63 m2/g and 39.38 nm) synthesized in our work were 
higher than those of CuO (4.21 m2/g and 35.2 nm) and 
Cu2O (1.36 m2/g and 9.89 nm) [46]. However, 
Ce0.5Cu0.5O presented a higher CO2 capture capacity 
than Cu2O but a lower capacity than CuO. Moreover, 
Zeng et al. [47] reported that the dispersion of cerium 
oxygen species affected CO2 adsorption. CeOx-5/bio-C, 
having a surface area of 16.7 m2/g, has the greatest CO2 
adsorption capacity (122.88 mol/g or 2.50 cm3/g), 
which is lower than Ce0.5Cu0.5O. These could be due to 
different experimental conditions involving the gas flow 
rate, degassing temperature, and degassing duration. 

Based on literature reviews [48-49], the possible 
adsorption mechanism of CO2 onto the CeCuO composite 
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Fig 4. (a) Equilibrium adsorption capacity of CO2 at 30 °C by CeCuO samples calcined at 600 °C for 4 h and (b) 
comparison between CO2 uptake capacity and surface area CeCuO samples 
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Fig 5. Possible adsorption mechanism of CO2 on CeCuO 

 
is depicted in Fig. 5. Adsorption begins with electrostatic 
interaction between CO2 and the Ce–Cu–O network (Fig. 
5(1)), where Ce3+/4+ and Cu+/2+ ions are acidic sites, while 
O2− ions are basic sites. CO2 molecules are adsorbed onto 
Ce and Cu through monodentate chemisorption, and 
then electrons from Ce and Cu are transferred to C atoms 
(Fig. 5(2)). After that, bidentate chemisorption takes place 
through the interactions of OC–O···Ce3+/4+, O2C···Ce3+/4+, 
and O–C–O···Cu+/2+, O2C···Cu+/2+ and electrons from O2− 
delocalized to Ce and Cu (Fig. 5(3)). Finally, adsorbed 
oxygen atoms simply filled the oxygen vacancies (Fig. 5(4)). 

■ CONCLUSION 

Mixed oxide Ce1.0-xCuxO (x = 0.0, 0.1, 0.5, 0.9 and 
1.0) composites were synthesized using a co-precipitation 
method and characterized using XRD, FTIR, and N2-
adsorption/desorption isotherms. Ce0.1Cu0.9O and 
Ce0.5Cu0.5O clearly showed mixed phases of CuO and 
CeO2, indicating their composite form. The main 
functional group of the composites was Ce–O–Cu. All 
CeCuO samples are classified as mesoporous materials 
with the type IV isotherm. Ce0.5Cu0.5O composite showed 
the highest antibacterial activity against B. subtilis and P. 
aeruginosa. Moreover, the highest adsorption capacity for 
CO2 was attained using the Ce0.5Cu0.5O composite. The 

excellent antibacterial performance and adsorption 
capacity of Ce0.5Cu0.5O can be attributed to its large 
surface area (17.63 m2/g) and pore diameter (39.38 nm). 
In general, results show the possibility of the application 
of Ce0.5Cu0.5O as a potential material in air filters for 
indoor spaces. 
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