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Abstract: Nanomaterials have been widely applied to many fields because of their excellent photocatalytic performance. The performance is
closely related to the catalytic kinetics, but it is not completely clear about the influencing regularities of shape and particle size on the pho-
tocatalytic kinetics of nanomaterials and the photocatalytic kinetic mechanism. In this paper, nano-CeO, with different shapes and particle sizes
were prepared, the kinetic parameters of adsorption and photocatalytic degradation were determined, and the effects of shape and particle size
on the kinetics of adsorption and photocatalysis and photocatalytic mechanism were discussed. The results show that the shape and particle size
have significant influences. With the decreases of diameter, the performances of adsorption and photocatalysis of nano-CeO, are improved; and
these performances of spherical nano-CeO, are greater than those of linear nano-CeQ,. The shape and particle size have no effects on the kinet-
ic order and mechanism of the whole photocatalytic process. Then a generalized mechanism of photocatalytic kinetics of nanomaterials was
proposed and the mechanism rate equation was derived. Finally, the conclusion can be drawn: the desorption of photodegradation products is
the control step of photocatalytic kinetics, and the kinetic order of photocatalytic degradation reaction is 1. The mechanism is universal and all
nanomaterials have the same photocatalytic kinetic mechanism and order.

Keywords: nanoparticles; photocatalysis; particle size; shape; kinetics

1. Introduction

Because nanomaterials have large oxygen vacancies and
specific surface area [1], they have excellent photocatalytic
performance compared with the corresponding bulk materi-
als [2-4]. Therefore, they have shown broad application pro-
spects in wastewater treatment [5—7], solar cells [8-10], and
ultraviolet shielding agents [11-13]. Semiconductor materi-
als such as ZnS, Fe,0;, TiO,, and CeO, have been used to re-
move organic pollutants from various pollution sources due
to their excellent photoactivity [14—17]. Among them, CeO,
is a relatively stable rare earth metal oxide and has good oxy-
gen storage and release capabilities. As its valence changes,
oxygen vacancies or lattice defects are formed by losing oxy-
gen or electrons. The crystal is a cubic fluorite structure.
Nano-CeO, has shown potential application prospects in the
field of wastewater treatment and photodegradation due to its
unique biocompatibility, chemical inertness, and strong oxid-
izing ability. At the same time, it has received widespread at-
tention. When nano-CeQ, is used to treat organic wastewater,
it can adsorb organic substances. After light irradiation, it can
decompose organic substances that are difficult to decom-
pose into inorganic substances such as water and carbon di-
oxide without secondary pollution [18], thus achieving the
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purpose of environmental protection.

It is widely known that the photocatalytic performance of
nanomaterials is determined by photocatalytic kinetics, while
the photocatalytic kinetics of nanomaterials has a unique kin-
etic mechanism and influence regularities. Among them, the
shape and particle size of nanomaterials have a significant in-
fluence on their photocatalytic kinetics. Therefore, the study
of the generalized photocatalytic kinetics mechanism of nan-
omaterials and the generalized influencing regularities of
shape and particle size on photocatalytic kinetics can provide
important theoretical guidance and reference value for the re-
search and applications of nanomaterials in the field of pho-
tocatalysis!

The effects of shape and particle size on the photocatalyt-
ic kinetics of nanomaterials have always been one of the hot-
spots in the field of nanomaterials. At present, a lot of literat-
ure has reported the above influence. For example, Ling et al.
[19] synthesized composites of humic acid-supported CeO,
nano-sheet with the size of 100-500 nm by solvothermal
method. The obtained composites have excellent adsorption
performance for congo red, and the adsorption behavior fol-
lows a pseudo-second-order kinetic model. Tian et al. [20]
prepared nano-NiCo,O, with different shapes and measured
the removal efficiency of methyl orange solution. The ad-
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sorption capacity followed the following order: NiCo,O4
nanorods > balsam-like NiCo,0, > rose-like NiCo,O, >
NiCo,0, nanoribbons > NiCo,0, flowerlike nanostructures >
dandelion-like NiCo,0, spheres and their adsorption behavi-
ors all conform to the pseudo-second-order kinetic model.
Gao et al. [21] used the hydrolysis-deposition technique to
immobilize the nano-TiO, on the surface of DBPCs (Diat-
omite-based porous ceramics), the main crystalline phase of
TiO, calcined at 650°C was anatase, and the average grain
size was 8.3 nm. The removal rate of formaldehyde was in-
creased by 32.1% under the same conditions compared with
an air purifier with nano-TiO,/ nickel-foam photocatalyst
cores. Moreover, the photocatalytic degradation process of
formaldehyde can be characterized by pseudo-first-order
model. Ji et al. [22] prepared TiO, nano-films with different
shapes on the surface of titanium mesh by hydrothermal
method, the flower-like TiO,/Ti-2, the mixture of nano-sheet
and nanowire like TiO,/Ti-4, the nanowire like TiO,/Ti-6,
and the nanowire like TiO,/Ti-8 with higher density were
synthesized at different NaOH concentrations (2, 4, 6, 8 M).
The rate of degradation of ethylene within 60 min was
54.44%, 85.92%, 95.62%, and 96.94%, respectively. The
ethylene photodegradation reaction all conforms to the
pseudo-first-order kinetics model. Ghasemi et al. [23] stud-
ied the heterogeneous photocatalytic degradation of organic
pollutants in refinery wastewater under ultraviolet light irra-
diation by nano-TiO, supported on Fe-ZSM-5 molecular
sieve. For the TiO,/Fe-ZSM-5 concentration of 1, 2, 3, and 4
gL, the fitted reaction data follow the pseudo-first-order
kinetic model. Nasseh et al. [24] synthesized FeNiy/SiO,/
ZnO magnetic nano-composite for the first time. Under the
conditions of pH = 9, photocatalyst loading of 0.02 g-L,
contact time of 200 min, and initial tetracycline concentra-
tion of 15 mg-L™, tetracycline was completely degraded. The
degradation kinetics of tetracycline follows the pseudo-first-
order kinetic model. In brief, the adsorption behavior agrees
with the pseudo-second-order kinetic model, while the pho-
tocatalytic degradation process is consistent with the pseudo-
first-order Langmuir-Hinshelwood kinetics model. However,
there is no satisfactory explanation for this universal regular-
ity at present. In other words, the photocatalytic kinetic
mechanism of nanomaterials is still unclear, which will seri-
ously influence the research and applications of nanomateri-
als in the photocatalytic field.

We found that most of the nano-CeO, is prepared by the
hydrothermal method, and the purity, homogeneity, and dis-
persion of the nanoparticles prepared by the hydrothermal
method are relatively high. Therefore, in this paper, nano-
CeO, with different shapes and particle sizes were prepared
by hydrothermal method, then the kinetic parameters of pho-
tocatalytic degradation of Rhodamine B by nano-CeO, were
determined, and the influencing regularities of shape and
particle size on the photocatalytic kinetics and photocatalytic
mechanism of nano-CeO, were discussed. On this basis, the
generalized photocatalytic kinetics mechanism of nanoma-
terials was proposed, and the mechanism rate equation was
derived. The experimental results are compared and ana-
lyzed to discuss the correctness and universality of the mech-
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anism of the photocatalytic kinetics mechanism.

2. Experimental
2.1. Preparation of spherical nano-CeO,

A certain amount of Ce(NO,);-6H,0 (AR, was purchased
from Tianjin Guangfu Fine Chemical research institute) was
dissolved in distilled water. The resulting solution was added
120 mL ethylene glycol (AR, was purchased from Tianjin
Yongda Cemical Reagent CO., LTD.) and stirred to make the
mixture a homogeneous solution. Then the solution was
transferred to a 200 mL hydrothermal synthesis kettle and put
into an oven for reaction. After natural cooling, the reaction
kettle was taken out, centrifuged, and washed three times
with water and ethanol (AR, was purchased from Tianjin
Guangfu Technology Development Co., Ltd.). Finally, the
washed white solid was put into an oven at 60°C, dried for
120 min, and taken out for grinding. Spherical nano-CeO,
samples with different particle sizes were obtained by con-
trolling the concentration of cerium source, reaction temper-
ature, and reaction time.

2.2. Preparation of linear nano-CeO,

0.5 M CeCl;-7H,O solution (AR, was purchased from
Tianjin Guangfu Fine Chemical research institute) was pre-
pared. A certain volume of the above solution was mixed
with 12.5 mL ammonia water (AR, Tianjin Beichen Fang-
zheng Reagent Factory) and then stirred for 30 min to form a
purple mixture. The resulted mixture was washed twice with
water and then centrifuged. The precipitate was dissolved in
50 mL deionized water, then transferred to a 200 mL hydro-
thermal synthesis kettle and put into an oven for reaction.
After natural cooling, the reaction kettle was taken out, cent-
rifuged, and washed three times with water and ethanol (AR,
was purchased from Tianjin Guangfu Technology Develop-
ment Co., Ltd.). Finally, the washed white solid was put into
an oven at 60°C, dried for 120 min, and taken out for grind-
ing. Linear nano-CeO, samples with different cross-sectional
diameters were obtained by controlling the volume of
CeCl;- 7H,0.

2.3. Characterization of nano-CeQO,

A scanning electron microscope (SEM) (JEOL, Germany,
JSM-6701F) was used to analyze the surface shapes of the
samples and the shapes and particle sizes of the prepared
nano-CeQ, were observed from the SEM images. The type
and crystal form of the samples were measured using a Shi-
madzu 6000 X-ray diffractometer (Cu K,, 4 =0.154178 nm).
Test conditions: step size, scanning range, and scanning
speed were 0.02°, 20° to 80°, and 8.0°-min™".

2.4. Adsorption and photocatalytic experiments

CeO, nanoparticles of the same quality were added to dif-
ferent dyes of the same concentration and performed light-
proof adsorption at 25°C until the concentration of the solu-
tion no longer changes. It shows that the dark adsorption
equilibrium was reached, which also was the starting point of
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photocatalysis. Then a 30 W UV LED lamp (Dongguan
Senxia Electronic Technology Co., Ltd., China, 365M) was
turned on as the light source. The distance between the lamp
and the solution was set to 10 cm and the photodegradation
was started. A certain amount of organic dye was taken for a
centrifugal separation every 30 min and the corresponding
absorbance was measured. Until the concentration of dyes al-
most no longer changes, that is, the end of photocatalysis was
reached.

2.5. Data processing

2.5.1. Determination of adsorption rate

The adsorption rates (@) of RhB on spherical and linear
nano-CeQO, with different diameters at different stages of dark
adsorption are calculated by Eq. (1):
a=(co—c;)/co*x100% )
where ¢, and ¢, are the concentration of the dye solution at the
initial and the time ¢, the unit is mg-L™".
2.5.2. Determination of degradation rate

The absorbance was measured at the maximum absorp-
tion wavelength of the degraded dye and then the degrada-
tion rate was calculated. The formula for degradation rate (77)
is shown in Eq. (2):
n=(co—c))/cyx100% 2
where ¢ and c; are the concentration of the dye solution at
the initial and the time ¢ of photocatalysis, the unit is mg-L™".
2.5.3. Determination of adsorption kinetics order

To further study the adsorption process, the pseudo-first-
order adsorption equation proposed by Lagergren [25] in
1898 (Eq. (3)) and Ho and McKay’s [26] pseudo-second-or-
der adsorption equation in 1999 (Eq. (4)) were used.

dg,/dt = k\(q. — q;) 3)

dg/dt = kx(ge — q:)° )
Among them, ¢, q, q., ki, k, are time, instantaneous ad-
sorption capacity, equilibrium adsorption capacity, the
pseudo-first-order adsorption rate constant, and the pseudo-
second-order adsorption rate constant, and the units are min,
1,1, min"', and mg-mg ' -min', respectively.
Integral deformation of Eq. (3) and Eq. (4) are:

4 =ge(1—e™") (5)
t t 1

r_r, 6
4 9. kg2 ©

The linearized form of Eq. (5) can be described using Eq.
(7):
1n(1—ﬂ)=-k.r )
qe

The adsorption kinetic order was determined by compar-
ing the square of linear correlation coefficients (R”) obtained

t
by fitting — vs. tin Eq. (6) and In| 1 — 9t ys. tin Eq. (7). Ac-

cording to ttheir slope or intercept, the adsorption rate con-

stant can be obtained.

2.5.4. Determination of the order of photocatalytic kinetics
To further study the photodegradation of RhB, according

to the Langmuir—Hinshelwood first-order kinetic model
[27-29] and the second-order kinetic equation, the experi-
mental data were fitted by the Eq. (8) and Eq. (9) to calculate
the photodegradation rate constant:

c/
1n(—?) = Kappt ®)
ct
1 1
- = k;t-’- —,kz (9)
c )

where ¢, c;, kyp, k) are the concentration of the dye when the
dark adsorption reaches equilibrium(the concentration at the
beginning of photocatalysis), the concentration of the dye at
the time ¢, the photocatalytic apparent rate constant, and the
second-order rate constant, the units are mg-L", mg~L",
min ', and L-mg ™ min™, respectively.

The photocatalytic kinetic order was determined by com-

C/
paring the square of R* obtained by fitting In (—?) vs. ¢ in Eq.
c

t

1
(8) and - vs. t in Eq. (9). According to its slope, the pho-

tocatalytié rate constant can be obtained.

3. Results and discussion

3.1. Preparation results of nano-CeO, with different
shapes and particle sizes

In the preparation of spherical nano-CeO,, the particle size
decreases with the increase of cerium source concentration
and increases with the increase of reaction temperature and
time. In the preparation of linear nano-CeQ,, as the volume of
the cerium source increases, the cross-sectional diameter de-
creases first and then increases. Under the same conditions of
hydrothermal temperature, as the hydrothermal time in-
creases, the cross-sectional diameter shows an increasing
trend. The specific preparation conditions of each particle
size are shown in Tables 1 and 2.

Table 1. Specific preparation conditions of each particle size
of spherical nano-CeO,

Size / m(Ce(NO3)s* V(H,0) / T/ t/
nm 6H,0)/ g mL °C min
58.2 4.00 4 150 200
80.2 4.00 4 160 200
97.3 2.17 10 160 300
125.1 2.17 10 140 1080
150.2 2.17 10 140 600

Table 2. Specific preparation conditions of each cross-sec-
tional diameter of linear nano-CeQO,

Size/  C(CeCly  W(CeCly  W(NHy)/ T/ ¢/
nm  7H,0)/M  7H,0)/mL mL °C

259 0.5 40.0 12,5 180 8
38.0 0.5 25.0 12.5 180 12
49.1 0.5 25.0 12.5 180 24
59.2 0.5 60.0 12.5 180 8
77.6 0.5 75.0 12.5 180
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The shapes and particle sizes of the nano-CeO, samples
were characterized by SEM, as shown in Figs. 1 and 2. The
samples in Fig. 1 are all regular and relatively dispersed
spherical, and their particle sizes are 58.2 nm, 80.2 nm, 97.3
nm, 125.1 nm, and 150.2 nm, respectively. The samples in
Fig. 2 are all nanowire-shaped CeO, with good dispersion,
and their cross-sectional diameters are 25.9 nm, 38.0 nm,
49.1 nm, 59.2 nm, and 77.6 nm, respectively. The XRD pat-
terns of spherical and linear nano-CeO, with different dia-
meters (Fig. 3) indicate the existence of spherical and linear
nano-CeQ,. The diffraction peaks of spherical and linear
nano-CeQ, corresponded to the (111), (200), (220), (311)
planes.

3.2. Experimental results of photocatalytic selectivity

To use the dye with the best photocatalytic effect, the pho-
tocatalytic selectivity of nano-CeO, was investigated. Then
the photocatalytic degradation of Rhodamine B (RhB),

Int. J. Miner. Metall. Mater., Vol. 29, No. 12, Dec. 2022

Methyl orange (MO), and Methylene blue (MB) was studied
by using linear nano-CeQO, with a diameter of 38.0 nm as a
photocatalyst. The degradation rates of nano-CeQ, to differ-
ent dyes were calculated by Eq. (2), as shown in Fig. 4. It dis-
plays that nano-CeO, has different degradation rates for dif-
ferent dyes. Therefore, it is feasible to use nano-CeO, for
photocatalytic degradation of RhB.

3.3. Effects of shape and particle size on the adsorption
kinetics of nano-CeQO,

According to the conclusion drawn in Fig. 4, RhB was se-
lected as the dye to study the effects of shape and particle size
on adsorption and photocatalytic kinetics of nano-CeO,. The
adsorption rates of spherical and linear nano-CeO, with dif-
ferent diameters were calculated by Eq. (1), as shown in
Fig. 5.

It can be seen that the change regularity is the same. The
adsorption rates increase sharply in the beginning, then in-

Fig. 1.
(e) 150.2 nm.

SEM images of spherical nano-CeQ, with different particle sizes: (a) 58.2 nm; (b) 80.2 nm; (c) 97.3 nm; (d) 125.1 nm;

Fig. 2. SEM images of linear nano-CeQ, with different cross-sectional diameters: (a) 25.9 nm; (b) 38.0 nm; (c) 49.1 nm; (d) 59.2 nm;

(e) 77.6 nm.
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Fig. 3. XRD patterns of nano-CeO, with different diameters: (a) spherical nano-CeQO,; (b) linear nano-CeQ,.
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crease slowly with the extension of time, and finally reach the
adsorption equilibrium. The adsorption rates become con-
stants at this moment. This is because there are many adsorp-
tion sites on the nanoparticles and higher dye concentration in
solution at first, which can adsorb more dye molecules, and
the initial adsorption rate increases sharply. As time goes by,
the adsorption sites are gradually occupied by dye molecules,
and the concentration of the dye in the solution also gradu-
ally decreases. Therefore, the adsorption rate slowly in-
creases and finally reaches equilibrium. In addition, Fig. 5

40
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X20
3
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0k
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also shows that the adsorption rate increases with the de-
crease of particle size.

To further study the adsorption process, the experimental
results were fitted by Egs. (6) and (7). The corresponding fit-
ting curves of the pseudo-first-order and pseudo-second-or-
der kinetics are shown in Figs. 6 and 7. The relevant para-
meters of the fitted kinetic equation are shown in Table 3.
The results show that the R* of pseudo-second-order adsorp-
tion kinetics is significantly higher than pseudo-first-order
adsorption kinetics, indicating that the adsorption processes
of RhB by spherical and linear nano-CeO, with different dia-
meters follow the pseudo-second-order adsorption kinetics.

The relationships between the equilibrium adsorption rate
(a.) and the reciprocal of the diameter (1/d), and the logar-
ithm of pseudo-second-order adsorption rate constant (Ink,)
and 1/d are shown in Fig. 8. It shows that that Ink, has a good
linear relationship with the 1/d, and «, and Ink, increase with
the decreases of particle size. This is because the surface en-
ergy of small size nanoparticles is relatively large and cannot
be ignored, which makes the adsorption rate constant of nan-
oparticles increase accordingly [30]. In addition, the @, and
Ink, of spherical nano-CeO, are significantly higher than
those of linear nano-CeO, when the diameters are the same.
This is because spherical nanoparticles expose more adsorp-
tion sites than linear nanoparticles, and RhB is more easily
adsorbed on the surface of spherical nanoparticles.

40

(b)

35+ —=—25.9nm
—e—38.0 nm
30 —4—49.1 nm
—¥—59.2 nm
25F —e—77.6nm

0 5 10 15 20 25 30
t / min

Fig.5. Adsorption rate of RhB by nano-CeO,: (a) spherical nano-CeQO,; (b) linear nano-CeO,.
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Fit plots of the pseudo-first-order kinetic equation for the adsorption of RhB by nano-CeO, with different diameters: (a)
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Fig. 7. Fit plots of the pseudo-second-order kinetic equation for the adsorption of RhB by nano-CeO, with different diameters: (a)

spherical nano-CeQ,; (b) linear nano-CeQ,.

Table 3. Adsorption kinetic parameters for RhB adsorption on nano-CeO,

Pseudo-first-order kinetics

Size / nm

Pseudo-second-order kinetic

Shape

qe ky / min™ R qe ky / (mg'mg "*min ") R’

58.2 0.004050 0.30896 0.96581 0.004142 341.37 0.99753

80.2 0.003224 0.23911 0.96621 0.003315 325.78 0.99670

Spherical nano-CeO, 97.3 0.002424 0.19230 0.97419 0.002536 268.30 0.99037
125.1 0.001578 0.19361 0.97839 0.001687 260.21 0.98018

150.2 0.001100 0.16512 0.94060 0.001170 231.10 0.95558

25.9 0.003622 0.22114 0.97115 0.003686 434.46 0.99837

38.0 0.002964 0.17180 0.92980 0.003021 342.49 0.99593

Linear nano-CeO, 49.1 0.002452 0.29202 0.96230 0.002553 310.26 0.99145
59.2 0.002004 0.20658 0.87146 0.002075 300.97 0.98384

77.6 0.001522 0.18029 0.90994 0.001612 273.00 0.98221

It can be concluded from above that the shape and particle
size of nano-CeO, only affect the kinetic parameters of ad-
sorption, but not the order of adsorption kinetics.

3.4. Effects of shape and particle size on the photocata-
Iytic kinetics of nano-CeQO,

When the dark adsorption reached equilibrium, a 30 W

UV LED lamp was used as the light source for photocatalyt-
ic degradation of RhB. The instantaneous degradation rates
of the photocatalytic degradation of RhB with spherical and
linear nano-CeQ, of different diameters are shown in Fig. 9.
The photocatalytic degradation rates increase sharply in the
beginning, then slowly increase, and reach the degradation
equilibrium as time goes by. Eventually, the degradation



Z.X. Cui et al., Effects of shape and particle size on the photocatalytic kinetics and mechanism of nano-CeO,

30
(@)
]
25 - / /o
20 + o
X /
;o ) I

15 - /
/

—a— Spherical nano-CeO,
—e— Linear nano-CeO,

2227
6.46 [ (b)
— 6.08 -
g
g
il (]
tél) n
& 70+
g
= .
£
532
m Spherical nano-CeO,
® Linear nano-CeO,
1 1 1 1
0 0.009 0.018 0.027 0.036 0.045
d™'/nm™

Fig. 8. Relationships between a, and 1/d (a), and (b) Ink, and 1/d.

5 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05
d™'/nm™
a
%0 | @)
/./I-—'.
o—o0o—o
=
60 o a At
[ A —V—V
a — s
= ° A >
< 40f ./:/v/ .
/:/ 2 4
A b 4 —a—58.2 nm
20 - /‘ —e—82.2nm
A/o A—97.3 nm
4 —v—125.1 nm
ol / pe + 1502 nm
1 1 1 1 1

1 1
0 50 100 150 200 250 300
t/ min

Fig. 9.
CeOz.

rates become constants. Light energy was absorbed by nano-
particles under light conditions. Next electron transitions
were produced, and electron-hole pairs were generated.
Therefore, the rapid degradation of dye molecules can be
achieved. However, the electron-hole pairs recombined with
the extension of time, and the continuous degradation of dye
molecules also leads to the gradual decrease of the dye mo-
lecules adsorbed on the surface of the nanoparticles. There-
fore, the photocatalytic degradation efficiency gradually
slows down and finally reaches the degradation equilibrium.
In addition, when the shape is the same, the smaller the
particle size is, the higher the photocatalytic degradation rate
is, and spherical nanoparticles with smaller particle sizes can
provide more catalytic active centers [31], which is benefi-
cial to the photocatalytic reaction on its surface.

To further study the photodegradation of RhB, the experi-
mental data were fitted by Egs. (8) and (9), as shown in
Figs. 10 and 11. The corresponding parameters are shown in
Table 4. It can be seen that compared with the second-order
kinetics, the fit plots of the Langmuir-Hinshelwood first-or-
der kinetics have better linear relationships and higher values
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Instantaneous degradation rate of nano-CeO, photocatalytic degradation of RhB: (a) spherical nano-CeQO,; (b) linear nano-

of R, indicating that the photocatalytic kinetics of RhB by
nano-CeO, conforms to the first-order kinetic model. In or-
der to further study the photodegradation of RhB, the experi-
mental data was fitted according to Egs. (8) and (9), as shown
in Figs. 11 and 12.

The relationships between the photocatalytic equilibrium
degradation rate (7.) and 1/d, and the photocatalytic apparent
rate constant (k,,,) and 1/d are shown in Fig. 12. It displays
that at the same diameter, the 7. and £,,, of spherical nano-
CeO, are significantly greater than those of linear nano-CeO,,
and the £, has a good linear relationship with the 1/d. This is
because adsorption is a necessary step before photocatalysis,
the adsorption performance of spherical nano-CeO, is better
than that of linear nano-CeO,, and the photocatalytic per-
formance of spherical nano-CeO, is also higher than that of
linear nano-CeO,. It can be seen that the photocatalytic per-
formance of nano-CeO, is closely related to the adsorption
performance.

So such a conclusion can be drawn that the shape and
particle size only affects the photocatalytic kinetic paramet-
ers of nano-CeO,, but do not the photocatalytic kinetic order.
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Table 4. Photocatalytic kinetic parameters for photodegradation of RhB by nano-CeO,

First-order kinetics

Second-order kinetics

Shape Size / nm
Kopp / min™" R & /(L'mg'*min™") R

58.2 0.00574 0.98712 0.00242 0.94149

80.2 0.00478 0.98516 0.00163 0.96615

Spherical nano-CeO, 97.3 0.00407 0.99340 0.00114 0.96390
125.1 0.00321 0.99603 0.00074 0.99041

150.2 0.00285 0.99056 0.00059 0.99723

259 0.00654 0.98278 0.00311 0.97720

38.0 0.00598 0.98244 0.00238 0.97554

Linear nano-CeO, 49.1 0.00505 0.99369 0.00164 0.96836
59.2 0.00433 0.99250 0.00121 0.99181

77.6 0.00335 0.99744 0.00078 0.97798

3.5. Kinetic mechanism of photocatalytic degradation of

nanomaterials

3.5.1. Generalized kinetics regularity of adsorption and pho-

tocatalytic degradation of nanomaterials

The adsorption processes of RhB by nano-CeO, with dif-

ferent shapes and particle sizes agree with the pseudo-
second-order adsorption kinetic, while the photocatalytic de-
gradation processes are consistent with the first-order kinetic.
The particle size and shape only affect the kinetic parameters
of adsorption and photocatalysis. Moreover, a lot of literat-
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ure has also reported the above kinetic regularities. For ex-
ample: Wang et al. [32] used sol-hydrothermal method to
prepare Bi-doped TiO, nanocomposites with different molar
ratios, and the nanocomposites were used for photocatalytic
degradation of antibiotic sulfamethazine; Anirudhan and
Deepa [33] introduced nano-ZnO and graphene oxide into
the nano-cellulose matrix, and the above material was used
for photocatalytic degradation of ciprofloxacin; Raizada et al.
[34] prepared ZnO activated carbon and ZnO brick particles
nanocomposites, and these nanocomposites have good activ-
ity of adsorption and photocatalysis for malachite green and
Congo red; Priya et al. [35] prepared graphene sand compos-
ite (GSC) and chitosan (CT) supported BiOCIl nanoplates
(BiOCI/GSC and BiOCI/CT) by an improved hydrolysis
method, and studied the catalytic removal effects of
BiOCI/GSC and BiOCI/CT on ampicillin and oxytetracyc-
line; Dutta et al. [36] used a simple sonochemical method to
synthesize CuWO, nanoparticles, and these nanoparticles
were used for photocatalytic degradation of RhB and
malachite green; Popa and Visa [37] prepared a kind of char-
coal powder (charcoal prepared from biomass, wastes of the
local forest), activated with NaOH solution and with Degussa
P25 (TiO,) was used as adsorbent and photocatalyst for the
removal of cadmium cations and methylene blue from
wastewater.

Our experimental results are the same as those reported
above, which indicates that the adsorption and photocatalytic
kinetics of all nanomaterials may have the same kinetic regu-
larity and mechanism. According to the theory of chemical
reaction kinetics, all nanomaterials have the same photocata-
lytic kinetic order, so they should also have the same kinetic
mechanism.

3.5.2. Generalized kinetic mechanism of photocatalytic de-
gradation of nanomaterials

According to the above generalized experimental results, a
photocatalysis kinetic mechanism of nanomaterials was pro-
posed by us. The photocatalytic kinetic mechanism of nano-
materials can be divided into three elementary steps: the ad-
sorption of a degraded substance in solution on the surface of
nanoparticles, the photocatalytic degradation reaction of the

adsorbed substance on the surface of nanoparticles, and the
desorption of photodegradation products. The rates of the
three elementary steps cannot be the same, so there must be
the slowest elementary step. The kinetic rate of the whole
photocatalytic process depends on the rate of the slowest ele-
mentary step. We assume that the rate-controlling step is the
adsorption process so that the kinetic order of the overall pro-
cess of photocatalytic degradation should be the same as the
adsorption kinetic order. However, the experimental results
are inconsistent with the hypothesis. Therefore, adsorption is
not the rate-controlling step. Similarly, since the order of the
photochemical reaction kinetics is zero, the photocatalytic re-
action is not the rate-controlling step either. So, it can be in-
ferred from the above that the desorption process of the pho-
tocatalytic degradation products is the rate-controlling step.
The kinetic rate of the overall photocatalytic degradation pro-
cess is equal to the rate of the desorption process.

The mechanism rate equation of the above-mentioned
photocatalytic degradation kinetic mechanism is derived as
follows.

It is assumed that the dye molecule B undergoes the fol-
lowing photocatalytic degradation reaction:

B=dD+eE+ fF

where D, E, and F are photodegradation products, and d, e,
and f are stoichiometric numbers of photodegradation
products D, E, and F respectively.

Because the desorption of photodegradation products is
the slowest step, relatively speaking, the adsorption rate and
the photocatalytic degradation rate are very fast and can reach
a rapid equilibrium. The instantaneous concentration is the
equilibrium concentration. Therefore, the kinetic mechanism
of photocatalytic degradation of nanomaterials can be ex-
pressed as follows:

K, K, ks
Bsol — Bsur — stur +eEsur +stur - stol +eEsol +stol

where K, and K, are equilibrium constants and £; is the rate
constant. The first two steps are quick balance and the third
step is the slowest. The subscripts sol and sur indicate the
substances in the solution and adsorbed on the catalyst sur-
face.
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C sur
K, = 8w (10)

CB(sol)

d e y
_ CD(sur) CE(sur) CF(sur)

K= (11)

CB(sur)
Because the desorption process of the reaction product is
an elementary step, it obeys the law of mass action, and the
product desorption rate can be expressed as:

. .d f
73 = K3Chgun Crsun € F(sur) (12)

The rate of the overall photocatalytic degradation process
is equal to the rate of product desorption. The mechanism rate
equation of the photocatalytic degradation kinetics of nano-
materials can be obtained combined with K, and K:

r =13 = K3y Chisun o = K1 Kokscason = kenoy — (13)

where £ is the rate constant of the overall photocatalytic de-
gradation process.

It can be seen from Eq. (13) that the kinetic order of the
mechanism rate equation is 1, which is consistent with our
experimental results and reported in the literature. Therefore,
the photocatalytic degradation kinetic mechanism of the
above-mentioned nanomaterials proposed by us is correct
and universal, that is to say, all nanomaterials have the same
photocatalytic kinetic mechanism and kinetic order.

4. Conclusion

The results show that the shape and particle size have sig-
nificant effects on the adsorption and photocatalytic kinetics
of nanomaterials. With the decreases of particle size, the ad-
sorption rate and logarithm of adsorption rate constant of
nano-CeO, with the same shape increase gradually, and the
photocatalytic degradation rate and photocatalytic degrada-
tion rate constant also increase. The adsorption rate, adsorp-
tion rate constant, photocatalytic degradation rate, and pho-
tocatalytic degradation rate constant of spherical nano-CeO,
are larger than those of linear nano-CeO,, and the logarithm
of the adsorption rate constant has good linear relationships
with the reciprocal of the diameter. However, the particle size
and shape do not influence the kinetic order of adsorption and
the whole photocatalytic process. On this basis, we proposed
a generalized mechanism of photocatalytic kinetics of nano-
materials and derived the mechanism rate equation, which
successfully explains the above photocatalysis kinetics and
the experimental results in a lot of literature. The kinetic
mechanism of photocatalytic degradation is that the pho-
tocatalytic kinetic mechanism of nanomaterials can be di-
vided into three elementary steps: the adsorption of a de-
graded substance in solution on the surface of nanoparticles,
the photocatalytic degradation reaction of the adsorbed sub-
stance on the surface of nanoparticles, and the desorption of
photodegradation products. Among them, the desorption of
photodegradation products is the rate-controlling step of pho-
tocatalytic kinetics, and the kinetic order of photocatalytic
degradation reaction is 1. The photocatalytic degradation kin-
etic mechanism is universal, that is to say, all nanomaterials

Int. J. Miner. Metall. Mater., Vol. 29, No. 12, Dec. 2022

have the same photocatalytic kinetic mechanism and kinetic
order. The generalized photocatalytic kinetic mechanism of
nanomaterials and the effects of shape and particle size on the
kinetics of nanomaterial adsorption and photocatalytic de-
gradation proposed by us can provide important guidance
and reference for the research and applications of nanomater-
ials in the field of adsorption and photocatalysis.
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