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TOM TAT
TONG HQP XUC TAC DI THE CNDs-CuBi,O4 NHAM NANG CAO HIEU QUA
PHAN HUY 2,4-DICHLOROPHENOXYACETIC AXIT DUOI ANH SANG KHA
KIEN

Oxit dong bismuth cham heong tir cacbon nitrit (CNDs-CuBi,Q4) duwoc téng hop thanh cong bang phirong
phap tai ldp cdu tric. Hon 90% 2,4-dichlorophenoxyacetic axit (nong dé ban ddau 30 mg/L) bi quang phan
ity khi sit dung 1,0 g/L CNDs(1%)-CuBi,O4 ¢ pH 4,78 sau 105 phit chiéu dnh sdng kha kién (véi k =
0,0169 phit™). Khéng c6 dau hiéu bt hoat chat xiic tac sau bon chu kp tdi sir dung, chimg t6 d bén va hiéu
qua ciia CNDS(1%)-CuBi,Oy. Sir cdi thién ding ké vé hiéu sudt quang xiic tac ciia CNDS(1%)-CuBi,O, S0
véi CND va CuBiOy la do su hinh thanh cac khuyét tit tai cac bé mdt tiép xiic di thé; do d6, sw dich chuyén

cia cdc electron quang sinh tai bé mdt tiép xiic giita hai thanh phan rat nhanh chéng. Sw phan hity 2,4-D

ciia CNDs(1%)-CuBiyO, khi tiép xiic véi dnh sang kha kién dwoc gy ra chii yéu béi cdc goc superoxide

(0,7) va cdc 16 trong quang sinh (h*).

Tir khéa: CNDs-CuBi,O,, 2,4-dichlorophenoxyacetic axit, phdn iy, dnh sang kha kién.

1. INTRODUCTION

The overuse 2,4-dichlorophenoxyacetic
acid (2,4-D) in agriculture has led to its
residues in the environment due to the
relatively long half-life of 2,4-D [1]. The
2,4-D has serious effects on the human
endocrine and  immune  systems.
Therefore, 2,4-D removal is an urgent
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issue that needs to be addressed.
Photocatalysis is one of the suitable
methods in environmental management
because of its high selectivity, low cost,
environmental friendliness, and excellent
treatment efficiency [2]. As a metal-free
semiconductor, graphitic carbon nitride
quantum dots (CNDs) are considered
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promising photocatalysts due to their
stability, photochemical low toxicity, and
low cost [2]. However, the wide bandgap
of 2.6-2.7 eV is still a limitation, to
overcome this, CNDs are combined with
some other semiconductors such as TiO,
[3], BiVO, [4], etc. As a spinel oxide,
CuBiyO, is considered a promising
semiconductor photocatalyst, due to its
stability, fairly small bandgap, and good
response to visible radiation [5]. The
combination of CuBi;O, with another
semiconductor with a compatible band
gap is a feasible strategy to extend the
separation time of the electron (e")/hole
(h") to improve the activity of CuBi,O,
[6]. Due to the compatibility of the band
gap between CNDs and CuBi,O4 as well
as the desire to overcome the limitations
of pristine CNDs and pristine CuBi,Qy, in
this study, CNDs-CuBi,O,4 heterojunction
was synthesized by the restructuring
method and the photocatalytic activity of
the heterojunction was evaluated under
visible light. Factors such as solution pH,
catalyst dosage, 2,4-D concentration as
well as active radicals affecting catalyst
activity were also investigated.

2. EXPERIMENT
2.1. Materials

All chemicals were of analytical grade
from Sigma Aldrich including urea,

sodium citrate, Bi(NO3)3.5H,0,
CU(N03)2.3H20, HNO3;, NaOH, tert-
butanol, p-benzoquinone, NaEDTA,
2,4-D.

2.2. Equipment

Rigaku Ultima IV X-ray diffractometer
with CuKa anode (A = 0.1542 nm) was
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applied to identify the crystal structure of
the material. The chemical structures of
the materials were confirmed by Fourier
transform infrared (FT-IR) spectra on a
Magna-IR 560 Nicolet. The band gap
energy (Eg) of the materials was found
from the ultraviolet-visible diffuse
reflectance spectrum (DRS) which was
measured on an absorption spectrometer
(Jasco V-670). The Scanning Electron
Microscope (SEM) of materials was
operated on an S-4800 (Hitachi).
Transmission  Electron Microscope
(TEM) of materials were measured using
JEOL JEM-2100F.

2.3. Fabrication of photocatalyst

Briefly, 1 mol citrate and 6 mol urea were
heated at 180 °C in a Teflon-lined (PTFE)
hydrothermal autoclave for 1 hour. The
result material was cleaned with ethanol
and dialyzed for 24 hours in purified
water, then freeze-dried the dialysis
solution to gain solid CNDs [7]. A 5%
HNOj3 solution containing Cu** and Bi**
(3:1 molar ratio) was slowly added to a 1
M NaOH solution (pH = 10). The
suspended product was sonicated at a
power of 100 W for 24 hours at 75 + 5°C.
CuBi,O, was gained by rinsing with
deionized water until pH 7, followed by
drying at 70 °C for 24 hours and heating
at 450 °C for 3 hours. Dispersion of solid
CNDs (0, 1 or 2%) and CuBiyO;4 in
distilled water, operating conditions
including ultrasonic power, temperature
and time were 75 £ 5 °C, 100 W and 6
hours,  respectively. The  resulting
products were then dried at 70 °C for 24 h
and labeled as CuBi;Os, CNDs(1%)-



CuBi,04, and CNDs(2%)-CuBi;Oa.
2.4. Photodegradation experiment

The photocatalyst and 2,4-D solution
were magnetically mixed in the dark for
60 min before a 300 W halogen lamp
(Osram, Germany) equipped with a UV
filter (A > 420 nm) was turned on.
Samples were collected every 15 min, the
catalyst was removed and measured on
UV/Vis spectrometer at 220 nm (Lamda
XLS+, PerkinElmer, USA). The
degradation rate of 2,4-D was achieved
using  Lagergren's  pseudo-first-order
model given by: In(C,/C;) = kt. In which,
k, Co and C; are the degradation rate
constant (min™), 2,4-D concentration
(mg/L) at the time before and during
visible light irradiation, respectively. The
effect of CNDs in catalyst on degradation
of 2,4-D (30 mg/L) were carried out using
1.0 g/L of each catalyst at pH 4.2. The
effect of pH on the degradation of 30
mg/L 2,4-D was carried out by varying
the pH from 2.0 to 7.0 using 1.0 g/L
CNDs(1%)-CuBi;O4.  The effect of
catalyst dosage was evaluated by varying
the amount of CNDs(1%)-CuBi,O4 from
0.5 to 1.5 g/L, while maintaining 2,4-D
concentration of 30 mg/L and pH 4.78.
The effect of 2,4-D concentration was
performed by varying initial 2,4-D
concentration from 30 to 40 mg/L using
1.0 g/L CNDs(1%)-CuBi,O4 at pH 4.78.
The recyclability experiment  was
performed 5 consecutive cycles with 1.0
g/L of CNDs(1%)-CuBi,0,4, pH 4.78 and
2,4-D of 30 mg/L. The CNDs(1%)-
CuBi,04 was recycled by heating for 90
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minutes at 100°C. The role of active
radicals in the degradation of 30 mg/L
2,4-D using 1.0 g/L of CNDs(1%)-
CuBi,0,4 at pH 4.78 was investigated by
adding 2 mM tert-butanol, 2 mM p-
benzoquinone and 1 mM NaEDTA to
scavenge hydroxyl radicals (OH®),
superoxide radicals (O,") and the hole in
the valence band (h*ys), respectively,
before visible light irradiation.

3. RESULTS AND DISCUSSION
3.1. Physicochemical properties

The weak peak at 13.1°(100) found in The
XRD pattern of CNDs represents in-plane
repeating tri-s-triazine units (Figure 1a).
The strong peak at 27.7°(002) indicates
interlayer stacking of conjugated aromatic
systems (PDF No. 87-1526) [8, 9]. For
CuBi,0,4, the main peaks located at 20
values of 27.76° (211), 30.05° (220),
32.64° (102) and 38.78° (212)
indicating tetragonal crystal of copper
bismuth oxide (PDF No. 42-0334). A
diffraction peak at 35.4 (-111) indicated
CuO crystallizes in a monoclinic state
(PDF No. 80-0076). The diffraction
peaks of CNDs(1%)-CuBi,O4 sample was
similar to those of CuBi,O,.

Considering the FTIR spectrum of
CuBi,04 (Figure 1b), peaks below 1000
cm* indicated the interactions between
metal ions with oxygen [10]. A very
typical peak for the triazine ring was
found in the FTIR spectrum of CNDs.
The peaks at about 1625-1670 cm™* were
assigned to O—H bending of water and the
stretching vibration of C=0 [3]. Peaks



found at about 1078-1451 cm™ were
believed to be involved to C-N and C3N3
deformation [3]. The FTIR spectrum of
CNDs(1%)-CuBi,0,4 varies significantly
compared to those of CNDs and CuBi,O,.
The change includes lowering of intensity
and disappearance of many characteristic
peaks. The new and sharp peak at about
1380 cm™' was believed to be formed
from the peaks 1272-1451 cm™', implying
the tight binding of the surface functional
groups of CNDs to the metal ions in
CUBi204.
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Figure 1. (a) XRD pattern, (b) FT-IR spectrum
and (c) band gap energy of materials
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The Eg was found to be 1.39 eV for
CuBi,04, 2.67 eV for CNDs and 1.34 eV
for CNDs(1%)-CuBi,O, (Figure 1c). The
Eg of CNDs(1%)-CuBi,O4 was obviously
narrower than that of CuBi,O, The Eg
narrowing of CNDs(1%)-CuBi,04
confirmed that an intimate chemical bond
was formed between the functional
groups (—COOH, —OH, C-OC, —NH; and
—~CO -NH-) of CNDs [11] with Cu*,
Bi** of CuBi,O,. This result confirms that
CNDs(1%)-CuBi,O4 is more easily
excited by visible light, leading to
enhanced photocatalytic activity under
visible light.

The SEM image in Figure 2 shows that
CuBi,0, is a crystalline rod, with diverse
sizes and chaotic distribution. By crystal
structure recovery method, CuBi,O4 was
successfully combined with CNDs to
create CNDs(1%)-CuBi,O4 crystal flakes.
The CNDs(1%)-CuBi;O, TEM image
shows the homogeneity between CNDs
and CuBi,0O4. The observed lattice fringes
are 0.323 nm for CuBi,O4 and 0.321 nm
for CNDs.
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Figure 2. SEM, TEM and HR-TEM of materials

3.2. Photocatalytic properties

The photolysis experiment confirmed that
2,4-D is relatively stable under visible



light (Figure 3). About 20.2% and 60.1%
of 2,4-D were degraded by CNDs and
CuBi,04 in visible light for 105 min,
respectively. By introducing  an
appropriate amount of CNDs into
CuBi,04, the photocatalytic activity was
improved. The activity of the CNDs(1%)-
CuBi,04 was significantly high, ~89.2%
of 2,4-D was degraded by CNDs(1%)-
CuBi,0, at pH 4.2. However, the amount
of CNDs in the catalyst was more than
1%, low degradation of the 2,4-D was
detected. Only 65.6% of 2,4-D was
degraded by CNDs(2%)-CuBi,O4. The
excellent activity of the CNDs(1%)-
CuBi,0, catalyst is due to a sufficient
percentage of CNDs, which prolonged
separation of photogenerated e/h” pairs
[12]. However, the decreased activity of
the catalyst with further increase in CNDs
may be due to the decrease in effective
surface area of the catalyst as its active
sites are occupied by CNDs [12].
Experimental Kkinetic data for 2,4-D
degradation by CNDs-CuBi,O, were
modeled by the Lagergren's pseudo first-

order model. Remarkably, the 2,4-D
degradation rate constant (k) of the
CNDs-CuBi,04 catalyst were much

higher than that of individual components.
The CNDs(1%)-CuBi,O, had superior
activity, with k = 0.0156 min™*, and the
degradation efficiency was about 11.14,
2.33 and 2.11 times higher than those of
the CNDs (k = 0.0014 min™"), CuBi,O, (k
= 0.0067 min~') and CNDs(2%)-CuBi,O,
(k = 0.0074 min™"), respectively.

Since CNDs(1%)-CuBi,O, gives the best
catalytic activity, it will be used for
further research.
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Figure 3. Photodegradation of 30 mg/L 2,4-D at
pH 4.2 using 1.0 g/L catalysts in visible light for

105 min

3.3. Effect of pH, CNDs(1%)-
CuBi,O, dosage, 2,4-D concentration
and reusability

The surface charge of a photocatalyst is
largely regulated by the pH of the
solution. Therefore, pH is an important
parameter that determines the efficiency
of pollutant degradation. Notably, 2,4-D
concentrations dropped dramatically at pH
4.78 in visible light for 105 min. About
90.9% of 2,4-D was degraded (with k =
0.0169 min™) by CNDs(1%)-CuBi,0, at
pH 4.78 (Figure 4a), whereas the
degradation of 2,4-D achieved ~60.5% (k
= 0.0069 min?), 89.2 % (k = 0.0156 min-
1) and 69.4% (k = 0.0085 min?) for pH of
2.0, 4.2 and 7.0, respectively. The
decrease in 2,4-D degradation efficiency
at pH lower or higher than 4.78 can be
understood as follows. The catalytic
activity was controlled by the point of
zero charge  (pHpzc), while the
protonation of the carboxyl groups was
controlled by the pKa of 2,4-D. The
pHpzc of CND(1%)-CuBi,O, was found
to be ~7.0 (Figure 4a inset). When
solution pH <pHpzc, the surface charge of



CNDs(1%)-CuBi,0y4 is positive.
However, at solution pH = 2.0 < pKa of
2,4-D (2.74), the ability to protonate 2,4-
D molecules is limited, resulting in less
decomposition of 2,4-D molecules. For

comparison, at solution pH = 7.0
(pHpzc), the surface charge of
CND(1%)-CuBi,O4 is neutral. The

electrostatic attraction that exists between
the surface of CND(1%)-CuBi,O4 and the
2,4-D anion in solution is negligible, so
the degradation of 2,4-D is less. At pH
4.78, the better 2,4-D degradation is due
to the fully protonated carboxyl groups,
which are favorable for 2,4-D anions to
reach positively charged CNDs(1%)-
CuBi,04, leading to significant 2,4-D
degradation.

The CNDs(1%)-CuBi,O, of 1.0 g¢g/L
provides optimal 2,4-D decomposition
efficiency (Figure 4b), ~90.9% of 2,4-D
was degraded in visible light for 105 min,
while the degradation of 2,4-D achieved
~64.1% (k = 0.0082 min™) and 71.3% (k
= 0.0101 minY) for 0.5 and 1.5 g/L
catalyst, respectively. Catalyst dosage
higher or lower than 1.0 g/L did not give
the best 2,4-D degradation which was due
to the reasonable ratio between the
amount of CNDs(1%)-CuBi,0y,, the 2,4-D
concentration and the number of photons
on CNDs(1%)-CuBi,O4, which led to the
best 2,4-D degradation rate. A very low
dosage of CNDs(1%)-CuBi,O4 resulted in
insufficient generation of oxidizing
radicals (*OH, and O;") to decompose
2,4-D. Meanwhile, excessive dosage of
CNDs(1%)-CuBi,O, would increase
turbidity, making it impossible for light to
reach the active site of the catalyst,
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leading to a decrease in the formation of
photogenerated e 7h™ pairs followed by a
decrease in the formation of *OH, and
0,
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Figure 4. Photodegradation of 2,4-D (a) Effect of
the pH solution (inset: pHpzc of CNDs(1%)-
CuBi,0, using pH drift method); (b) Effect of

CNDs(1%)-CuBi,0, dosage (2,4-D of 30 mg/L at
pH 4.78) and (c) Effect of 2,4-D concentration
(CNDs(1%)-CuBi,O4 of 1.0 g/L at pH 4.78)

The degradation rate of 2,4-D achieved
0.0169, 0.0167 and 0.0120 min* for
initial 2,4-D concentration 30, 35 and 40



mgl/L, respectively.  High  2,4-D
concentration leads to low degradation
efficiency (Figure 4c) which can be
explained as follows: Because the amount
of CNDs(1%)-CuBi,O, and the light
intensity were constant, the number of
reactive radicals produced such as e/h*
pairs, *OH, and O;" were also constant
while the initial concentration of 2,4-D
increased. Therefore, the low 2,4-D
degradation for high 2,4-D concentrations
is due to the insufficient number of
reactive radicals to attack 2,4-D.

The activity of CNDs(1%)-CuBi,O, IS more
favorable than previous catalytic systems.
More than 83% of 2,4-D (100 mg/L) was
removed by 0.5 g/L
TiO,@MgFe,;04/H,0, at pH 2 in visible
light for 240 min [13]. About 90% of 2,4-
D (30 mg/L) was removed by 1.0 g/L
2.0rGO/ZnBi,0, at pH 2.45 in visible
light for 120 min [14].

Along with catalytic activity, catalyst
stability and recyclability are equally
important for practical applications. The
reusability ~ results indicated  that
CNDs(1%)-CuBi,04 exhibited significant
photo-stabilization after 105 min, and the
2,4-D decomposition efficiency reached
90.9 + 3.0% for the 1% use, 87.9 + 1.8%
for the 2" reuse, 86.8 + 2.4% for the 3"
reuse, 85.5 + 2.5% for the 4™ reuse and
84.4 + 1.9% for the 5" reuse.

3.4. Experiments to capture active
radicals

It is known that OH®, O,* and h*\g are
strong active radicals, which mainly act in
photocatalysis to decompose pollutants.
Figure 5 shows that when 2.0 mM tert-
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butanol was added as an OH® scavenger to
the photocatalytic experiment, about
63.6% of 24-D was degraded by
CNDs(1%)-CuBi,O4.  The rate  of
degradation was found to be ~ 0.0077
min~', thus the OH" radical did not play a
major role in the degradation of 2,4-D by
CNDS(l%)-CUBi204.
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Figure 5. Effect of different scavengers on the
degradation of 30 mg/L 2,4-D using 1.0 g/L
CNDs(1%)-CuBi,0O, at pH 4.78 in visible light for
105 min

By adding 2.0 mM p-benzoquinone as an
O, scavenger to the photocatalytic
experiment, the degradation efficiency of
2,4-D by CNDs(1%)-CuBi,O4 was
significantly  reduced. = Without the
presence of oxidizing agent O,* ", ~ 33.0%
of 2,4-D was degraded under visible light
with degradation rate of 0.0028 min .
When adding to the degradation reaction
1.0 mM Na,EDTA as the h*yg scavenger,
the degradation efficiency of 2,4-D by
CNDs(1%)-CuBi,0O, was dramatically
reduced. About 39.7% of 2,4-D was
degraded with degradation rate of 0.0035
min . These findings demonstrate that
0," and h*yg are the powerful agents for
the degradation of 2,4-D by CNDs(1%)-
CuBi,04, while the OH® radical is not a
strong agent.



4. CONCLUSION

The CNDs-CuBi,O, photocatalyst was
successfully synthesized and showed
much better photocatalytic performance
than the individual components. The best
sample is CNDs(1%)-CuBi;O4, which
achieved a degradation efficiency of
90.9% of 2,4-D (k = 0.0169 min™) in
visible light for 105 min. AIll active
species (0., OH® and h*yg) got involved
in 2,4-D removal, in which O,* and h*yg
play the major role. CNDs(1%)-CuBi,O4
has great potential for practical
applications because of its relatively good
stability in at least five consecutive
experiments.
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