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ABSTRACT: In this work, the degradation of low-concentration butyl acetate was performed in a micro-nano bubble
device via the cavitation effect. The degradation efficiency of this process was investigated for different butyl acetate
concentrations. The experimental results showed that with a butyl acetate concentration of 186.5 mg/m3, the
degradation efficiency of butyl acetate was 77.6%. Gas chromatography-mass spectrometry was used to identify the
intermediate products generated during different treatment periods under varying initial concentrations. Based on the
product analysis, the degradation reaction and pathway were speculated. All the results showed that the major reaction
pathway of butyl acetate degradation was the initial production of low-carbon ester, which was then decomposed into
butyl alcohol and acetone compounds. This study provides a deeper understanding of the degradation of butyl acetate
by micro-nano bubbles and the mechanism of degradation.
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INTRODUCTION

Volatile organic compounds (VOCs) are the primary
precursor of PM2.5 and O, [1]. Among them, butyl
acetate has a significant impact on air pollution [2].
Butyl acetate is widely derived from coatings [3],
chemicals [4], packaging, and printing materials [5].
Therefore, one of the focal issues of air pollution
control is the degradation of ester waste gas [6]. There
are many methods for degrading VOCs, including
adsorption [7], catalytic oxidation [8], and plasma
system decomposition [9]. Keller et al [10] reported
the treatment of butyl acetate via photocatalysis using
TiO,, Pt/TiO,, and WO,/TiO, semiconductor cata-
lysts. However, photocatalyst deactivation was a prob-
lem that requires further investigation, and the light
utilization efficiency of these catalysts was also very
low. Mull et al [11] investigated the photocatalytic
degradation of butyl acetate under UV and blue LED
light in 1 m® (40% relative humidity) and 20 1 (0%
relative humidity) emission test chambers with TiO,-
GO composite catalysts. However, their proposed
method only partially degraded butyl acetate, with
a low degradation efficiency range of 10-39% under
blue light [11]. Absorption methods have also been
extensively studied for the abatement of butyl acetate.
Wang et al [12] described the use of a 1:1 mixture
of methyl oleic acid and ethyl oleic acid as a butyl
acetate absorbent. However, absorbents need to be
regularly replaced, so the material cost of adsorption
methods is high. Moreover, butyl acetate degradation
methods still exhibit many deficiencies, such as safety
risks [13], high costs [14], and the generation of
secondary pollution [15]. With increasingly strict en-

vironmental regulations around the world, the market
demand for environmental protection technology and
equipment is growing. Absorption and photocatalytic
degradation methods do not meet the realistic needs
and achieve the standard of direct emission. Hence,
the development of innovative treatment technology
is required to meet modern environmental rules.

Due to their large specific surface area, high mass
transfer efficiency and long residence time, micro-
nano bubbles were widely used for the treatment of
organics such as rhodamine B [16] and alachlor [17].
Liu [8] used micro-nano bubbles for the treatment of
ink wastewater. They reported that organic matter
was removed five times more rapidly using micro-nano
bubbles compared with ordinary dissolved air bubbles.
Micro-nano bubbles can generate free radicals, which
decompose large molecules into smaller molecules.
Moreover, micro-nano bubbles can synergistically in-
teract with ozone and hydrogen peroxide to improve
degradation performance. Xia et al [19] achieved
the efficient degradation of methyl orange wastewater
by combining micro-nano bubbles with ozone. Many
other micro-nano bubble applications have also been
reported [20]. However, to the best of our knowledge,
only a few studies exist on the degradation of acetate
exhaust using micro-nano bubbles.

In this study, the degradation of butyl acetate
was investigated using micro-nano bubble technology.
To demonstrate the degradation effect of the micro-
nano bubbles, this study was carried out using low
concentrations of butyl acetate gas molecules. The
reaction principle and the butyl acetate route in the
micro-nano bubble device were established by tracking
the intermediate products. This study provides a new
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Fig. 1 Schematic diagram of the experimental micro-nano
bubble device.

method for degrading VOCs using water as a medium
at ambient temperature and pressure.

MATERIALS AND METHODS
Experimental apparatus

Experimental tests were carried out in a micro-nano
bubble device located at Sichuan University. This
device was a closed circulation system consisting of a
master control system, a micro-nano bubble system,
a water circulation system, and a cyclone system, as
shown in Fig. 1. The micro-nano bubble system con-
sisted of a nozzle and a crushing device. The interior
design of the nozzle was similar to a venturi, and many
hard and sharp crushing needles were placed on the
crushing device. The local pressure in this system fell
to the value of the vapor pressure of the liquid medium
as the fluid passed through the throat of the micro-
nano bubbles system [21]. This droves the growth of
micro-nano cavitation nuclei in the liquid [22]. When
the growing bubbles reached the high-pressure area
with the fluid, the collapse of these bubbles led to
localized high-temperature and high-pressure condi-
tions, which degraded the exhaust gas [23]. The spray
was installed at the bottom of the micro-nano bubble
system to trap the gas and enhance the mass transfer
efficiency of the bubbles in the water.

Degradation experiments

A vessel containing butyl acetate was placed to simu-
late industrial exhaust gas. Butyl acetate (99.5%, AR
grade) was purchased from Chengdu Kelong Chemical
Co., Ltd. The butyl acetate concentrations in the micro-
nano bubble device were monitored using a PID (Mini-
RAE 3000). Butyl acetate was swept by the air-blower
for five seconds to generate a homogeneous gas. The
stability values of the experiment were recorded. After
each experiment, samples were collected using a 20 ml
sample bottle or a Teflon gas bag. The intermediate
products of the butyl acetate degradation process were
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analyzed by gas chromatography-mass spectrometry
(GC-MS). This experiment used a QP2010 Plus temper-
ament joint instrument (SHIMADZU, Japan). Samples
were injected in split mode and the inlet temperature
was 270 °C. The column flow rate was 1 ml/min, and
the volume of injected sample was 1 ml. The MS (EI-
source at 200°C) was operated in scan mode (m/z
30-500 amu) with a solvent delay at 0.1 min.

RESULTS AND DISCUSSION
Feasibility analysis of micro-nano bubble system

To determine the degradation effect of the micro-nano
bubble process on VOCs, preliminary experiments were
performed with varying butyl acetate concentrations
(186.5 mg/m?>, 245.6 mg/m?, and 313.9 mg/m?), as
shown in Fig. 2(a). These experiments showed that the
initial concentration of butyl acetate was reduced with
increasing treatment time. Under each initial butyl
acetate concentration, the total concentration sharply
decreased at t = 10 min. The total concentration
of butyl acetate dropped to 112.7 mg/m® from the
initial 313.9 mg/m>. The three experiments displayed
similar degradation trends, and the degradation effect
was relatively stable within the tested concentration
range. However, when the initial concentration was
increased, fewer micro-nano bubbles in the cavitation
zone were accessible per butyl acetate molecule [24].
Therefore, the range of action and the transmitted
energy of these micro-nano bubbles were not suf-
ficient to completely degrade all the butyl acetate
molecules [25]. Consequently, the concentrations of
butyl acetate after the degradation process in the
micro-nano bubble device were maintained in a certain
range. The butyl acetate degradation efficiency of this
system was calculated as follows:

C,—C
n:%xlOO%

0
where 7 is the degradation efficiency and C, and C,
are the inlet and outlet concentrations of butyl acetate,
respectively.

Fig. 2(b) shows the butyl acetate degradation effi-
ciencies for the different initial concentrations. For the
initial butyl acetate concentrations of 186.5 mg/m?3,
245.6 mg/m?, and 313.9 mg/m?, butyl acetate degra-
dation efficiencies of 65.7-77.6%, 52.6-61.5%, and
53.8-64.1% were achieved, respectively. These results
showed that the maximum degradation effect was
achieved at 30 min and the micro-nano bubble device
was highly efficient for butyl acetate concentrations
below 200 mg/m>. However, the treatment efficiency
was not sensitive for concentrations that exceeded this
limit. This was potentially attributed to the limitations
of the existing conditions. This processing limitation
was difficult to overcome. Therefore, changing the
structure of the micro-nano bubble device or increasing
the number of reactors would be required to improve
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Fig. 2 Effect of the initial butyl acetate gas concentration on
(a) post-degradation butyl acetate concentration, (b) degra-
dation efficiency, and (c) amount of treated butyl acetate.

the degradation efficiency. Interestingly, Fig. 2(c)
shows that despite the low degradation efficiency for
initial concentrations above 200 mg/m?3, the amount
of treated butyl acetate increased with increasing ini-
tial concentration. When the initial butyl acetate
concentration was increased from 186.5 mg/m® to
313.9 mg/m?, the amount of treated butyl acetate
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Fig. 3 Total ion chromatograms obtained by GC-MS analysis
of water samples taken from the micro-nano bubble device
after butyl acetate degradation.
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Fig. 4 Total ion chromatogram obtained by GC-MS analysis
of the gas sample using an inlet butyl acetate concentration
of 107.8 mg/m?® and a treatment time of 547 min.

increased from 122.6 mg/m® to 201.3 mg/m®. This
was likely because the probability of collisions between
butyl acetate and micro-nano bubbles increased with
increasing initial concentration.

Degradation products

To identify the reaction products, additional experi-
ments were conducted at initial butyl acetate concen-
trations of 103.4 mg/m? and 141.6 mg/m? in 20 °C wa-
ter. The butyl acetate degradation efficiencies achieved
with these initial concentrations were 64% and 64.4%,
respectively. Total ion chromatographs of the post-
reaction water obtained from the micro-nano bubble

www.scienceasia.org


http://www.scienceasia.org/
www.scienceasia.org

756

ScienceAsia 48 (2022)

Table 1 Degradation products obtained after the degradation of butyl acetate.

ﬂ

Name Formula MW RI RT (min) Peak Area (%)
Acetone C,H,O 58 455 0.872 1.58
Butyl Alcohol C4H10 74 662 2.044 2.74
Ethyl Acetate C,HgO, 88 586 1.520 1.14
Butyl Formate C5H100 102 783 2.08;2.103;2.125 10.4;12.98;9.09
Throat M
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Fig. 5 Schematic diagram of the micro-nano bubble reactor
and the butyl acetate degradation process.

device are shown in Fig. 3. For the experiment with
an initial butyl acetate concentration of 141.6 mg/m?,
the butyl acetate peak area was reduced to 88.6%
and 85.88% after 457 min and 597 min treatment,
respectively. This indicated that the butyl acetate
content gradually decreased after 140 min treatment.

For the experiment with an initial butyl acetate
concentration of 141.6 mg/m?, the main characteristic
peak of the generated butyl formate was observed,
with an increase in peak area from 10.4% to 12.98% af-
ter 457 min and 597 min treatment. This result implied
that butyl acetate was degraded to form butyl formate.
At the same treatment time, the butyl formate yield
was 9.09% for an initial butyl acetate concentration of
103.4 mg/m?>. This was lower than the butyl formate
yield of the experiment with an initial butyl acetate
concentration of 141.6 mg/m>. This was consistent
with the results reported in the previous section, in
which a lower initial butyl acetate concentration led
to lower amount of treated butyl acetate and therefore
a lower yield of intermediate products.

Fig. 4 shows that several peaks appeared in the
exit gas total ion chromatogram before the butyl ac-
etate peak (retention time t = 6.383 min). This indi-
cated that several degradation products were produced
during the reaction. A spectrum search of the gas-
phase degradation products indicated the presence
of butanol, ethyl acetate, and acetone, as shown in
Table 1.

Degradation mechanism

Micro-nano bubble technology uses cavitation to cre-
ate micro-nano bubbles. When these bubbles are
ruptured, they generate localized high-temperature
and high-pressure conditions, which can crack large
molecules into smaller molecules. Researchers have
observed micro and nano bubbles through dynamic
light scattering in the early [26]. In our experiments,
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Fig. 6 Possible reaction pathway for the degradation of butyl
acetate.
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Fig. 7 Chromatogram obtained by GC analysis of the gas
phase products after the degradation of butyl acetate using
an inlet concentration of 199.2 mg/m?® and a treatment time
of 480 min.

micro-nano bubbles were randomly contracted under
the pressure change of the flowing liquid [27,28].
Subsequently, these bubbles were dispersed by the
crushing needle action to produce even smaller bub-
bles. The micro-nano bubble reactor structure and
butyl acetate degradation mechanism are shown in
Fig. 5. According to the Young-Laplace equation, the
pressure inside a bubble is proportional to its sur-
face tension and inversely proportional to its particle
size [29]. The small size of the micro-nano bubbles
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leads to very high internal pressure and high energy
density. External work is briefly performed when these
bubbles collapse. The temperature inside the bubbles
sharply increases due to adiabatic compression [30].
Mechanical energy is converted to thermal energy by
the law of conservation of energy.

Butyl acetate is insoluble in water. Therefore,
butyl acetate degradation reaction primarily occurs at
gas-liquid interfaces. The four identified butyl acetate
degradation intermediates discussed above were used
to propose a potential butyl acetate degradation path-
way: First, butyl acetate is adsorbed by the micro-nano
bubbles, and the energy generated by the collapse of
these micro-nano bubbles directly degrades the butyl
acetate molecules into butyl formate and ethyl acetate.
Next, these intermediates are further degraded to pro-
duce butyl alcohol and acetone. Finally, these inter-
mediate products are degraded to CO,. A plausible
pathway for the cracking of butyl acetate by micro-
nano bubbles at low temperatures is proposed in Fig. 6.

The bond dissociation energies of butyl acetate are
3.44 eV for C—C, 3.38 eV for C—0, 4.29 eV for C—H,
and 7.55 eV for C=0 [31]. According to ionization
energies and organic species detected by GC-MS, it was
speculated that the butyl acetate degradation mech-
anism of the micro-nano bubble device potentially
favored C—C and C—O bond breakage. These reactions
are described as follows:

CH,COOC,H, + 2H*—HCOOC,H, + CH, €8]

CH,COOC,H, +2H*—CH,COOCH,CH, + CH,CH,  (2)

The degradation of butyl acetate is a process in-
volving coexisting multi-reaction interactions. Butyl
formate and ethyl acetate were formed by breaking the
C—C bond of butyl acetate, as shown in Egs. (1) and
(2), respectively. This was confirmed by GC-MS.

It has been reported that extreme reaction
fields are formed when these bubbles collapse in-
ward [32]. The high temperatures and pressures gen-
erated by micro-nano bubble collapse can dissociate
water molecules into hydroxyl radicals and hydrogen
ions [33]. The organic species that are generated by
the cracking of butyl acetate (such as C,, C;, and c,)

can react with H and OH. Butyl alcohol was detected
by GC-MS, and this compound was potentially derived
from the reaction of CH,CH,CH,CH,O- and H", as
shown in Eq. (3).

HCOOC,H, +H,0—CH,CH,CH,CH,0H+HCOOH  (3)

As micro-nano bubbles shrink, excess anions accu-
mulate at the gas-liquid interface, causing a local acid-
base imbalance [34]. Therefore, butanol was formed
by the hydrolysis of butyl formate and butyl acetate.
Upon reaching a critical pressure, micro-nano bubbles
will collapse. This sudden change in the gas-liquid
interface leads to a sudden release of energy. Under
these non-equilibrium conditions, butanol was decom-
posed. The Gibbs free energy for the hydrolysis of
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butyl formate to butanol is —89159.83 kJ/mol, which
shows that this reaction is spontaneous. Moreover, the
conductivity of the aqueous solution after butyl acetate
degradation was measured. Based on its conductivity,
the reaction rate of this reaction is up to 8.93 x 10*
1/(mol-min).

The butyl acetate degradation products mainly in-
cluded esters, alcohols, and acetone. Raillard et al [35]
previously reported that acetone can be degraded to
formaldehyde, formic acid, or methanol. Eventually,
these compounds are degraded into CO, and H,O. In
this work, CO, was not detected by GC-MS. However,
acetone, which has the potential to degrade to CO,,
was detected as an intermediate. The gas product
was passed through clarified lime water, which became
turbid. This proved that the degradation products
were deeply degraded to CO,. Finally, to quantitatively
prove the presence of CO,, CO, was detected by gas
chromatography at a detection time of t = 2.8 min, as
shown in Fig. 7.

CONCLUSION

The degradation of butyl acetate by micro-nano bubble
technology was explored. The butyl acetate degrada-
tion efficiency was 77.6% for an initial butyl acetate
concentration of 186.5 mg/m>. GC-MS was used to
confirm that the intermediates formed in the liquid
phase were mainly butyl formate, and the interme-
diates in the gas phase were mainly butanol, ethyl
acetate, and acetone. Moreover, GC analysis demon-
strated the generation of CO, during the reaction.
Based on the identified intermediates, a possible degra-
dation pathway for butyl acetate was proposed. These
results demonstrate that micro-nano bubble technol-
ogy can realize the room-temperature cracking of butyl
acetate, which eventually degrade to CO,.
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