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A nonthermal plasma surface discharge (NPSD) coupled with photocatalysis

Highlights
¢ Removal of pollutant in air mixture by photocatalysis and plasma is investigated

e Synergetic effect of combined system is explored.
e The by-products of each binary mixture were identified and evaluated.

e Monitoring of mineralization and ozone has been done at pilot scale.
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Abstract

This paper mainly deals with the isovaleraldehyde degradation with the help of a nonthermal
plasma surface discharge (NPSD) coupled with photocatalysis. The efficiency of NPSD reactor,
for gas treatment, was studied for different binary mixtures: (1) mixture of aldehydes
(Isovaleraldehyde and Butyraldehyde) and (2) mixture of aldehyde and amine
(Isovaleraldehyde and Trimethylamine). A planar continuous reactor is used to investigate the
effect of addition of another pollutant on the performance of oxidation process.

A synergetic effect was observed by combining NPSD and photocatalysis for the degradation
of mixture of pollutants. In addition, combined NPSD / photocatalysis has significantly
enhanced the CO; selectivity, as compared to NPSD alone. This is attributed to the formation
of more reactive species due to the presence of TiO in the plasma discharge zone. Moreover,
ozone and UV light on TiO», produced by plasma, have activated the surface leading to
enhanced mineralization. In addition, the byproducts of each binary mixture were identified and

evaluated.
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1. Introduction

Throughout the past century industrial, agricultural, and domestic activities have been
responsible for the emission of many undesirable volatile organic compounds (VOCs) to the
atmosphere. These compounds have drawn considerable attention in the last two decades as
they were and still are major contributors to air pollution [1]. Therefore, the abatement of VOCs
has become a major global challenge as its emission aggravated the problems of climate change
and global warming. Consequently, different strategies are being developed to minimize, if not
completely eliminated, the risks associated with VOCs emissions [2]. Indeed, the prevailing
processes for emissions control such as incineration, absorption, adsorption, condensation, and
biofiltration do not provide fully acceptable results [3].

As an outcome, advanced oxidation processes (AOPs) have emerged as suitable alternative
technologies to effectively remove VOCs from gaseous effluents [4-7]. These AOPs are
especially characterized by the in situ production of hydroxyl radical (°OH) at room

temperature [8]. Among the various AOPs, the photocatalytic and non-thermal plasma (NTP)



catalytic processes have been widely investigated. Photocatalysis is based on the use of low
energy UV photons to excite an electron from the conduction band to the valence band in a
semiconductor catalyst (commonly TiOy) leading to the formation of electron-hole pairs [9].
The formed electrons and holes lead to the formation of very reactive hydroxyl radicals in the
presence of moisture/water on photocatalytic surface or in the gas phase [10, 11]. The OH°®

produced on the catalyst surface effectively decomposes many toxic pollutants [11].
Nonetheless, photocatalytic oxidation has disadvantages like catalyst deactivation and slow
process, which restricts its commercial application for depollution purposes.

In order to enhance the photodegradation performance, photocatalyst is usually combined with
plasma discharge [5, 12]. Most commonly, for air depollution, electrical discharges are used to
produce NTP-favorable for the removal of various pollutants (e.g., NOx, odors, SOx and VOCs)-
under moderate conditions (i.e. room temperature and atmospheric pressure), which is
intriguing towards industrialization of the process [13]. It is widely reported that the coupling
of photocatalyst with NTP has shown considerable enhancement in the performance of the
process [14-19].

In atmospheric NTP, highly energetic electrons and chemically reactive species (e.g., free
radicals, excited atoms, ions, and molecules) are generated and implied into of both physical
and chemical reactions. Nonthermal plasma treatment has a distinct non-equilibrium character,
meaning that the gas temperature is near at room temperature, whilst the electrons are highly
energetic with a typical mean temperature of 1-10 eV [20]. As a result, NTP can easily break
most of the chemical bonds and triggers the thermodynamically unfavorable chemical reactions
at room temperature. Therefore, the oxidation of VOCs using photocatalytic/NTP system, at
room temperature, atmospheric pressure, and with molecular oxygen as the only oxidant, is
promising [20]. The combined NPSD / photocatalysis system has been investigated previously,
mostly for single pollutant removal, under UV irradiation [8, 13, 18]. Therefore, it can be
proposed that the integration of solid catalysts in plasma discharge area could have a great
potential for generating a synergistic effect, improving their activity and resulting in a
remarkable enhancement of pollutant oxidation and less by-products formation.

In this work, a pilot scale planar dielectric barrier discharges (DBD) reactor has been developed
for the plasma/photocatalytic oxidation of two binary mixtures of pollutants. The effect of
photocatalysts on the oxidative removal of pollutants has been evaluated. Moreover, the mutual
effect between pollutants and the influence of concentration on oxidation pathway have also
been studied. Indeed, the synergistic effect between NTP and photocatalyst for various

pollutants is explored in pilot scale process.



2. Materials and methods

2.1. Chemicals and analysis

Chemicals are purchased from Sigma—Aldrich (USA) at various purity grades:
Isovaleraldehyde (Isoval) (>98%), Trimethylamine (TMA) in water (50%) and Butyraldehyde
(Buty) (299%). All chemicals are used as received without any further purification.

The gas products are analyzed by a dual-channel gas chromatography Fisons GC9000 equipped
with a flame ionization detector (FID). The separations of Isoval, Buty and by-products are
performed by a Chrompact FFAP-CB column and nitrogen gas is used as the mobile phase. The
temperature of oven, the injector and the detector are, 100, 120 and 200 °C, respectively. The
details of the analysis system were given elsewhere [7, 13]. The by-products produced by the
combined system, during the degradation of mixture of VOCs, were identified using a Gas
chromatography—mass spectrometry (GC-MS, Perkin Elmer Clarus 500). The GC was
equipped with Chrompac TM capillary column FFAP-CB (60 m x 0.32 mm x 1 pum). This
column was connected to Mass Spectrometer (MS) devoted to compounds identification. Due
to very low concentrations, the sample was focused on a multi-bed cartridge (Carbopack B).
After heating, it was refocused on a trap filled with Carbopack B at 173 K, so-called Cooled
Injection System (CIS). The splitless sample Injection method was opted to inject the refocused
sample to GC-MS.

2.2. Catalyst synthesis

The photocatalytic material, which is provided by Ahlstrom [21], consists of a mixture of TiO;
and SiO2 deposited on Glass Fiber Tissue (GFT) with 2 mm thickness. Indeed, 13 g/m? of
colloidal silica ensure the fixation of 13 g/m? of titanium dioxide nanoparticles (PC500
Millennium). As prepared colloidal TiO2/SiO2 nanoparticle is deposited on GFT by wet
impregnation method in pure water. The total specific surface area of the TiO2/SiO2/GFT is
20.6 m2.g' [21].

2.3. Gas stream preparation

As shown in Fig. 1, the TMA, Buty and Isoval were directly injected in liquid state into dry air

flow, supplied by the compressed air system, using two syringe pumps (Fig.1). The heating
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tapes were wrapped on stainless steel pipe at the injection zones to ensure good evaporation of
each pollutant. The static mixer, placed upstream the reactor, was used for the homogenization
of the mixture. The air flow was controlled by a mass flow controller (MFC, Bronkhorst)

calibrated with normal cubic meter per hour on the range 0-10 m*.h* (Fig. 1).
2.4. Non Thermal plasma/photocatalytic reactor

As can be seen in Fig. 2, the rectangular planar glass reactor consists of 1000 mm length and
135 mm width. Inside the glass reactor, a rectangular shape stainless steel plates with 2 mm
thickness, were inserted and used as high voltage electrodes. The copper sheet, with 1 mm
thickness, wrapped around the planar reactor was employed as a ground electrode. The
discharge length was fixed at 800 mm.In planar reactor, TiO2/SiO2/GFT is used as a
photocatalyst and eight lamps (Philips PL-S 9 W / 10 / 4 P) were used as a UV source. The
details of the high voltage power source and discharge characteristics of the quartz reactor are
reported elsewhere [13, 22-24]. Briefly, in planar DBD reactor, plasma surface discharge was
ignited using an AC high voltage power supply with a fixed voltage of 20 kV (peak-to-peak)
and 50 Hz frequency. The applied and discharge voltage were measured by a four-channel
digital oscilloscope (Lecroy).

To evaluate the performance of the NTP/photocatalyst combined system, the specific energy
density (SED), the removal efficiency, and the elimination capacity are calculated using the

following equations:

P(W)
Q (m3/n) (1)

1000 X <B00

SED (J/L) =
Where SED is the specific energy density (J/L) and Q is the flowrate (m®/h).
Removal Efficiency (RE), is calculated by the following equation:

RE (%) = “— x 100 )

mn

Elimination Capacity (EC), is determined using the following equation:

EC (mg/h) = (Cin — Cour) X Qair 3)
Where Cinand Cout are the inlet and outlet pollutant concentrations (mg.m~3), respectively.
The synergistic effect (F) of plasma surface discharge and photocatalysis for VOC removal is

defined as follows:
F (%) = <RE (%))combinedsystem - ((RE (%))Plasma + <RE (%))Photocatalysis) (4)



Where (RE (%)) combinedsystem 1S VOC’s removal efficiency of photo and plasma catalysis;
(RE (%))piasma 1S VOC’s removal efficiency of plasma catalysis alone (%);
(RE (%)) photocatalysis 1S VOC’s removal efficiency of photocatalysis alone (%).

The selectivity of CO and CO: is calculated as follows:

SCOx (%) = [COx] / (Z[nCi, COV % (Cin,i — Cout,i)] (5)

Where n is number of carbon atoms in the VOCs, COx is the total concentration of CO and
COa.

3. Results and Discussion

This study is aimed at the removal of different types of VOCs in mixture. However, in order to
understand the oxidation behavior of VOCs in a mixture, initial experiments were carried out
with single VOC/air mixture in TiO2/SiO2/GFT packed planar reactor with an external UV light

and the results are discussed in the following section.

3.1. Photocatalytic removal

3.1.1. Single VOC removal

The photocatalytic single VOC removal efficiency of the reactor has been studied for various
inlet concentrations. For all model VOCs, the inlet concentrations were varied from 0.6 to 2.45
mmol.m. The elimination capacity of the photocatalytic process, for three different VOCs with
various inlet concentrations, is shown in Fig. 3.

For all pollutants, the degradation rate increases with increasing the inlet concentration. It is
observed that with low inlet concentration, the degradation rate obeys first-order kinetics, i.e.
the degradation rate is proportional to the inlet concentration. In this case, the limiting steps are
the adsorption of pollutants onto the catalyst surface and desorption of the product to the gas
phase. It can be suggested that initially not all the photoactive sites are occupied. Indeed an
increase in the bulk concentration increases the surface coverage thus increases the VOC
degradation efficiency. It is observed that at higher inlet concentration, more than 2 mmol.m?,
the elimination capacity reaches steady state. This can be explained by the fact that, under
higher inlet concentration, the photoactive sites are saturated in the first few minutes, thereafter

increase in the inlet concentration does not show any significant changes in the pollutant



elimination capacity. The similar behavior was also observed for Isoval and TMA, these results
are in line with those reported previously [24].

It is worth to mention that the oxidation kinetic of TMA is much lower than that of other
aldehydes. This fact can be explained by the following hypotheses: i) the reactive adsorption of
aldehydes on TiO> surface, and ii) the influence of the byproducts formation. It is widely
reported that the aldehydes and ketones are strongly adsorbed on TiO> surface, even under dark
conditions, and lead to aldol reaction [18]. In turn, these produced species by photocatalytic
process will effectively react with the newly formed species, leading to CO> formation in the
gas phase. It can be suggested that the degradation pathway of TMA is more complicated than
aldehydes. Consequently, the degradation of TMA probably produces more by-products which
could accumulate in the bulk and on the surface. These by-products, containing mainly
nitrogenous and carbonaceous derivatives, could competitively adsorb with initial molecules
on the same active sites [10, 11]. Therefore, it can be proposed that the competitive adsorption
and by-products formation have significantly affected the TMA removal efficiency as
compared to Isoval and Buty.

3.1.2. Multi VOCs removal

Fig. 4 shows the elimination capacity of the mixture of Isoval and Buty with various inlet
concentrations like: 25, 50, and 100% of each pollutant.

As can be seen in Fig. 4 (a) and (b), it is observed that the elimination capacity of the individual
pollutant is enhanced when mixed together. Interestingly, from monocompound to
multicomponent systems, the EC has increased from 92 to 125 mg/h for Isoval when the inlet
concentration is about 1.11 mmol/m3. It is evidenced that Isoval highly oxidized in
multicomponent system than when it was in monocomponent system. This trend can be due to
the chemical affinity of pollutants towards the active sites. A better affinity of Isoval allows it
to occupy more active sites and then to be more degraded. As shown in Figure 4 a & b, Buty
conversion decreased, in the order of VOC mixture with 50 % Buty + 50 % Isoval > VOC
mixture with 75 % Buty + 25 % Isoval. For two levels of inlet concentration, Buty conversion
in multicomponent system is higher than single component at the same conditions, indicating
that there is a synergetic effect of multicomponent system. This effect will be confirmed later

by the identification of the byproducts formed in multicomponent system.

3.2. Plasma/photocatalytic process



Here we summarize the results of isovaleraldehyde and butyraldehyde treatment with plasma
alone and plasma/TiO> catalytic reactor in multicomponent and monocomponent systems.
Moreover, to evaluate the mutual effects of mixture removal efficiency, the Trimethylamine
(TMA), another VOC of amine group, has also been mixed with Isoval and tested under the

same conditions as like Buty/Isoval mixture.

3.2.1. Photo/plasma catalytic removal of binary mixture of 50% Buty + 50% Isoval

Fig. 5 shows the removal efficiencies of Isoval and Buty in single and multi VOC systems using
NPSD plasma, photocatalysis and a combined process. It is noticed that the mixing of pollutants
has decreased the removal efficiency as compared to the treatment of a single component.
Mingling of Isoval and Buty leads to reduce their maximum removal efficiencies by 30 and
20%, respectively.

Therefore, it can be suggested that the treating of mixed VOCs could produce more byproducts,

thus the consuming electrons or radicals produced by the silent discharge.

In one hand, as reported in Fig. 4, the photocatalytic treatment of mixture of pollutant
significantly improves the removal efficiency. On the other hand, the removal efficiency of
multicomponent system has been decreased by 50% in NPSD on TiO2/SiO2/GFT as compared
to a single VOC. This can be explained by the fact that the competition occurs between the
pollutants with the active species such O° and HO®.

It is interesting to note that a synergetic effect is observed, irrespective of the mixture, when
NPSD and photocatalyst is combined,

At lab and in pilot scales, previous studies have shown that combining plasma with
photocatalysis has induced a synergetic effect on the oxidation efficiency of VOC in
monocomponent system with flow rate varied from 1 to 500 m*/h [7, 13]. Indeed, in this study,
the synergetic effect is observed for multicomponent system. Moreover, the factor of synergetic
effect (F %) for each VOC in mixture is about 8-10 % under the same conditions when plasma
and photocatalysis are performed individually. This result is in good agreement with the report
in the literature [14]. And also, in accordance with the observations of Piotrowska et al. It is
reported that the elimination of n-butyl acetate was better in a mixture of aromatics and alcohols
[6].

The synergetic effect of NPSD/photocatalytic process can be explained by the following
hypotheses:



« Action of free radicals (N, O°, H’, OH") produced by the dissociation of molecules like N,
02, H20. These actives species can interact directly with Buty and Isoval molecules in
multicomponent system [25-27].

* Regeneration of TiO. surface by DBD surface discharge [5, 9] due to ionic winds. This would
lead to the more active sites available for VOCs adsorption and subsequent enhanced
conversion.

» Decomposition of ozone on the surface of TiO2 which gives more active species such as O°

for Buty and Isoval oxidation [12, 28].

3.2.2. Removal of Isoval and TMA in single component and in binary mixture (50%
TMA+ 50% Isoval)

In this section, in order to understand the influence of TMA addition on Isoval removal process
and vice-versa, the binary mixture of 50% TMA + 50% Isoval has been prepared and treated
using plasma, photocatalytic and combined process. The concentration of TMA and Isoval have
been varied between 0.5 to 1.7 mmol/Nm?. Fig. 6 shows the removal efficiencies (%) of Isoval
and TMA in mono and multicomponent systems. Interestingly, the removal efficiencies of
TMA decrease with increasing the Isoval concentration. This observation is contrary to the
result observed with binary mixture of 50% Isoval+ 50% Buty. This can be attributed the
chemical bond strength and molecular stability of the TMA [7]. As can be seen in Fig. 6, when
Isoval is mixed with TMA the removal efficiency decreased from 30 to 13% as compared to
single component.

As seen from the data presented in previous publication [7] and in the present study, the
elimination capacity of any pollutant with combined system was higher than the sum of

elimination capacities with plasma NPSD and photocatalysis performed separately.

As reported in Fig. 6, synergistic effect is observed in combined system. Indeed, factor of

synergistic effect (F%) is about 10% for Isoval and TMA of single and binary mixture.
4. End products analysis
It is observed that the CO formation in plasma and photocatalytic combined system, irrespective

of the inlet concentration, is negligible. Similar results have also been reported for the

photocatalytic removal of cyclohexane [13], trichloroethylene [11], and formaldehyde [28].



4.1. COz2 selectivity

The CO; selectivity of each tested pollutant was shown in figure 7. It is widely reported that
the photocatalytic process was a series of successive reactions; the competition towards the
active sites of the catalyst becomes more important.

The CO; selectivity of Isoval (with DBD plasma alone) was about 43% and this value was
about 62% for the combined DBD/photo catalysis processes. Consequently, this behavior is due
to the photocatalytic activity of TiOz in the presence of UV radiation. In fact, when the two
processes are combined, carbon dioxide selectivity was improved as compared to DBD plasma
alone, irrespective of the pollutant tested [26, 28]

Using DBD plasma alone, the low values of overall CO> selectivity were explained by the fact
that the quantities of generated reactive species become insufficient, leading to a limited
chemical reaction. These results are in line with those in the literature related to formaldehyde
[19] and isovaleraldehyde removal [28].

On the other hand, combined DBD plasma/photocatalysis significantly enhances the CO;
selectivity, as compared to DBD plasma alone. This is attributed to the formation of more
reactive species due to the presence of TiO> in the plasma discharge zone. Moreover, UV
radiation is able to activate ozone on the surface of TiO. to improve mineralization.
Consequently, possible pathways for pollutant removal in combined DBD
plasma/photocatalysis mainly include gas-phase radical attacks due to various other species
such as high-energy electrons, excited molecules or radicals.

In fact, from single component to multicomponent system, an inhibition effect for the
collectivity of three processes tested is observed. On the other hand, the mixture (TMA and
Isoval) seems to be more affected in multicomponent systems. This behavior may be attributed
to the mineralization of TMA which is less than that for Buty due to the less conversion of
TMA to intermediate species compared to Buty. Thus, the Buty intermediates have more

probability to be attacked by electrons and active species.

4.2. Ozone formation

Ozone is well known, as an unwanted and inevitable, by-product during plasma oxidation.
Moreover, it plays an important role during VOC oxidation. The atomic oxygen is formed by

in-situ decomposition of ozone and reacts with the pollutants.
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The residual ozone concentration in the reactor exhaust for each process (plasma alone and the
combined process) is reported in Figure 8. It is can be seen that, from mono to multicomponent
system, with plasma/TiO: reactor, ozone concentration is decreased as compared to plasma
alone. This can be explained by the fact that TiO> surface is activated by UV radiation, which
can reduce the formation of ozone or favor its destruction [17]. On the other hand, results with
multicomponent systems illustrate that the active species (O¢) generated by plasma, are able to
oxidize by-products and to react with oxygen molecules to form ozone [8].

5. By-products formation

5.1. Isoval and Buty in multicomponent systems

The formation of by-products in plasma/TiO- reactor, for the selected VOCs, was investigated.
Figure 9 shows the by-products detected when the treated gas concentration was around 1
mmol/m3. As can be seen in Fig. 9, about seven by-products have been formed when the plasma
and the photocatalysis is combined which is in line with the finding of Gharib et al., [29]. When
only Buty is treated by plasma/photocatalysis system along with non-treated Buty, the
following intermediates have been identified: acetone (1), ethyl acetate (2), acetic acid (4),
propionic acid (5) and butyric acid (6) are detected. It is worth mentioning that the similar kind
of intermediates, as in plasma/TiO> reactor, have also been detected when plasma was used
alone. Interestingly, at the reactor downstream, ethanol (3), isobutyric acid (7) and residual

Isoval have been identified when Isoval is added to the mixture.

5.2. Isoval and TMA multicomponent system

In our previous study, a special attention was devoted to the analysis of reaction products
during TMA degradation in a single component system [29] and the following by-products are
identified: (Dimethylamino) acetonitrile, N, N-Dimethyl formamide, nitromethane, acetone,
acetic acid, methanol, and ethanol [29]. Moreover, the oxidation of TMA leads to the formation
of NOx. On the contrary, as reported in Fig. 10, when the TMA is incorporated with Isoval, the
detected by-products are: acetone, isobutyric acid, methanol, acetic acid and CO.. Importantly,
carbon-nitrogen compounds are not identified as noticed in single component system. This can

be attributed to the recombination of by-products (TMA or/and Isoval).

11



6. Conclusion

In this study, removal of volatile organic compounds, in single component and multicomponent

systems by surface discharge plasma/TiO, combination, were systematically investigated in a

continuous flow reactor. Aldehydes (Isoval and Buty) and trimethylamine could be effectively

removed by combined systems.

The main findings can be summarized as follows:

1)

(@)

3)

The degradation of the two compounds in the mixture was inhibited in comparison to
the degradation of the pure compounds. The photocatalytic oxidation step of the two
aldehydes was found to be competitive. The highly -volatile compound (Isoval) was less
adsorbed on the catalyst surface however more conversion is observed, probably due to
the influence of less by-products formation.

The nature of all by-products from VOCs mixture decomposition were successfully
identified using GC-MS.

For each operating mixture of pollutants, we have unambiguously shown that there was
a synergetic effect for the pollutants oxidation and the combination of plasma and TiO>
shown promising results for the removal of low concentrated volatile organic

compounds from air.
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Fig. 2: Schema (a) and cross sectional drawing (b) of the planar reactor.
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Figure 3: Evolution of the individual photocatalytic elimination capacity of TMA, Isoval and Buty with

various inlet concentrations (Planar reactor, T = 20 °C, UV intensity = 20 W.m?2).
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Figure 4: Evolution of the elimination capacity of: a) Isoval and b) Buty introduced at different concentrations in binary

mixtures (Planar reactor, UV intensity = 20 W.m-?),
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Figure 5: Removal efficiencies of Isoval and Buty in mono and multicomponent systems using NPSD plasma,
photocatalysis and a combined process (SDE =14 J L, UV intensity = 20 Wm™).
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Figure 6: Removal efficiencies of Isoval and TMA in mono and multicomponent systems using plasma
NPSD, photocatalysis and a combined processes (SDE = 14 J L™, UV intensity = 20 Wm).
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Figure 8: Ozone concentration produced (ppm) during the degradation of three pollutants in mono and multicomponent
systems (50% lIsoval+50% Buty & 50% lIsoval+ 50% TMA) using NPSD, and a plasma/TiO: reactor (SDE = 14 J L,

UV intensity = 20 Wm).
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Figure 9: By-products identified during the oxidation of a mixture of 50% Buty and 50% Isoval in the

combined system.
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Figure 10: By-products generated during the oxidation of a mixture of 50% TMA and 50%o Isoval, using in the combined

system.
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