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Abstract

The removal of isovaleric acid (IVA) and trimethylamine (TMA) using nonthermal plasma
(NTP) in a continuous surface discharge reactoris investigated. The influence of the energy
density shows that its increment is accompanied by the increase of the removal rate.
Atflowrateequal to 2 m®.h™, whenenergy densityextends three times, the removal rates of IVA
and TMAare increased from 5 to 15 mmol.m?.h™ and from 4 to 11 mmol.m2.h™ respectively.
The impact of relative humidity (RH) is also studied. An increase in % RH (up to 20%) leads
to a decrease of theremoval rate. Additionally, the formation of by-productsin thesurface
discharge reactorand the plausible reaction mechanism of the two VOC were alsodetected and
discussed.Moreover, a kinetic model taking into account the mass transfer step is developed in
order to represent the experimental results. The model shows a good agreement with

experimental results.
Keywords
Surface discharge, VOCs, mass transfer, relative humidity
1. Introduction

VOCs are hazardous to health and environment; their emission causes serious
environmental problems such as stratospheric ozone depletion, photochemical smog,
greenhouse effect and so on (US EPA, 2008;Le Cloirec, 1998). Increasing awareness of

these emissions has resulted in legislation requiring stringent enforcement of new regulations

to improve the quality of the environment (US EPA, 2008).To remove those gaseous
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pollutants, many technologies have been developed but they are not very successful and do
not satisfy the strict social demands of the present ( Harling et al., 2008). One of the methods
which are developed for the control of VOCs is nonthermal plasma processing. This latest
process is a major area of research in both industry and academia (Le Cloirec, 1998; Harling
et al., 2008; Mista et al., 2008).

It is characterized by the formation of electrons, ions and neutral molecules. Energetic
electrons ionize and dissociate background molecules resulting in the formation of highly
reactive chemical species (radicals, ions, excited molecules and ozone) (Khani et al., 2011).
Literature has also shown that various types of electrical discharge have been investigated for
the oxidation of hydrocarbons: pulsed corona discharge(Ouni et al., 2009), atmospheric
pressure glow discharge(Yan et al., 2013), dielectric barrier discharge (DBD)(Mfopara et
al., 2009; Ye et al., 2013], packed-bed discharge(Jiang et al., 2013, Goujard et al., 2011;
Schmid et al., 2010) and surface discharge(Maciuca et al., 2012, Allegraud, 2007; Jolibois
etal., 2012).

Recently, many research attempts have been made to make up for the advantages of DBD
plasma reactors for particularly effective control of hazardous gas emissions and treating gas
streams with low VOC concentrations at low temperature[Ouni et al., 2009; Jolibois et al.,
2012). In fact, DBD plasmareactorshavebeen widely studied in the area of hazardous and
toxic gases control, VOC abatement such as toluene (Mok et al., 2011; Huang et al., 20011;
Subrahmanyama et al., 2010) and dimetylamine(Ye et al., 2013), H,S and NH3 removal
(Ma et al., 2001), NOy removal from the flue gas (Jolibois et al., 2012; Yoshida, 2013).

The aim of our study is to improve understanding of the physical and chemical mechanisms
involved during nonthermal plasma (NTP) removal process of a typical VOC. In this work,
isovaleric acid and trimethylamine are chosen as representative of odorous compounds. These
compounds are the main molecules detected in the exhaust gases from animal quartering
centers (ADEME, 2005).

The focus is put on the study of kinetic removal of these pollutants and the effect of relative
humidity and some operating parameters.Moreover, in most cases, steady-state kinetic models
with plasma process in the literatureignore the effect of mass transfer (Mokt et al, 2001). That
could be presumed if turbulences in the system are high enough to consider the
surfacereaction as the limiting step in the apparent removal rate(Redolfi et al., 2009). Thus,

the influence of the mass transfer on the performance of NTP process will also be discussed.
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2. Experimental

2.1. DBD plasma reactor

The used DBD plasmareactor is composed principally of a glass tube (58 mm id and 100 cm
length) (Fig. 1). To generate the DBDplasma, the reactor is covered by a copper grid forming
the outer electrode. The glass tube, 4 mm thickness, acts as the dielectric media. The inner
electrode is on aluminum. The applied high voltage is about 30 kV/40 mA and is a sine
waveform. The DBD plasma is obtained by submitting the electrodes to a sinusoidal high
voltage ranging from 0 to 30 kV at a 50 Hz frequency(Fig.1). The outer electrode is connected
to the ground through a 2.5 nFin order to collect the charges transferred through the
reactor(Manley, 1943). Theapplied voltage (U,) and high capacitance voltage (U,) are
measured by LeCroy high voltage probes and recorded by a digital oscilloscope (Lecroy
Wave Surfer 24 Xs, 200 MHz) (Fig.1).

The design of this reactor (Fig.1) is the subject of a Patent Application BFF11L1041/MFH
(CIAT Patent, 2013).

The pollutants, isovaleric acid (IVA)andtrimethylamine (TMA), are injected continuously
using a syringe/syringe driver system (Kd Scientific Model 100) through a septum into the
gas stream. A heating system covering the injection zone sets the gas temperature and
facilitates the VOC vaporization ahead of the static mixer (Fig.2.a). The treated

flowratestream varies from 2 to 10 m.h™.

Fig.1
Fig.2.b

2.2. Product analysis

IVA analysisisperformed by FID-Gas chromatography (Fisons Chromatograph). A Chrompact
FFAP-CB column (25 m of length 0.32 mm of external diameter 0.32mm), which is specially
adapted for volatile fatty acids is used. Nitrogen gas constitutes the mobile phase. All injections

are performed manually with a syringe of 250 pl.



102  The TMAIs analyzed by a gas chromatograph equipped with a nitrogen-phosphor detector
103  (NPD). The column is a capillary column VOLAMINE, its length is 60 m. The sample
104  injection is done with a syringe of 500 pl.

105  The experiments which are repeated two times; show a good reproducibility with 5% standard
106  deviation. This standard deviation is represents by vertical bars in the experimental results in all
107  figures.

108  An effort is also made to quantify the major reaction intermediates present in gas phase in
109  order to determine the main reaction routes and to better understand the mechanisms
110  involved.

111 The byproducts generated during the DBD plasma oxidation of IVA and TMAare identified
112 and evaluated by Gas Chromatograph-Mass spectrometer (GC-MS) (Perkin Elmer Clarus
113 500) equipped with an infrared (IR) detector.The temperature conditions in the oven, the
114  injection chamber and the detector are, respectively, 100, 120 and 200 °C.

115  Due to their low concentrations, byproducts are concentrated in a Carbotrap (25 ml) then
116 removed by thermal desorption unit coupled with GC-MS.

117 At the exit of the DBD plasmareactor a constant flowrate of 200 L/h is bubbled on iodine
118  solution. Standard iodometric titration method is used to estimate the downstream ozone
119  formation (Rakness et al., 1996). NO4 and CO concentrations are measured by an NO/CO
120 ZRE gas analyzer. The CO, concentrationis analyzedby a FourierTransform Infrared (FTIR)
121 spectrophotometer brand Environnement SA (Cosma Beryl reference 100). The measurement
122 accuracy is about 5%.

123 The removal rate (R) of IVA and TMA at any value of specific energy is calculated as:

Q

plasma

124 R { J-(Cm —Cou)
1)

125  WhereCj, and Cgygare the inlet and the outlet pollutant concentrations (mmol.m'3),
126  respectively; Q is the volumetric flowrate (m®.h™) and Splasma the active surface of plasma
127 (m?).

128  Moreover we use the Lissajous plot method (Manley, 1943) for estimating mathematically
129  the power input (P) (fig. 2.b). P is obtained by multiplying the pulse frequency (Hz) and the
130  specific energy (SE) over a period (eq.3).

131 P (W) =SE (J) xfrequency (Hz) (2
132 The energy density (ED) is then calculated as:
133 ED(J/L) = (3600x P(W) / Q(m*h™1))/1000  (3)
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The energy density (ED) value isvaried by changing the applied voltage (U,).
Fig.2.b

The removal of isovaleric acid and trimethylamine in the DBD plasma reactor is evaluated at
several gas residence times, water vapor concentrations and influent pollutant concentrations
(Table 1).

Table 1
N.B.: The corresponding residence times in the annular plug-flow reactor for gas flowrates
equal to 2, 4 and 6 m>.h™are respectively 1.2, 0.8 and 0.5 s.
The CO, overall selectivity (CO overall selectivity can also be defined) may be a useful
parameter to assess the performance of the DBD plasma reactor towards VOC removal. It
allows an estimation the mineralization rate i.e. the ultimate reaction step, of the process.

The COoverall selectivity is expressed as follow (eq. 4&5):

{CO 's overall selectivit (%)} = [COX]Tsl-[COX]'Ir:/A ><10“(4)
* Y VA B [ IVA]in x {% conversion }NA

out in

_ [C_Ox ]TMA ) [COX ]TMA %10*(5)
™A 3x[TMA]" x {% conversion }TMA

{COX's overall selectivity (%)}

where x =1 for CO and x = 2 for CO,. [COx]iva, [COx]Tma are respectively obtained after the
removal of IVA and TMA. [IVA]™ and [TMA]" are respectively the inlet concentration of
IVA and TMA.

The coefficients 5 and 3 are the stoechiometric coefficients of the removal reaction.

The carbon balance (CB) is defined as the ratio (expressed in percentage) of the number of
moles of carbon present in the reaction products relative to their respective moles in each
pollutant removed.

CB values of IVA and TMA are expressed as:

_[CO, ]+ D [other byproducts]

- _ < 100% 6)
VA Bx[IVA]"x{% IRE } °

[CB(%0)]
_[€O,]+ > [other byproducts]

- | «100% (7)
™ 3x[TMA]" x{% IRE } ’

[CB(%)]

TMA
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3. Results and Discussion

3.1.Flowrate and energy density

3.1.1. The removal rate

The removal rate of each VOC is studied by varying the energy density and flowrate (Fig.3a
and 3.b).

Fig. 3.a

Fig. 3.b
In the first instance, the effect of ED shows thatwhen this parameter increases the removal
rates of IVA and TMA increase also(Fig.3.a & b). In fact, at flowrate equal to 2 m%h, when
EDextends three times, the removal rates of IVA and TMA are increased from 5 to 15
mmol.m?%h? and from 4 to 11 mmol.m2h™, respectively. This result is similar to those
reported for trichloromethane (Schmidt-Szalowski et al., 2011) acetylene (Redolfi et al.,
2009) and toluene (Vandenbroucke et al., 2011),
This behavior was expected, as increasing the electric voltage across the reactor leads to
higher degree of ionization and higher reactive species production (Thevenetet al., 2008;
Wang et al., 2009). Therefore the pollutant has more probability to be attacked by electrons
or radicals, resulting in enhancing removal rates of IVA and TMA. Similar results have been
reported in the literaturefor some VOCs (Fridman, 2008;VVandenbrouckeet al., 2011).
By comparing the removal rate of each VOC, Fig. 3.a & b show that IVA is easier to be
removed. In fact, at an ED of 17 J/Land flowrate of 6 m®h™ the removal rate of IVA can
reach 39 mmol.m2.h™ where the removal rate of TMA is equal to 27 mmol.m2.h,
The chemical bond strength and molecule stability are the main factors that can affect the
removal rate of VOCs in the NTP process(Schmidt-Szalowski et al., 2011;Wang et al.,
2009;Assadi, 2012).
We note that, at a low value of ED, the effect of the flowrate is not important. This effect can
be explained that, at these conditions, low electrons and reactive species (such as O and "OH)
are formed. Thus, the removal rate is probably limited by the chemical step.

A similar trend is observed for the two studied VOCs.
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Thus, at high values of ED, the flowrate has more influence on the removal rate. The mass
transfer becomes the limited step. This is due to that, in laminar regime, the flowrate
increaseinvolves higher values of the Reynolds number (Re) from 368 to 1103 and mass
transfer coefficient (k) (Assadi et al.,2012).

3.1.2. The overall selectivities of CO and CO,

The increase of ED leads to an increase of the overall selectivities (Fig 4.a&b). This is
due to the fact that more electrons and reactive species (such as ‘O and "OH) are formed when
the ED increases and then more pollutants molecules are oxidized into CO, and CO(Guaitella
et al., 2008). In fact, with TMA, an increase inED from 9 to 17 J/L leads to CO and CO,
overall selectivity increase from 4 to 11 % and from 16 to 25 %, respectively. These results
are in agreement with works on removal of toluene with plasma(Guo et al., 2006; Huang et
al., 2011; Liang et al., 2009), isovaleraldehyde (Maciuca et al., 2012), acetylene (Thevenet
et al., 2008 ; Guaitella et al.,2008), acetone (Schmid et al., 2010), benzene (Jiang et al.,
2013; Fan et al., 2009) and dimethylamine (Ye et al., 2013).

Fig. 4.a
Fig. 4.b

In other hand, the mineralization of TMA is better than that of IVA. This can be explained by
the fact that less TMA is converted to intermediate compared to isovaleric acid. Thus the

intermediates have more probability to be attacked by electrons and active species.

3.2. Relative humidity

Many works (Thevenet et al.,2008;Vandenbrouckeet al., 2011) reported that relative
humidity (RH) can considerably alter the performances of NTP.
Water plays a very important role in the reaction since it decomposes into "OH and "H free
radicals in the plasma system (Ogata et al., 2004; Atkinson et al., 2003):

H,0+e" — "H+'OH+e (1)
When RH is high, more H,O molecules collide with high energy electrons and *«OH radicals

are formed.
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Generally, VOCs can be removed by NTP via two pathways including (a) direct electron
attack and (b) indirect gas phase radical reactions (reactions between VOC molecules and
atomic oxygen ‘O or gas phase radicals such as ‘OH)(Ogata et al., 2002). On one side, water
molecules partially dissociate to form reactive species (Khani et al., 2011; Ouni et al.,
2009;Vandenbrouckeet al., 2011). On the other side, water negatively influences VOC
removal due to its electronegative characteristics. Due to high water concentrations, increased
plasma attachment processes result in a reduced hydroxyl radical ('OH) production. It can be
concluded that two opposite phenomena are involved: water partially dissociates in the
plasma leading to reactive species, but humidity also negatively influences the plasma
characteristics. (Mista and Kacprzyk, 2008; Goujard et al., 2008;Capitelli, 1965).

So it will be interesting to study the influence of RH on the IVA and TMA removal.

3.2.1. The removal rate

The variation of removal rate of IVA and TMA with respect to RH is represented on Fig.5.a
and 5.b. Tests are performed at 20%, 55-60% and 85-90% RH.

Fig. 5.a.
Fig. 5.b.

We note that increasing water in the stream leads to a decrease of TMA’s removal rate
(Fig.5.b).

It is unlikely that "OH radicals produced from water dissociation are responsible for TMA
removal. As a result of decreased electron density with increasing RH, the removal rate of
TMA decreases.

As reported by Guaitella et al (Guaitella et al, 2008) and Thevenet et al (Thevenet et al,
2008), oxygen atomic plays an important role on VOC oxidation under dry plasma treatment.
The disappearance of this specie due to H,O electron scavenging could explain the decrease
of the removal rate of VOC with an increasing H,O amount.

On the contrary, the removal rate of IVA by NTP is slightly promoted by increasing ofRH
from 20% to 50-60% (Fig. 5.a). This is probably due to the enhanced production of ‘OH
radicals, since the C-O substituent in isovaleric acid molecule can be more easily oxidized by

radicals as compared to the N-C link.
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Adding more water in inlet gas mixture (RH> 60 %) has a negative effect on the removal rate
of IVA due to its electronegative characteristics. At higher RH electron density is reduced and

some reactive species are then quenched(Ogata et al., 2004; Thevenet et al., 2008).

3.2.2. The overall selectivity of CO,

The water vapour seems to play an important role on byproducts formation. CO, overall
selectivity increases when RH increases. This tendency is the same for the two pollutants
studied (Fig 6 a. & b).

Fig.6.a
Fig 6.b

When RH raises from 25 to 90 %, at ED equal to 16.5 J/L, CO;’s overall selectivity of IVA
and TMA increases from 25 to 34 % and from 21% to 30%, respectively.

As described previously, the water vapor is essential to the formation of ‘OH and ‘O which
promotes the mineralization of byproducts (Thevenet et al., 2008; Futamura et al.,
1997).Moreover, several authors (Thevenet et al., 2008; Ogata et al., 2004) report that CO
and CO, would be related by equilibrium under plasma action. In fact, water would be
supposed to favor the oxidation of CO leading to CO,. In fact, the presence of *OH radicals

shifts the equilibrium towards the formation of CO,.

3.2.3. On the ozone formation

Ozone is an inevitable byproduct in a NTP. Atomic oxygen ‘O is generated by molecular

dissociation due to an impact with high energy electrons (reaction 2).
e +0,—>e +°0+°0 2)
Atomic oxygen is a strong oxidizer, but its stability is very limited. Due to fast recombination
processes, the lifetime is only few microseconds at atmospheric pressure (Aggadi,
2006;Atkinson et al., 2003).
Atomic oxygen reacts with molecular oxygen in three-body collisions, forming ozone by the
following reaction:
‘0+0,tM - 03 +M  (3)
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where M can be either molecular oxygen or molecular nitrogen (Atkinson et al., 2003).
The effect of ED on ozone formation is presented in Fig. 7.a and b. Whatever the value of RH
and the used VOC, the ozone formation follows the same trend i.e. it increases with the ED.
This can be explained by the fact that more electrons and reactive species (such as *O) are
formed and then atomic oxygen reacts with molecular oxygen in three-body collisions,
(reactions 2 & 3) leading to ozone production(Redolfi et al., 2009).
Moreover, the decrease in ozone formation is also observed when RH increases. The quantity
of the produced ozone is reduced two times when the RH increases from 25 to 90%.
In fact, the formation of ozone is inhibited due to a series of radical reactions leading to fast
ozone consumption (Atkinson et al., 2003). The presence of water molecules activates the
reaction giving *OH and *OH radicals which react with ozone.
e  First, water acts as electron acceptor, following this pathway (Atkinson et al., 2003):
H,0 + e —>°"H+ *OH(4)
e Then ozone is decomposed by *H and *HO radicals(Atkinson et al., 2003; Braci et al.,
2011):
O3 +°'OH— O, + "OzH(5)
O3z + *"H— O, + *OH(6)
Globally, the effect of RH on the ozone production is relatively important.
Fig.7.a
Fig.7.b

3.3. Gas phase reaction intermediates

Byproducts formation is an important factor to be taken into account when NTP process is
carried out. VOCs removal often leads to the formation of some byproducts (Thevenet et al.,
2008; Vandenbrouckeet al., 2011).

Fig.4.a and 4.b show that CBof each pollutant is achieved. This means that the majority of
organic byproducts are released from theDBD plasma reactor.

The gas stream in the exit of DBD plasma reactor is analyzed in order to identify the formed

byproducts.This is done in order to understand the reaction mechanism.

3.3.1. Case ofIVA

10
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An air stream of 2 m*.h"containing 55 ppm of IVAis treated in DBD plasma reactor. Six
byproducts are identified (Fig.8.a): acetone (CH3;COCHSz), isobutyric acid (CH3CH,CH,-
COOH), methanol (CH3OH), acetic acid (CH3COOH), COand CO,.

Fig.8.a

A removal pathway is proposed from literature study and is checked through experimental
investigations (Assadi, 2012; Aggadi,2006). The oxidation scheme of IVA consists of the
simultaneous carboxylic function removal and new function carried on an ‘n—1’ carbon
molecule. So a possible removal pathway in series, whichleads to a complete mineralization,
is proposed inFig. 8.b.

Fig.8.b

Standard plasma radical kinetics based on *O and *OH oxidation of the compounds fails to
explain this distribution of the byproducts. Therefore the decomposition of CsH;00; in the
discharge must proceed through a fast cleavage of the C—C and C-O bonds. Several processes
can be implied in the removal mechanism: direct electronic impact and chemical reactions

with ions or nitrogen excited states (Huang et al., 2011; Atkinson et al., 2003).

3.3.2. Case of TMA

Byproducts due to TMAremovalare also analyzed. Thus (Dimethylamino) acetonitrile, N, N-
Dimethyl formamide, Nitromethane, acetone, acetic acid, methanol and ethanol are identified
(Fig.8.a).

The removal mechanism of trimethylamine seems to be more complex than isovaleric acid.

Byproducts containing nitrogenwould be formed at different removal steps.

Fig. 9.a

Moreover the oxidation of the trimethylamine leads to the formation of NOy. The amounts of

these byproducts are represented in Fig.9.b

Fig.9.b

11
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Therefore, in our opinion, the possible removal pathway is that (Dimethylamino)
acetonitrile, N, N-Dimethyl formamide, Nitromethaneat atmospheric pressure are essentially
produced by the reactionof methyl radical with NO,(Braci et al., 2011, Harling et al., 20009,
Aggadi, 2006).

Moreover it is possible that after the main oxidation reactions another ‘“combination-
reactions” can occurs between byproducts(Schmidt-Szalowski et al., 2011; Yoshida, 2013).
Maybe acetone and acetic acid are essentially due to TMA “fragments” oxidation by CO.

While methanol and ethanol formation is due to acetic acid oxidation.
3.4. Modelling of kinetics and influence of the mass transfer
3.4.1. Model without mass transfer (WMT)

During the oxidation process in DBD plasma reactor two main steps can be considered: the
mass transfer step and the chemical reaction step. Usually the mass transfer stepis neglected.
Many authors (Goujard et al., 2011; Mokt et al., 2001; Wang et al., 2009; Redolfi et al.,
2009)work only in batch reactor where mass transfer does not impact the kinetics, due to a
perfectly mixed gas phase.

By applying a mass balance over the entire length of the reactor we obtain:

dC,)?  dc, g
p &) T g
° d?z ° dz ®)

where Dy is the axial dispersion coefficient, Cy is the concentration of VOC on the gas phase,
Uo is the linear velocity in the reactor, z is any position along the reactor longitudinal axis and
R is the removal rate.

Moroever, here, the reactor has been confirmed as a plug-flow reactor (Assadi et al., 2012).
In fact, a residence time distribution (RTD) experiment was carried out using carbon dioxide
as a tracer substance. This lastwas injected during a very short time interval into the reactor
(Dirac function). The outlet carbon dioxide concentration is measured at the exit of reactor.
The tanks in series model were used to describe the response of the system. The experiments
of RTD revealed that our annular reactor could be assimilated to a cascade of 22 elementary
continuously stirred tank reactors. It is generally accepted that above a number of 20
elementary reactors, the experimental reactor can be considered as a plug flow

reactor(Vincent et al., 2008). Thus, the continuous pollutant removal along the radial

12
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direction should not be ignored (Assadi, 2012; Guaitella et al., 2008). On the other side, the

axial dispersion can be neglected and the equation (9) can be expressed as:

dcC
. a _RrR(9
e R()

Moreover, many authors use the relation (10) to identify the removal rate of toluene and
acetone (Schmid et al.,2010;Chang et al., 2005), nitric oxide (Mokt et al.,
2001),cyclohexane(Harling et al., 2009)and isovaleraldehyde (Maciuca et al., 2012)on the
DBD plasma reactors.This removal rate can be written as:
R:kdc:diﬂdcd B Q=k,C, £

reactor reactor

inj (10)

T

where Kgq is the apparent rate constant, C, and Cq4 are concentrations of VOC on the bulk and
discharge phases respectively, Vieacior IS the reactor volume and P is the discharge power, t is
the residence time of the pollutant on the DBD plasma reactor and Q is the flowrate.

Experimentally, the plot of Ln (Cin/Cou) VS. Einwill allow determining the constant of
modelWMT.The values of the apparent rate constants (kg)are represented on table 2. We note
that the model WMT represents the experimental results with a good approach. However the
apparent constants of this model are flowrate dependent. Thus, we can conclude that the mass
transfer step cannot be neglected in this present study. Therefore the model that will be

developed below will reflect the influence of the transfer step.

Table 2

3.4.2. Model with mass transfer (MT)

In air,under atmospheric pressure, the electrical discharge is considered as filamentary. Each
time the discharge takes place, electrons and active species such as ions, radicals and excited
species are generated at the surface of glass tube. They recombine rapidly into more stable
species and can further diffuse in the bulk phase (Allegraud et al, 2007; Capitelli et al.,
2000). The short life duration of radicals such as atomic oxygen ‘O makes that, in the bulk
phase, only the ozone is present(Allegraud et al., 2007;VVandenbrouckeet al., 2011).

Thus, the plasma process is broken down into two phases:

e Transfer of gaseous reagents from gas phase to the discharge phase

e Oxidation reaction between gaseous reagents on the discharge phase.

By applying a mass balance over the two phases of the reactor we obtain:

13
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dc

“=T(11
% (11)

Gas phase: —U,

Discharge phase: T =k,C, 5(12)

Where T is the mass transfer between the two phases. It can be estimated as(Bouzaza et al.,
2006):

T=kya,(C,-Cy) (13)

where k, is the mass transfer coefficient (m.s™) and a, is the area of discharge per unit
volume of the reactor (m®.m™).a.is kept constant and is equal to 134 m“m™ .
The external mass-transfer coefficient, ky, is estimated using a correlation developed for

laminar flow in annular reactors(Mobarak et al.,1997):

Sh =1,029xSc* x ReO'SSXLL‘—Ol

‘ J (14)

where L o is the length of the annular reactor, d is its equivalent diameter, and Sh, Sc and Re
are respectively Sherwood, Schmidt and Reynolds dimensionless numbers.

The values of Re and k, are given in table 3.

Table 3

By combining equations (11) and (12), an algebraic resolution from z =0 to z = L and C from

Cin to Cou, gives:

(15)

The constant kq of each pollutant is determined by numeric resolution using solver Excel. For
each experimental point, a target cell is defined as the difference between the experimental
and the theoretical removal rate.

The value of the apparent rate constant kq obtained is summarized in Table 4.

Table 4
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Fig. 3.a and 3.b show that the model is adequate to correlate the experimental results.
According to the literature, these results are in agreement with those reported for some VOCs
(Subrahmanyama et al., 2010,Wang et al., 2009; Redolfi et al., 2009).

In addition, it is interesting to note that this constant is not flowrate dependent. The influence
of this last parameter is integrated on the expression of kn,. In fact, the separation between the

mass transfer and the chemical reaction steps is obtained.

4. Conclusions

We have unambiguously shown that the removal rate of IVA and TMA can be improved by
increasing the energy density. The increase of flowrate leads to a better removal rate of tested
VOCs.

On the other hand, at higher levels of RH, an inverted trend occurs and the removal of the two
VOCs becomes slightly lower. Intermediates byproductsare also identified. Thus, removal
pathways of the pollutants are also proposed.

Moreover, a model based on chemical and mass transfer steps is developed to represent the
experimental results. The influence of mass transfer is estimated by using semi-empirical
model. Thus an apparent rate (kq) and mass transfer (kmn) constants are determined
independently.

This model describes successfully the removal of IVA and TMA by DBD plasma.
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Table captions

Table 1: Parameters of DBD plasma reactor

Parameter Value and domain
Gastemperature Ambient (293 K)
Gas pressure Atmospheric pressure (1 atm)
Relative humidity 20-90%

Trimethylamineinlet concentration 55 ppm
Isovalericacidinlet concentration 55 ppm
Applied voltage 12-29 kV
Gasflowrate 2-6mh™!

Table 2: Values of the kinetic coefficient with the model WMT

Flow rate (m®*h™) 2 4 6
Pollutant TMA IVA TMA IVA TMA IVA
kgx10°(M*W's")36 41 31 34 26 29
R* (%) 97.91 98.68 98.95 99.24 97.00 99.05

Table 3: Reynolds number and mass transfer coefficients

i 3 -1
Flow rate (Q, m? h“) Reynolds number Mass transfer coefficient (kp, x 10°, ms)

IVA TMA
2 380 2.2 3.0
4 760 3.6 4.3
6 1140 4.4 5.4
Table 4: Values of parameters kq of model TM
Isovalericacid Trimethylamine

kg x 10% (M*(W s))~' Correlation (%) kg x 10? (m*(W s))"' Correlation (%)
3.9 99 3.5 99
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Figure captions

Fig. 1: General electric schema of the DBD plasma reactor
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Fig. 2.a: Experimental Set-Up
Fig. 2.b: Lissajous curve obtained at 50 Hz.
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Fig. 3.b: Removal rate of TMA on the plasma reactor with ED at different flowrate (Model:

MT, [TMA] = 55 ppm, T= 20 °C, RH = 50 + 5 %).
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Isovaleric acid (T= 20 °C, RH = 25%, Q=2 m>.h%, [IVA] = 55 ppm).
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737  Fig. 4.b: Variation of the CO’s and CO;’s selectivities (%) and balance of Carbon vs. ED -
738 Trimethylamine (T= 20 °C, RH = 25%, Q=2 m*.h*!, [TMA] = 55 ppm).
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747  Fig.5.a.Variation of removal rate of IVA on the plasma reactor with relative humidity at
748  different ED ([IVA] = 55 ppm, T=20 °C, Q=2 m*.h™).
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749  Fig.5.b.Variation of removal rate of TMA on the plasma reactor with relative humidity at
750  different density energy ([TMA] = 55 ppm, T= 20 °C, Q=2 m*.h?)
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Fig 6.b Variation of CO; selectivity vs % RH at different values of ED([IVA] = 55 ppm, T=
20°C, Q=2 m3h?).
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Fig 7.b.:Variation of the ozone production vs % RH at different values of ED ([IVA] = 55

ppm, T=20 °C, Q =2 m*.h™).
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Figure 8.a: GC-MS spectrum of IVA byproducts(ED = 13.4 J/L, [IVA] = 55 ppm, T= 20 °C,
Q=2m*hM.

Fig. 8.b: A possible pathway of isovaleric acid destruction on DBD plasma reactor.
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Fig.9.a: GC-MS spectrumof TMA by-products (ED=13.4 J/L, [TMA] = 55 ppm, T=20 °C, Q
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Fig. 9.b: Variation of amount of NO and NOy vs ED(% RH= 50 %, [TMA] =55 ppm, T= 20

°C,Q=2m%h").
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