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Destruction of Styrene in an Air Stream by Packed
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This study presents the decomposition rates of styrene vapors with non-packed
and packed bed dielectric barrier discharge reactors. The concentrations of
intermediate byproducts at various plasma operation conditions were evaluated.
The results showed that although styrene vapors could be almost completely
removed at low styrene inlet concentration of 132 ppm, the selectivity of CO,
as the major product was rather low in a non-packed bed reactor. It was found
that solid carbon containing compound was the major byproduct. An increase in
the styrene inlet concentration tended to reduce the styrene removal efficiency,
it also led to increase in the solid byproduct. The reactors that packed with
glass, AL O3 or Ptde/Aleg pellets could improve the styrene decomposition
efficiency and reduce the formation of intermediate products, of which the best
oxidation of styrene to COy could be achieved with a Pt—Pd/ AL O3 packed
bed reactor. The carbon byproducts could also be reduced if the rector length
was increased. The concentrations of ozone formed during the plasma process
were also evaluated for the non-packed and packed bed reactors. The plasma
reactor that packed with Pt—Pd/A1203 pellets was proved to have the lowest
O3 concentration.
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1. INTRODUCTION

Styrene is a volatile aromatic compound and widely used as petrifac-
tion material for many industrial applications such as resin, plastic and
medicine. However, styrene will damage human beings and the environ-
ment once it is released into the atmosphere. According to the Clean Air
Amendment of USEPA in 1990, styrene is listed among the 189 hazardous

IDepartment of Environmental Engineering and Health, Yuanpei Institute of Science and
Technology, 306 Yuanpei St., Hsinchu 300, Taiwan.

’Institute of Environmental Engineering, National Chiao Tung University, 75 Po-Ai
Street, Hsinchu 300, Taiwan.

3To whom correspondence should be addressed. E-mail: clchang@mail.yust.edu.tw

641
0272-4324/05/1200-0641/0 © 2005 Springer Science+Business Media, Inc.



642 Chang, Bai, and Lu

air pollutants. Therefore, the development of an effective control tech-
nique is very important to eliminate its detrimental effects. Many tech-
niques have been successfully developed to control the emission of volatile
organic compounds (VOCs), for example, thermal decomposition, catalytic
oxidation, carbon adsorption, and condensation. Additionally, the applica-
tion of nonthermal plasma technologies to decompose the hazardous air
pollutants in gas streams is extensively investigated in recent years.(! =3

Dielectric barrier discharge system is a well-known technique to pro-
duce ozone.® In addition, dielectric barrier discharge (DBD) systems
were very effectively to decompose many aromatic compounds including
benzene,® toluene,) p-xylene,(® and styrene,” etc. The utilization of
DBD reactors can decompose VOCs; but, unfortunately, the carbons of
VOCs can not be oxidized to CO; completely during the plasma decom-
position processes. The reported conversion of carbon atoms to CO»
is only between 30% and 65% and thus a large amount of CO and
organic byproducts will be released into the environment.® In addition,
the increase of inlet toluene and benzene concentrations can lead to more
CO formation. Anderson et al. found that higher initial styrene concen-
tration also lead higher probability of polymer formation in a nonpacked
DBD reactor.(?

In order to improve the performance of plasma systems on VOCs
decomposition, various materials were packed into the plasma zone of
DBD reactors. The packing inside the plasma zone can enhance plasma
density because the surface discharge produced at the contact point among
packing material would distribute the plasma homogenously inside the
chamber. When ALO3,® Ag/TiO,,1? PYALOY'™'® and LaCoO; cata-
lysts® were placed in plasma reactors, the catalytic reaction could occur
on the surface of these packing materials to enhance VOCs decomposition
and, more importantly, to decrease CO formation.

The objective of this study is to evaluate styrene decomposition using
wire-tube DBD and packed DBD reactors. Glass, Al,O3 and Pt-Pd cat-
alyst were used as packing materials in the packed DBD reactors. In
particular, the carbon balance for the gaseous carbon byproducts, solid
carbon byproducts, CO and CO; formation during styrene decomposition
in different DBD reactors were investigated in the present study as well.

2. EXPERIMENTAL

A schematic diagram of the experimental system is illustrated in
Fig. 1. The experimental apparatus was composed of three units, includ-
ing a styrene gas generation unit, a plasma reactor, and a gas analysis
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Fig. 1. Schematic of the experimental apparatus.

unit. A dry-grade compressed gas tank was used to supply air streams
(80% Nj and 20% O,). The styrene stream was prepared by purging pre-
purified gas through the aeration cylinders. The concentration of styrene
could be controlled by adjusting either the water bath temperature or the
diluting airflow rate. The flow rates of all air streams were regulated by
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mass flow controllers (Brooks, 5850). And the excess airflow was removed
by a bypass device.

The DBD reactor investigated in this study was a typical wire-tube
system. A stainless steel wire (5mm diameter) as an inner electrode was
suspended along the axis of a Pyrex-glass tube (inner diameter: 20 mm).
The outer electrode (ground electrode) was made of stainless steel wire
mesh and was wrapped around the outside of the glass tube. The effec-
tive length of plasma zone in the DBD reactor could be adjusted by the
length of outer electrode. The 60 Hz AC power was applied to the inner
electrode. In addition, the temperature of the reactor was maintained at
room temperature (approximately 25°C) by a cooling fan.

The performance of a packed-bed reactor was also evaluated in this
study. Glass, Al,O3 and Pt-Pd/Al,O3 pellets (K.J. Environmental Technol-
ogy Co. Ltd., Taiwan) with the same diameter of 5mm were used as the
packing materials and they were placed in the plasma region between two
electrodes. The contents of Pt and Pd on the Al,O3 pellets were quanti-
fied by an Atomic absorption spectrometer (Hitachi Z8100) following the
dissolving these metals with a hydrofluoric acid solution. The contents of
Pt and Pd on Al;O3 pellets were 0.081 wt.% and 0.075 wt.%, respectively.

The concentrations of styrene in airflows at the inlet and the outlet of
the testing reactors were analyzed by a gas chromatographer coupled with
a flame ionization detector (GC-FID) (China Chromatography 79800) and
a packed column (SP-1200, 2-m length). The decomposition efficiency of
styrene is defined as

_ Cin = Cout 1009, (1)

mn
where Cj, and Coy are the inlet concentration and the outlet concentra-
tion of styrene, respectively.

A filter was employed in downstream of the plasma reactor in order
to prevent the formed organic aerosol or solid materials entering to the
analyzers. A Testo535 on-line analyzer was used to measure the CO
concentration in the outlet airflow. CO, and ozone concentrations in the
outlet gas flows were analyzed by a Fourier transformation infrared spec-
trometer equipped with a gas cell (FTIR, BRUKER, VECTOR 22, Infra-
red Analysis Inc., model 2.4-P. A., Front detector: DTGS). The spectrum
of FTIR was 2cm~! resolution using the Blackman-Harris-3-term with
apodization and zerofilling factor of 2. The scanner velocity was 10kHz.
The sampling streamline was passed through the FTIR gas cell and then
was introduced to the CO analyzer at a flow rate of 500 ml/min.

In order to understand the total carbon distribution of products in
the effluents, the amount of carbon in gaseous phase and solid phase were
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also analyzed in this study. The carbon by-products from styrene decom-
position could be simplified as five parts:

CgHg—)(a) CgHg
(b) CO
(c) CO,
(d) Organic byproducts in gas phase (not including styrene)
(e) Organic byproducts in solid phase

The concentrations of styrene, CO and CO; in effluents could be
determined by the sampling loop I. When the sampling stream was
switched to the loop II, the thermal catalytic-bed reactor was employed to
convert total gaseous organic compounds and CO in the stream into CO,
completely. Figure 2 shows that the only CO, was observed in the FTIR
spectra as the styrene passed through the thermal catalytic-bed reactor at
400°C. Thus, the amount of carbon of organic byproducts (not including
styrene) in gaseous phase, [C]-gas, and that in solid phase, [C]-solid, can
be calculated by Egs. (2) and (3), respectively.
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Fig. 2. FTIR spectrum patterns (a) before and (b) after thermal catalytic-bed reactor at
400°C with inlet styrene concentration of 408 ppm.
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[Cl-gas = [CO,]i1 — [styrene]; x 8 — [COz]; — [CO]y (2)
[C]-solid = [styrene];pi; x 8 — [CO2]n 3)

where [styrene]iyet 1S the concentration of styrene in the inlet streams
before being decomposed by DBD reactors. The symbols of I and II in
the suffixes represent the concentration in the loop I and II, respectively.

3. RESULTS AND DISCUSSION

The experiments were carried out to examine the styrene decompo-
sition by the DBD reactors with/without different packing materials at
25°C. The operating flow rate was set at 600 mL/min and the initial sty-
rene concentration was 408 ppm in this case study. The length of plasma
zone in the DBD reactors was 2cm. After the outlet concentrations of sty-
rene equaled to the inlet concentration, 20kV of AC power was applied
to start the plasma process. The styrene decomposition in different DBD
systems as a function of operating time is shown in Fig. 3. The con-
centration of styrene in the effluents of nonpacked and DBD reactor
packed with glass pellets (glass/DBD) immediately responded to the power
on and the concentration of styrene decreased to a stable level within
3min. But, the styrene decomposition of the DBD reactor packed with
Al,O3 pellets (Al,O3/DBD) and DBD reactor packed with Pt-Pd/Al,O;
pellets (Pt-Pd/DBD) showed a delay response. The delay response of an
Al,O3/DBD reactor, probably as a result of desorption process, was con-
sistent to others’ work in the treatment of VOCs.!® In addition, the
surface area of Al;Os pellet (293.4m?/g) was larger than that of Pt-Pd
coated pellet (198.6m?/g). Thus, the amount of styrene absorbed on the
Al>,O3 pellet exceeded that on Pt—Pd coated pellets in that the longer time
was required for the decomposition. The decomposition of styrene by an
Al,O3/DBD reactor needed 100min to reach a stable level. By contrast,
they were only 33min for Pt-Pd/DBD reactor and 5min for nonpacked
and glass/DBD reactors.

The decomposition efficiency of styrene on the four types of DBD
reactors under steady-state are showed in Fig. 4. As shown, the removal
of styrene was enhanced by glass pellets packing as well. For example,
at applied voltage of 14kV, the decomposition efficiency of a nonpacked
DBD reactor was only 9%. When the glass pellets were packed into the
DBD reactor, the decomposition efficiency was elevated up to 49%. The
enhancement of the removal of VOCs was a result that the surface dis-
charge produced at each packing glass pellets contact point distributed
the plasma homogenously inside the reactors.) When the Al,O3 pellets
were utilized as packed-bed in our testing reactor, the removal efficiency
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Fig. 3. Styrene decomposition efficiency as a function of operation time over different DBD
reactors with plasma zone length of 2cm at applied voltage of 20kV (initial styrene concen-
tration = 408 ppm and flow rate = 600 mL/min).
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Fig. 4. Styrene decomposition efficiency in different DBD reactors with plasma zone length
of 2cm (initial Styrene concentration = 408 ppm and flow rate = 600 mL/min).

was greatly enhanced. The improvement is because of the produce of
short-lived oxidizing species in the inner volume of porous surface of
Al O3 pellets.1? In addition, the catalytic reaction occurs on the surface
of the Pt-Pd coated pellets led more styrene decomposition to achieve
a decomposition efficiency of 96% at 14kV. Figure 4 also indicates that
the decomposition efficiency increased as the increase of applied voltage.
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When the applied voltage was increased to 20kV, the styrene could be
destructed completely by the Al,O3/DBD and Pt-Pd/DBD reactors.

The concentrations of CO and CO; in the effluents from the decom-
position of styrene by the four types of DBD reactors are showed in
Fig. 5. The CO, concentration in the effluents seems to increase with the
increase of the decomposition of styrene. The maximum concentration of
CO, was observed using the Pt-Pd/DBD reactor. Figure 5 also shows that
a higher amount of CO was observed when the DBD reactor equipped
with packed-beds. However, the CO concentrations from Al,O3/DBD and
Pt-Pd/DBD reactors were lower than that from the glass/DBD reactor.
The porous and catalytic material in a DBD reactor could change the
ratio of CO and COj; in the products. The ratios of CO,/(CO + CO;) for
glass, Al;O3 and Pt-Pd coated pellets packed reactors at 20 kV were 41%,
48% and 57%, respectively. This observation suggests that a Pt-Pd coated
pellet packed-bed is a potential tool to increase the oxidation of hydrocar-
bon compounds in a plasma reaction.

The selectivity to CO, CO,, C-gas and C-solid with respect to carbon
conversion in the decomposition of styrene can be expressed as follows:

[CO]

Sco = ——= x 100% 4
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Fig. 5. The formation of CO and CO; in the styrene decompositions from different DBD
reactors with plasma zone length of 2cm. (initial styrene concentration = 408 ppm and flow
rate = 600 mL/min).
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Sco, = % « 100% ©6)
T
Cl_o-
Sc_gus = - [] 88 % 100% (7)
T
C _ .
SCsolid = [[]C—T]‘d x 100% ®)

where [CO], [CO»], and [CO,] are the CO, CO,, and (CO + CO;) concen-
trations after the reactor, [C]-gas and [C]-solid as defined by Egs. (2) and
(3) with respect to the amount of carbon of organic byproducts (not sty-
rene) in gaseous phase and that in solid phase, respectively. [Ct] the total
carbon reacted during the decomposition of styrene.

[C1] = ([CsHglinitial — [CsHglfinal) x 8 ©

where [CgHglinitiar and [CgHglanal are styrene concentrations in the gas-
eous streams before and after the reactor, respectively. Although Fig. 4
shows that the styrene was completely destructed in the Al,O3/DBD and
Pt-Pd/DBD reactors at 20kV. However, the carbon of styrene could not
be completely converted to CO or CO;. As shown in Fig. 5, the maxi-
mum Scox of the Pt-Pd/DBD reactor for the decomposition of styrene
was only 12%. This result indicates that the most of carbon in the decom-
position of styrene was converted to other hydrocarbons rather than CO
or CO;. In fact, we did find benzene, toluene, and benzene acetaldehyde
by the on-line GC-FID system as well as some brown residues on the
effluent gas tube wall.

Figure 6 shows that the decomposition efficiency of a nonpacked
DBD reactor could be increased with the decrease of inlet styrene con-
centration. The completely decomposition was observed at the inlet sty-
rene concentration of 132 ppm. As seen, the selectivity of CO and CO;
also increased with the decrease of inlet styrene concentration. However,
the maximum selectivity of CO and CO; were only about 10% and the
selectivity of C-gas was 9%. By contrast, the selectivity of C-solid exceeded
72%. The phenomenon indicates that solid species was the major byprod-
uct of styrene decomposition in a nonpacked reactor. In addition, the
higher the initial inlet concentration caused the higher the probability of
polymer formation. As shown, the selectivity of C-solid increased from
72% to 91% as the inlet styrene concentration increased from 132 to
1008 ppm.
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Fig. 6. Styrene decomposition efficiency and carbon selectivity as a function of inlet styrene
concentration in a nonpacked DBD reactor with plasma zone length of 2cm at applied volt-
age of 20kV.

Figure 6 indicates that the inlet styrene concentration of 132 ppm
could be destructed by DBD systems. However, the carbon conversion
during the decomposition of styrene showed that only a few proportion of
carbon was fully oxidized to CO; by a DBD reactor with plasma length
of 2cm (corresponding retention time of 0.65s). The flow residence time in
the plasma zone of DBD reactors with glass or BaTiO3 pellets for hydro-
carbons decomposition ranged from 2.83 to 30s in the literature.(1-14-17
In order to understand the influence of plasma zone length on the for-
mation of hydrocarbon byproducts during plasma oxidation, the plasma
zone of the DBD reactor was extended by varying the length of outer
electrode. An increase in the lengths of plasma zone tended to increase
flow residence time (plasma reaction time), it also increase the total input
plasma power into gas streams to led more hydrocarbon destruction.(14:17
The operating flow rate, applied voltage, and initial concentration of sty-
rene were set at 600 mL/min, 20kV and 132 ppm, respectively. The plasma
lengths employed were from 10 to 60cm; therefore, the flow residence
time ranged from 3.26 to 20.00s for nonpacked DBD reactors and they
would be changed from 1.46 to 8.77s for packed-bed DBD reactors. Fig-
ure 7 shows the relationship between the lengths of plasma zone and input
power. As shown, the input power of reactors increased linearly with the
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Fig. 7. Discharge power as a function of plasma zone length in different DBD reactors
at applied voltage of 20kV (initial styrene concentration = 132ppm and flow rate = 600,
mL/min).

lengths of plasma zone from 9 to 40 W. The input power of nonpacked
bed reactor was slightly higher than that of packed-bed reactors at the
same applied voltage. Higher space charge effect between the packing pel-
lets may retard current and power output at the same applied voltage. The
packing pellets in the reactor retarded input power was also observed in
our previous studies.!"!? However, the results indicate that the influences
of packing material on plasma characteristics among packed DBD reac-
tors are not obvious.

The selectivity of C-solid and C-gas compounds decreased and the
selectivity of CO and CO; increased as the increase of the length of
plasma zone in all the DBD reactors (Fig. 8). Notably, the decomposition
efficiency of styrene in all DBD reactors achieved 100%. However, these
selectivities were quite different for these four DBD systems. As shown in
Fig. 8(a), the solid compound was the major byproduct for the nonpacked
DBD reactor with a plasma zone length of 10 cm (corresponding flow resi-
dence time: 3.2s) where its selectivity was as high as 72%. In addition, the
solid compounds were difficultly removed by the nonpacked DBD reac-
tor even the plasma zone length was increased to 60cm (corresponding
flow residence time: 20s). Additionally, the maximum selectivity of CO
and CO; were only 40% and 31%, respectively.

The selectivities of carbon byproducts, for the glass and Al,O3 pel-
let packed DBD reactors, as a function of plasma lengths are displayed
in Fig. 8(b) and (c), respectively. As displayed, the solid compounds
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were reduced and the selectivity of CO, was enhanced by the glass/DBD
and Al,O3/DBD reactors as compared with the nonpacked DBD reac-
tors. For example, the selectivity of solid compounds for the glass/DBD
and Al,O3/DBD reactors were reduced to 39% and 30% at a plasma
zone length of 10cm (corresponding flow residence time: 1.5s), respec-
tively. Remarkably, when the plasma zone length was increased to 60cm
(corresponding flow residence time: 8.7s) for glass/DBD and Al,O3/DBD
reactors, the solid byproducts were completely removed and the selec-
tivity of CO, was increased to 62%. However, Fig. 8(a) to (c) show
that the CO could not be removed from gas streams by simply pass-
ing them through DBD reactors. The reason for the observed phenom-
enon is probably that CO is more difficultly ionized than hydrocarbon
byproducts in the glass/DBD reactors owing to its high ionization poten-
tial of 14 eV, which exceeds that of some hydrocarbons (styrene: 8.46¢V,
benzene: 9.24¢V, phenol: 8.49¢V, benzene acetaldehyde: 9.3eV, toluene:
8.8eV).(®) Thus, plasma energy of glass/DBD reactors would react with
hydrocarbons rather than CO. This finding also suggests that when CO is
once produced during VOCs decomposition process, it would be difficultly
removed. Thus, the nonpacked DBD, glass/DBD and Al,O3/DBD reactors
could not properly conquer this CO problem.

When the Pt—Pd coated pellets were utilized as packed-bed placed in the
plasma zone, the solid compounds were significantly reduced as shown in
Fig. 8(d). The solid compound was no more a major byproduct and styrene
was more effectively oxidized to form CO» in short retention time. For exam-
ple, the selectivity of CO; (67%) was larger than that of solid compound at
a plasma zone length of 10cm (corresponding flow residence time: 1.55).
In addition, the incompletely oxidized byproduct (CO) was suppressed by
Pt-Pd/DBD reactors and the selectivity of CO was kept within 2%. The
hydrocarbon byproduct was completely removed within 60 cm (correspond-
ing flow residence time: 8.7 s) and the conversion of CO, was as high as 96%.
It indicates that Pt-Pd catalyst can effectively prevent the formation of CO,
gaseous hydrocarbon and solid residues during the decomposition of styrene
and has catalytic activity to oxidize the intermediated CO and hydrocar-
bon byproducts to CO,. Therefore, a Pt-Pd packed-bed is a potential tool
to enhance the selectivity of CO; to solve the problem of carbon deposi-
tion and incompletely oxidized byproduct emission during the decomposi-
tion of styrene inside a DBD reactor.

Figure 9 displays the FTIR spectra of the emissions from the different
DBD reactors at 20kV. The retention times of treated gas in plasma zone
of different reactors were similar to each other and they were 9.7s (cor-
responding plasma zone length of 30cm) for a nonpacked reactor and
8.7s (corresponding plasma zone length of 60cm) for packed reactors,
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Fig. 9. FTIR spectrum patterns of effluent from (a) nonpacked DBD reactor; (b) glass/DBD
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centration of 132 ppm at 20kV (Flow residence time for (a): 9.7s and (b-d): 8.7s).

respectively. As seen, the peaks at the wavenumber of 2358 and 1052 cm ™!
indicate the existence of CO, and ozone, respectively. In addition, the
wavenumber between 1600 and 1800cm~! is C=0 group band. The C=0
group only appeared in the emission of the nonpacked reactor that sug-
gests that gaseous hydrocarbons in the nonpacked reactor were difficultly
removed as compared with the packed reactors. Although the conversion
of CO; in a glass/DBD reactor was larger than that in a nonpacked reac-
tor, the amount of ozone production was also enormous. When the Al,O3
and Pt-Pd coated pellets were utilized as packing materials in DBD reac-
tors, the ozone emission could be reduced.
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In the plasma process, ozone is an unavoidable byproduct produced
by the reactions among various radicals that are the products of the
dissociation of excited O,. These side-completing reactions also affect
the complete destruction and oxidation of styrene and byproducts to
CO,. The ozone concentrations in the air streams containing zero or
132 ppm styrene from different packed reactors as a function of the length
of plasma zone are shown in Fig. 10(a) and (b), receptively. As seen,
the ozone concentration increased with the increase of the length of
plasma zone. The maximum concentration of ozone was observed in the
Glass/DBD reactor. Figure 8(a) shows that the ozone concentration in the
effluents from varying DBD reactors followed the order Glass/DBD >
Al,O3/DBD > Pt-Pd/DBD. This result indicates that packing glass pel-
lets could enhance the space plasma density in the DBD reactors. This
resulted in an increase in the hydrocarbon removal but it also led to more
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Fig. 10. Ozone production as a function of plasma zone length in packed DBD reactors in
(a) only air stream and (b) styrene of 132 ppm at applied voltage of 20 kV.
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ozone formation. The ozone formation in Al,O3/DBD reactors was less
than that in Glass/DBD reactors, this result supports that ozone could be
adsorb on the porous surface of Al,O3 pellets. The Pt and Pd were cat-
alysts with a high activity in the decomposition of ozone.!” Thus, the
ozone concentration in the effluents from Pt-Pd/DBD reactor could be sig-
nificantly reduced.

By comparing with Fig. 10(a) with Fig. 10(b), one can see that the
existence of styrene in the air stream could reduce the ozone production.
The reduction of ozone concentration in Glass/DBD reactors is owing to
that the formation of ozone requires active oxygen species, while the pres-
ence of hydrocarbons would consume them.

The Al,O3/DBD and Pt-Pd/DBD reactors led the 28% and 65%
reduction of ozone emission at 8.7s (corresponding plasma zone length
of 60cm) as compared with Glass/DBD reactor. The more ozone reduc-
tion in both packed reactors reflects the more oxygen active species react
with hydrocarbons. It could support that the performance of Al,O3/DBD
and Pt-Pd/DBD reactors for styrene decomposition are better than that of
Glass/DBD reactor.

The more ozone reduction in the Pt-Pd/DBD reactor suggests the
“ozone catalytic oxidation” effect was observed in this study.?%2D This
help to explain the significant reduction of CO and styrene removals as
shown previously in Fig. 4 and Fig. 8(d). As the ozone was decomposed
in the presence of Pt—Pd catalyst, more O active species were formed and
they could oxidize more CO and hydrocarbons.

4. CONCLUSION

This study investigated the effects of glass, Al,O3 and Pt-Pd coated
pellets packed inside DBD reactors on the decomposition of styrene and
her byproducts. The results indicate that the decomposition efficiency
increased as applied voltage increased as well as inlet styrene concentra-
tion decreased. The packed-bed DBD reactor can effectively enhance the
composition of styrene as compared with that from nonpacked reactors.
The utilization of glass and Al;Os pellets can improve the decomposi-
tion efficiency and reduce the selectivity of gaseous and solid hydrocar-
bons, but Glass/DBD and Al,O3/DBD reactors would not inhibit the for-
mation of CO. The utilization of a plasma catalytic reactor with Pt-Pd
coated pellets is the best method because they can drive the oxidation of
carbon towards CO; rather than CO and therefore prevent the negative
effect of the carbons deposited and gaseous byproducts on the packed-bed
reactor.
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