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approximately 4% in the form of sensible heat, to the surrounding bulk liquid. Rate
constants associated with plasma initiated oxidation, interphase mass transfer and
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photolysis were determined using a combination of non-linear least squares analysis and
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MATLABs optimization for each species. The rate constants developed for the DMPR, in

Tubular high-density plasma reactor

conjunction with a species mass balance on a prototype tubular high-density plasma

MTBE

reactor, have been applied to determine the removal rates of MTBE and the BTEXs when

BTEX

operating in batch and continuous flow configurations. The dependence of contaminant
concentration on parameters such as treatment time, the number of pin electrodes,
electrode gap, and volumetric flow rate has been determined. It was found that, under
various design specifications and operating conditions, the tubular high-density plasma
reactor may be an effective tool for the removal of volatile organic compounds from
aqueous solutions.
& 2005 Elsevier Ltd. All rights reserved.

1.

Introduction

Plasma treatment of contaminated water appears to be a
promising alternative for the oxidation of aqueous organic
pollutants. A discussion of reactor configurations employing
both thermal and non-thermal plasma reported in the
literature is included as Supplementary Materials. This work,
however, is focused on the dense medium plasma reactor
(DMPR) illustrated in Fig. 1. The DMPR was developed by
Denes and coworkers (Denes and Young, 1996) to react liquid/
vapor phase species in an induced plasma state using lowtemperature plasma chemistry. The DMPR has been investigated as a tool for the disinfection of microbial contaminated
water. Experiments conducted by Manolache et al. (2001)
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focused on quantifying the inactivation of specific bacteria
and the mechanisms within the DMPR responsible for the
disinfection. Water was artificially contaminated with 16
Gram-positive and Gram-negative bacterial species. To
reduce the voltage required to initiate a plasma discharge,
oxygen or argon was bubbled through the plasma zone. With
20 s of argon plasma treatment, 91% of the colony forming
units (cfu) per mL of solution were either inactivated or
destroyed. This increased to greater than 98% when the
solution was treated for 60 s. The results were slightly better
with an oxygen plasma treatment. After 20 s, 98.8% of the cfu/
mL were disinfected, with only a slight increase of 0.13% and
0.53% for an additional 40 and 100 s of treatment, respectively.
The additional disinfection capability of the oxygen plasma
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Fig. 1 – A schematic of the DMPR and a modified reactor configuration implemented by Johnson et al. (2003). A more detailed
description of the reactor can be found in Manolache et al. (2001, 2004).

can be attributed to the formation of ozone, a powerful
disinfectant.
The oxidation of methyl tert-butyl ether (MTBE) and
formation of oxidation products in a DMPR have also been

explored (Johnson et al., 2003). It was found that carbon
dioxide was formed due to electron-impact dissociation
reactions in the oxygen plasma, while acetone, tert-butyl
formate and formaldehyde were formed as a result of
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oxidation initiated by species formed due to the plasma
discharge. To determine the effect of increased volumetric
flow rate of the bulk solution through the plasma on the
reaction rate, a modification was made to the original reactor.
As illustrated in Fig. 1, the center shaft in the stationary
electrode was modified to create an annulus in which oxygen
passed through the center and the aqueous solution flowed
through the outer annular ring. To compare the rate constants
for MTBE removal between the original DMPR and the
modified reactor, a pseudo first-order rate equation was
developed. It was found that the rate constant associated
with the modified reactor was approximately 33% higher than
that of the original reactor.
The DMPR has also been used to oxidize aqueous aromatic
organic pollutants (Manolache et al., 2004). Distilled water
was contaminated with benzene, toluene, ethylbenzene, mand p-xylene, and o-xylene (BTEX), with initial concentrations
ranging from 194 to 860 ppm. Five experiments were performed to quantify the effects of varying the oxygen flow rate
and current on the removal of the organic species from
solution. Of the compounds examined, benzene was found to
be the most difficult species to remove. It was observed that
the attenuation of all compounds depended strongly on the
current intensity and oxygen flow rate (Manolache et al.,
2004). However, this dependence was not monotonic across
the range of current values and gas flow rates tested. As a
result, Manolache et al. (2004) proposed that an optimal
condition exists for the oxidation of the aromatic compounds
that did not necessarily correspond to the highest current and
oxygen flow rate.
While the oxidation and disinfection experiments performed in a DMPR have shown promising results, the solution
volume that can be treated in the reactor is quite small. This
is due to the small plasma volume generated from each pin
electrode and the fact that the oxidation chemistry is
performed in the plasma and/or in the vicinity of the
plasma–liquid interface. This technology would be more
applicable to large-scale treatment processes if the plasma
volume and the plasma–liquid surface area could be dramatically increased. The DMPR, in addition to being a batch
treatment process, is not inherently scalable. It also does not
utilize the advantage associated with plasma treatment at
atmospheric pressure, that is, the ability to continuously treat
liquid. In the present work, a kinetic analysis of the data from
the oxidation experiments discussed previously (Johnson et
al., 2003; Manolache et al., 2004), together with energy
distribution data, are used to develop a tubular high-density
plasma reactor capable of continuously treating contaminated liquid feeds at high rates.

2.

Experimental methods

Interphase mass transfer and energy consumption experiments were carried out independently using the DMPR. A
schematic of the reactor, showing the two configurations
used in the experiments conducted by Johnson et al. (2003), is
shown in Fig. 1. The major components of the DMPR include a
reaction vessel containing a rotating upper pin electrode
array, a stationary lower electrode, cooling system, and gas
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introduction and discharge ports. The reactor was equipped
with a cooling jacket that allowed for control of the system
temperature when a plasma discharge was initiated. A more
detailed description of the reactor can be found in Manolache
et al. (2001, 2004).
For the interphase mass transfer experiments, 250 mL
solutions containing either 50 ppm MTBE or 20 ppm benzene
where charged to the DMPR. Oxygen was bubbled through the
middle of the stationary electrode at 400 mL/min and was not
recirculated. The electrode gap between the pin tips and the
lower, stationary electrode was 500 mm, and the upper pin
array was spun at 1000 rpm. MTBE (X99.8% purity) and
benzene (99.6% purity) were obtained from Aldrich Chemical
Co. Millipore water was generated by a Milli-Q ultrapure water
system and was used as the solvent phase. The analytical
techniques and procedures used to quantify MTBE and
benzene are described in Johnson et al. (2003).
For experiments focused on energy distribution, the DMPR
was charged with 250 mL of millipore water. Again, the
electrode gap was 500 mm and the upper pin electrode array
was spun at 1000 rpm. Tap water, at a temperature of
approximately 295 K, was flushed through the jacket at
1.1770.04 L/min. The temperature of the bulk liquid was
recorded by an Orion 550A temperature and conductivity
meter, as shown in Fig. 1, at 30 s intervals and transmitted to
LabWorkss via a RS-232 serial connection. The energy
transferred to the body of the reactor, recirculation loops
and pumps was found to have a negligible effect on the bulk
liquid temperature for the time scale of the experiments. Data
for the oxidation experiments were taken from Johnson et al.
(2003) and Manolache et al. (2004).

3.

Results and discussion

Initial experiments conducted with the DMPR provided data
associated with the energy distribution and the interphase
mass transfer of benzene and MTBE from the liquid to the gas
phase within the reactor. An energy balance on the DMPR was
carried out to quantify the energy transferred into the bulk
liquid from the plasma discharge in the form of sensible heat.
The rate of change of the bulk liquid temperature is equal to
the heat generation rate of the plasma discharge and the rate
of heat loss to the cooling jacket. This energy balance
statement can be written as
"
#
 
 
g_ exp
dT
dT
,
¼

dt Reactor
dt Cooling jacket
rCp

(1)

where g_ exp is the plasma power density, r is the liquid density,
and Cp is the liquid heat capacity. The density and heat
capacity of the liquid were assumed to be constant and that of
30 1C water, with values of 996 kg/cm3 and 4178 J/(kg K)
(Cengel, 1998), respectively.
Three experiments were performed to determine the rate of
change of the bulk liquid temperature and the rate of heat
transfer to the cooling jacket. The results are shown in Fig. 2.
Calculated values for the rate of change of the bulk liquid
temperature at times t ¼ 10 and 11 min were determined
using the experimental data and are listed in Table 1. Once
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Fig. 2 – (a) Plots of the bulk liquid temperature in the DMPR as a function of time during energy distribution experiments and
the dissipation of energy to the cooling jacket when the plasma was deactivated. (b) Semi-log plots of the reactor
fluid temperature verses time for three aqueous DMPR experiments due to heat loss to the cooling jacket as well as
the linear fit used to determine the rate of energy loss.
Table 1 – Computed values for the rate of change of the bulk liquid temperature and the plasma power density, g_ exp , at
times t ¼ 10 and 11 min
Bulk liquid
increase in
temperature
DT
Dt 1

DT
Dt 2

DT
Dt 3

DT
Dt avg

10 min
(K/min)

11 min
(K/min)

1.16

1.08



0.703



1.06



0.754
1.14
1.02

0.945

Rate of energy loss to cooling jacket



g_ exp (kW/cm3)
10 min
11 min

dðlog TÞ
dt
1



0.283

30.8

29.0



dðlog TÞ
dt
2

0.238

5.8

5.6



dðlog TÞ
dt
3

0.213

36.1

33.5

dðlog TÞ
dt
avg

0.239

24.2

22.7

the plasma was extinguished, the rate of energy loss to the
cooling jacket decayed exponentially. Semi-log plots of
temperature verses time, along with linear fits, are also
shown in Fig. 2. The corresponding changes in log (T) with
time, which were used to calculate the rate of energy
dissipation to the cooling jacket, are also listed in Table 1.
The plasma power density, displayed in Table 1 for each
experiment, is subsequently determined using the calculated
energy transfer rates to both the reactor and the cooling
jacket, in conjunction with Eq. (1). It was found from
experimental data that the average plasma power density
was 23.5 kW/cm3. To calculate an estimate of the applied
plasma power density, g_ calc , it is assumed that the input
_ ¼ 200 W,
power is constant. Then, for an applied power G
_ plasma  645 kW=cm3 when the plasma volume
g_ calc ¼ G=V
generated at each pin electrode is 3.1  104 cm3. This
predicted value is significantly greater than the 23.5 kW/cm3
obtained from the experiments. As a result, it is estimated
that approximately 4% was transferred into the bulk liquid as
sensible heat.



Interphase mass transfer data obtained from these experiments and Manolache et al. (2004) are combined with
modified Raoult’s law to calculate the equilibrium ratios for
each organic molecule—MTBE and the BTEXs—solvated in
water. Modified Raoult’s law may be written as Ki ¼ gi Psi =P and
is applicable to non-ideal liquid solutions at near-ambient
pressures. The equilibrium ratio, Ki ¼ yi =xi , is the ratio of mole
fractions of a species present in the vapor and liquid phase.
The activity coefficients (gi) are calculated by first estimating
the infinite dilution activity coefficients ðg1
i Þ, calculating the
van Laar coefficients (Ai; H2 O and AH2 O; i ), and then using the
van Laar equations with the appropriate experimental data to
calculate the activity coefficients, gi ðxi Þ and gH2 O ðxi Þ (Seader
and Henley, 1998; Walas, 1985; Turner et al., 1996). This
approximation is valid for solvent activity coefficients near
unity and relatively low solubilities (Turner et al., 1996),
making this approach applicable. The K-values for MTBE and
the BTEXs are calculated using modified Raoult’s law with
activity coefficients calculated from the van Laar equations.
The vapor pressures ðPsi Þ and activity coefficients, along with
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Table 2 – Selected physical properties as well as calculated values needed to determine the binary system equilibrium ratio
of MTBE, benzene, ethylbenzene, toluene, m- and p-xylene, and o-xylene solvated in water (Turner et al., 1996; Burdick and
Jackson, 2002)
Properties

MTBE

Benzene

Ethyl benzene

Toluene

m- and p-xylene

o-xylene

Solubility in water (mole %)
Solubility of water (mole %)
Psi (atm)

4.8
1.5
0.316

0.041
0.302
0.124

0.0029
0.256
0.0125

0.010
0.257
0.0371

0.0030
0.267
8.69  103

0.0030
0.261
8.69  103

Calculated values

MTBE

Benzene

Ethyl benzene

Toluene

m- and p-xylene

o-xylene
33,134

g1
i

20.83

2466

34,898

9604

33,134

g1
H2 O

66.67

331

391

389

375

383

Ai;H2 O

3.036

7.81

10.5

9.17

10.4

10.4

AH2 O;i

4.200

5.80

5.97

5.96

5.93

5.95

gi
K-value

20.82
6.57

2455
305

34550
433

9550
354

32,100
279

32,675
384

calculated K-values for MTBE and the BTEXs are listed in
Table 2. The K-values for the aromatic compounds are
approximately 50 times that of MTBE, indicating that the
aromatic compounds are transferred from the liquid phase to
the gas phase much more readily than MTBE for the
experimental conditions used in the DMPR. This is not
surprising since the vapor pressures of the BTEXs are higher
than that of MTBE. This result is advantageous because, as
shown below during the development of the tubular highdensity plasma reactor, the rate of plasma-initiated oxidation
is enhanced by higher interphase mass transfer coefficients.

4.

Tubular high-density plasma reactor

As discussed above, the DMPR was used to treat water
artificially contaminated with MTBE and BTEX. Although the
DMPR has been shown to be a promising tool for the
treatment of organically contaminated aqueous solutions,
the original design is not robust, presents scale-up difficulties, and has a high capital cost. Data from previous
experiments performed by Johnson et al. (2003) and Manolache et al. (2004), along with a species balance have been
used to identify the dimensions and operating conditions for
a prototype tubular high-density plasma reactor.
The tubular high-density plasma reactor, shown in Fig. 3,
contains an inner stationary shaft (through which a gas is
introduced into the system), a middle rotating cylinder (to
which the pin electrodes are attached), and an outer
stationary cylinder. Contaminated water is continuously fed
into the top of the reactor through ports on the outer
stationary cylinder and travels axially through the gap
between the outer cylinder and the middle rotating cylinder
either by a pressure gradient or gravimetric forces. Pin
electrodes, represented by black dots, protrude outward from
the middle cylinder and are arranged in a helical pattern. For
the following analysis, it is important to note that the
electrode gap, or distance between the pin tips and the outer
stationary cylinder, is virtually identical to the distance
between the middle rotating cylinder and the outer cylinder.
Once the gas is introduced into the bulk solution, through

Fig. 3 – A schematic of a prototype tubular high-density
) and liquid
plasma reactor. Gas (
) flow patterns are shown as well as the
(
possible plasma discharge path from the pin
electrodes to the cylindrical electrode through the
passing fluid, which is a combination of the gas
introduced through the middle of the pin
electrodes and the liquid flowing through the
annulus. Note: lengths are not to scale.
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Table 3 – Rate constants for the removal of MTBE, benzene, ethylbenzene, toluene, m- and p- xylene, and o-xylene in a
DMPR along with diffusion coefficients used to calculate specie profiles in conjunction with the mass balance

krxm (s1)
kmt (ppm–1 s–1)
kp (ppm s–1)
Di;H2 O (cm2/s)

MTBE

Benzene

Ethyl benzene

Toluene

m- and p-xylene

o-xylene

0.003
1.40  10–6
0
1.04  10–5

0.172
3.70  10–5
0
1.14  10–5

0.172
5.13  10–5
0
9.31  10–4

0.172
5.47  10–5
0
1.02  10–5

0.172
1.26  10–5
0
9.31  10–4

0.172
2.70  10–5
0
9.31  10–4

small holes in the center of each pin electrode, it travels
axially with the aqueous solution and is released through a
valve at the top of the reactor. When a potential is applied to
the middle cylinder, a discharge is initiated at the tips of the
pin electrodes that propagates radially to the outer cylinder.
Four rate processes must be considered when performing a
mass balance on a chemical species in the tubular highdensity plasma reactor—accumulation, convective mass
transfer, diffusion, and sources and/or sinks due to physical
and chemical mechanisms. The dimensional form of the
species conservation equation is
qCi
þ v rCi ¼ Dimix r2 Ci þ ri ,
qt

(2)

where v is the local velocity vector, Dimix is the diffusion
coefficient for species i in the mixture, and ri is the net
production rate of species i (which in this case is negative) by
a series of homogeneous reactions. Concentration profiles for
MTBE and the BTEXs are developed for the tubular reactor
when operating under batch and steady flow conditions.

4.1.

Batch operation

To compare the ability of the tubular high-density plasma
reactor to treat organically contaminated aqueous solutions
with that of the DMPR, concentration profiles for batch
operation have been developed. When operated in a batch
configuration, the tubular reactor has virtually no axial,
angular, or radial concentration gradients because the plasma
discharge is, in effect, uniform throughout the reactor. The
species conservation equation thus reduces to the following
ideal batch reactor design equation:
qCi
¼ ri .
qt

(3)

To evaluate the production rate of species i, three loss
processes are considered when removing a volatile organic
compound from an aqueous solution in the reactor: oxidation
due to the plasma, interphase mass transfer and photolysis.
These loss processes can be expressed as

 

ln a
ln a
AI
ri ¼
Ci0 exp
t þ
Dimix ryi Ci
a
a
Vg
þ fðlÞI0 ðl; tÞ½1  expð2:303eLCi Þ.

ð4Þ

The first term describes the loss of species i due to the
plasma, where a is the volume fraction of fluid not in the
plasma state, a is a time constant associated with the
discharge characteristics of the reactor and has a value of
1 ms, t is time, and Ci0 is the initial concentration of species i

(Willberg et al., 1996). The second term describes the loss of
species i through interphase mass transfer (Johnson et al.,
2003), and the third due to photolysis (Sun et al., 2000).
However, Eq. (4) can be rearranged, and further simplified,
yielding
dCi
¼ krxn Ci  kmt C2i  kp ;
dt

(5)

where krxn is a first-order rate constant associated with
degradation due to the plasma, kmt is a second-order
interphase mass transfer rate constant, and kp is a zero-order
photolysis rate constant. A combination of non-linear leastsquares analysis and MATLABs optimization techniques were
used to determine the rate constants, which are listed in
Table 3 for each species. Predicted concentration profiles for
the loss of each species due to interphase mass transfer and
the plasma, as well as the non-linear least-squares fit to
experimental data from Johnson et al. (2003) and Manolache
et al. (2004) for the combination of the two processes are
plotted in Fig. 4.
The concentration at any point in the fluid can be
determined by solving Eq. (5) and is
z expðxt þ yÞ þ krxn þ x
,
(6)
2kmt ðexpðxt þ yÞ  1Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where x ¼ ðkrxn Þ2  4kmt kp , y ¼ log½ð2kmt Ci0  krxn  xÞ=
ð2kmt Ci0  krxn þ xÞ and z ¼ x  krxn . The first-order rate
constant, krxn, is a function of the plasma volume, which is
estimated to be a linear function of the electrode gap and
number of pin electrodes (Roth, 1995). Concentration profiles
developed using the rate constants in Table 3, and accounting
for changes in the electrode gap and number of pin
electrodes, demonstrate that the tubular high-density plasma
reactor has the ability to efficiently remove volatile organic
compounds from aqueous solutions. Figure 5 contains predicted values of normalized species concentrations as a
function of treatment time for varying electrode gaps and
number of pin electrodes.
When a tubular reactor with 500 pin electrodes is configured with an electrode gap of 500 mm, a treatment time of
approximately 2.2 min is required to reduce the MTBE—the
most difficult to remove of the species considered—concentration below the recommended drinking water standard of
approximately 20 ppb (USEPA, 2002). The remaining BTEX
concentrations are more readily removed from solution, and
thus meet drinking water standards at lower treatment times.
The predicted time needed to reduce each species concentration below the drinking water standard for different reactor
Ci ¼
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Fig. 4 – Plots of the normalized species concentration versus time for the removal of MTBE (  ), benzene (’), toluene (m),
ethylbenzene (.), m- and p-xylene (b) and o-xylene (c) in a DMPR (Johnson et al., 2003; Manolache et al., 2004), as
well as the curves describing losses due to sparging (– – –), the plasma (– . –) and the combined effects of the
discharge (—). Notice that for the BTEXs, the plasma curve and combined effects curve are almost indistinguishable.

configurations is shown in Table 4. A reasonable dimension
for a reactor housing 500 pin electrodes is 150 cm (5 ft) in
length and 7.6 cm (3 in) in diameter. Using these dimensions
and an electrode gap of 500 mm, it is estimated that the

treatment volume is 180 mL. One route to larger treatment
volumes is to increase the electrode gap, provided the plasma
discharge can be sustained. For example, the same reactor
configured with an electrode gap of 2 cm would reduce the
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Fig. 5 – Plots of the predicted normalized concentration profiles for the removal of benzene, MTBE, toluene, ethylbenzene, mand p-xylene and o-xylene from an aqueous solution versus treatment time in a tubular high-density plasma
reactor operated under batch conditions for varying electrode gaps and number of pin electrodes. Black curves
correspond to 25 pin electrodes and electrode gaps of 0.001 cm (— . –), 0.05 cm (— . . —), 0.5 cm (– –) and 2 cm (—).
), 50 pin electrodes (
), 100 pin
Gray curves correspond to an electrode gap of 0.05 cm and 1 pin electrode (
) and 500 pin electrodes (
).
electrodes (

ARTICLE IN PRESS
WAT E R R E S E A R C H

319

40 (20 06) 31 1 – 322

Table 4 – Treatment time and corresponding concentration for the removal of MTBE, benzene, ethylbenzene, toluene, mand p- xylene, and o-xylene in a batch tubular high-density plasma reactor as well as volumetric flow rate and exit
concentration for a tubular reactor with a continuous feed for varying electrode gaps and number of pin electrodes

] of pins
Electrode gap
Batch configuration
25 pins
0.001 cm
25 pins
0.05 cm
25 pins
0.5 cm
25 pins
2 cm
1 pin
0.05 cm
50 pins
0.05 cm
100 pins
0.05 cm
500 pins
0.05 cm
500 pins
2 cm

] of pins
Electrode gap

MTBE

Benzene

Toluene

Ethylbenzene

m- and p-xylene

o-xylene

Time (s)
Conc. (ppb)

Time (s)
Conc. (ppb)

Time (s)
Conc. (ppb)

Time (s)
Conc. (ppb)

Time (s)
Conc. (ppb)

Time (s)
Conc. (ppb)

1.2  105
20
2.6  103
20
2.6  102
19
6.6  101
19
6.1  104
20
1.3  103
20
6.5  102
20
1.3  102
18
3.3
18

2.7  103
5.0
61
5.0
6.2
4.5
1.5
5.0
1.4  103
5.0
31
4.9
15
4.8
3.1
5.0
7.7  102
4.9

1.2  103
10
31
10
3.1
10
0.78
10
6.4  102
10
16
10
7.9
9.4
1.6
10
4.0  102
9.0

1.3  103
7.0
34
6.9
3.5
7.0
0.87
7.0
7.0  102
7.0
17
7.0
8.7
6.7
1.7
7.0
4.4  102
6.4

8.9  102
10
26
9.9
2.6
10
0.65
9.9
5.1  102
10
13
9.9
6.5
9.7
1.3
10
3.3  102
9.2

6.8  102
10
21
10
2.1
10
0.53
9.9
4.0  102
10
11
9.9
5.3
9.7
1.1
10
2.7  102
9.2

Q (L/min)
Conc. (ppb)

Continuous flow configuration
25 pins
2.2  1011
0.001 cm
18
25 pins
2.6  106
0.05 cm
20
25 pins
2.6  103
0.5 cm
20
25 pins
1.6  101
2 cm
20
50 pins
1.2  105
0.05 cm
20
100 pins
4.1  105
0.05 cm
20
500 pins
5.0  103
0.05 cm
17
500pins
330
2 cm
20

Q (L/min)
Conc. (ppb)

Q (L/min)
Conc. (ppb)

Q (L/min)
Conc. (ppb)

Q (L/min)
Conc. (ppb)

Q (L/min)
Conc. (ppb)

9.6  1010
4.6
1.1  104
5.0
1.1  101
4.5
6.9
4.9
4.8  104
4.2
1.7  103
4.5
2.2  101
4.9
14,000
5.0

2.3  109
960
2.2  104
100
2.1  101
960
14
100
9.5  104
900
3.4  103
990
4.3  101
990
27,000
100

2.1  109
620
2.0  104
700
1.9  101
700
12
640
8.7  104
690
3.1  103
680
3.8  101
690
25,000
700

3.0  109
9700
2.6  104
10,000
2.6  101
9900
16
9500
1.2  103
9300
4.1  103
10,000
5.2  101
10,000
33,000
10,000

3.9  109
9900
3.2  104
9300
3.2  101
9800
20
9900
1.4  103
9800
5.1  103
10,000
6.3  101
10,000
41,000
10,000

time to degrade MTBE to 3.3 s while also treating approximately 5.4 L of contaminated liquid. Supplementary Fig. S1
contains two contour plots for the removal of MTBE and
ethylbenzene as a function of the number of pin electrodes
and electrode gap for 3.3 s of treatment. It is clearly shown
that increasing the number of pins and the electrode gap will
reduce the time required for treatment. It is also apparent
when comparing the MTBE contour plot with that of
ethylbenzene, a species with a higher K-value will be removed
from solution at a faster rate. The higher volatility of the
aromatic compounds more readily promotes them to the
plasma state where electron dissociation reactions occur,
thus increasing the removal rate. Although operating the
tubular high-density plasma reactor in a batch configuration
may be a viable treatment option for organically contami-

nated aqueous solutions, the system is more effective
operating under continuous flow conditions when targeting
scale-up and throughput issues.

4.2.

Continuous flow operation

To determine the effectiveness of the tubular reactor in its
intended operational configuration, concentration profiles for
MTBE and the BTEXs are developed for continuous flow.
Under steady-state conditions, the first term in Eq. (2)
vanishes and further simplifications may be possible, depending on the relative magnitudes of the convection and
diffusion terms. To investigate this, the species equation is
written in dimensionless form. Rewriting each term with a
dimensionless concentration, ji ¼ Ci =Ci0 , and its correspond-
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ing dimensional scaling factor, the dimensionless form of the
equation is


dji
d2 ji X
¼
þ
Daij rij ,
(7)
Pei
dz
dz2
ij
where Pei ¼ Lvavg =Dimix , Daij ¼ kij L2 Cn1
i0 =Dimix , L is the length of
the reactor and rij ¼ rij =ðkij Cni0 Þ. The tubular high-density
plasma reactor has a continuous input and an impermeable
outer wall. Thus, the local velocity vector is replaced with a
scalar cross-sectional average velocity and is contained in the
mass transfer Peclet number, Pe. The mass transfer Peclet
number relates the rate of convective mass transfer to the
rate of diffusion. When Peb1, as is typical in a liquid,
the diffusion term in Eq. (7) may be neglected if the
Damköhler number, Da, is also large, resulting in the
classic plug flow equation. Therefore, it is important to
consider whether the system is mass transfer limited by
evaluating Da. The Damköhler number relates the rate of
reaction of species i to the rate of transport of species i
through the reaction zone. Using the empirical Wilke–Chang
equation (Wilke and Chang, 1955) to calculate Dimix , (Table 3),
it was found that Dab1 for all species and operating
conditions; thus, the rate of diffusion is extremely small
relative to the reaction rate.
When neglecting diffusion and using the expression for ri
developed previously, the dimensionless species balance can
be further reduced and expressed as
!
kp
dji
L2
¼
krxn ji þ kmt Ci0 j2i þ
,
(8)
dz
vavg
Ci0
where z ¼ z=L is the dimensionless reactor length. Thus, the
normalized concentration of species i as a function of axial
position is
z expðy  xLtzÞ  krxn þ x
,
(9)
2kmt Ci0 ð1  expðy  xLtzÞÞ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where
x ¼ k2rxn  4kmt kp ,
y ¼ log½ð2kmt Ci0 þ krxn  xÞ=
ð2kmt Ci0 þ krxn þ xÞ, z ¼ krxn þ x and t ¼ L=vavg is the average
residence time. As before, the first-order rate constant, krxn, is
a function of the plasma volume, making this quantity
directly proportional to the electrode gap and number of pin
electrodes. Concentration profiles are again computed
using the rate constants in Table 3 while accounting
for changes in the electrode gap and number of pin
electrodes. Trends in the predicted normalized concentration
for all six species as a function of the electrode gap and
number of pin electrodes (data not shown) are similar to that
found for the batch configuration. The exit concentration,
corresponding to a dimensionless length of unity, decreases
with an increase in the electrode gap and number of pin
electrodes when the inlet fluid velocity and species concentration are fixed.
To compare the different modes of operation, batch and
continuous flow, the same design specifications as in the
previous section are used in the following calculations.
Instead of residence time in the tubular reactor, however,
the results are presented as a function of volumetric flow rate.
Figure 6 contains calculated normalized concentration
profiles for MTBE and the BTEXs versus volumetric flow rate
for varying operating conditions. A reactor housing 500 pin
ji ¼
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electrodes configured with electrode gaps of 0.05 and
2 cm will reduce the MTBE concentration below the recommended drinking water standard at volumetric flow rates of
5.0  103 and 330 L/min, respectively. The remaining BTEX
concentrations are reduced below drinking water standards
at higher flow rates. The volumetric flow rates predicted for
each species for various reactor configurations are listed in
Table 4.

5.

Summary

A tubular high-density plasma reactor may be an effective
tool in the removal of volatile organic compounds from
aqueous solutions. The new design presented here is
easier to scale up for industrial use, especially when operated
under continuous flow conditions. The prototype reactor
also reduces the sputtering rate, i.e., the wear of the
electrodes when compared to other point-to-plane reactors.
This is accomplished by incorporating a large number
of pins in parallel, thereby reducing the current density at
each pin tip, which controls the sputtering rate, while
still applying the same voltage drop across the electrode
gap. Although rate constants for the removal of volatile
organics have been determined for only six compounds, the
removal rate constant for a given species, voltage, current,
electrode gap, gas composition, and gas flow rate should be
higher than that of MTBE if its K-value is also higher. If
MTBE is used as a surrogate molecule for contaminated
water, a configuration of eight reactors, each 5 ft in length
configured with an electrode gap of 2 cm and 500 pin
electrodes, has the potential to treat 1 MGD of contaminated
liquid. However, MTBE has a vapor pressure higher than most
contaminants in wastewater streams. Thus, to ascertain the
volumetric flow rate needed to treat waste streams more
representative of what is produced industrially, it is important to determine the rate constants associated with the
treatment of water contaminated with species having a Kvalue of approximately zero.
The tubular plasma reactor is also designed to maximize
the time in which a fluid element moving axially through the
reactor is in contact with the plasma. This is accomplished by
minimizing the distance that the pin electrodes protrude
from the rotating cylinder. Because of this design implementation, the fraction of fluid in the annular gap contacting
the plasma is maximized, a significant improvement
over the initial DMPR design, whereby a significant fraction
of the fluid—approximately 90%—bypasses the plasma
as it moves through the reaction zone. As a result, the
first-order rate constant associated with the plasma will be
higher in the tubular reactor, so that the results displayed in
Table 4 may be viewed as upper limits. Also, the zero-order
rate constant associated with photolysis may not be negligible in the tubular reactor, particularly when 500 pin
electrodes are employed, 20 times more than in the DMPR
configuration. Thus, the rate constants used in this study to
predict the effectiveness of the prototype reactor are conservative, and experiments conducted on the tubular reactor
should yield lower treatment times and higher volumetric
flow rates.

ARTICLE IN PRESS
WAT E R R E S E A R C H

40 (20 06) 31 1 – 322

321

Fig. 6 – Plots of the calculated normalized concentration profiles for the removal of benzene, MTBE, toluene, ethylbenzene, mand p-xylene and o-xylene from an aqueous solution versus volumetric flow rate in a tubular high-density plasma
reactor operated under continuous feed conditions for varying electrode gaps and number of pin electrodes. Gray
), 0.05 cm (
), 0.5 cm (
)
curves correspond to 25 pin electrodes and electrode gaps of 0.001 cm (
). Black curves correspond to an electrode gap of 0.05 cm and 50 pin electrodes (—), 100 pin electrodes
and 2 cm (
(– –), 500 pin electrodes (— . . —), and an electrode gap of 2 cm with 500 pin electrodes (— . —).
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