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An inexpensi®e, low-power quartz capillary flow reactor was designed to in®estigate
the global reaction rate for the supercritical water oxidation of acetic acid. The effluent
from the ;0.1 cm dia. quartz microreactor is such that it is easily incorporated into an
online spectroscopic or ®acuum mass spectrometer detection system. The reactor is ca-
pable of operating up to 28 MPa and 5308C. Standard HPLC sample injection ®al®es
permit the rapid change of reactant composition. This reactor is a nonisothermal design
and requires a heat-transfer calculation that in®ol®es coupling the transport equations
for momentum, mass, and heat with the chemical kinetics equations. A numerical cal-
culation presented includes a rigorous treatment of the equation of state and the trans-
port properties of pure water. With this design, the global rate data was fitted to the
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Introduction

Ž .Supercritical water oxidation SCWO is a relatively new
technology for the destruction of toxic organic wastes. The
organic contaminant and oxidizer are both completely misci-

Ž .ble with supercritical SC water, and the resulting single-
phase reaction environment supports a very efficient oxida-
tion reaction, )99% completion, and minimizes the forma-
tion of equally harmful byproducts. In order to scale up exist-
ing bench-scale reactors to full-scale facilities, the oxidation
kinetics of a given oxidation reaction must be well under-

Ž Ž . Ž .stood. Modell 1989 , Tester et al. 1993 , Haz. Waste Con-
Ž . Ž .sult. 1999 , and Schmieder and Abeln 1999 give reviews of

. Ž .SCWO technology. Aki and Abraham 1998 , Cansell et al.
Ž . Ž .1998 , and Rice and Steeper 1998 give results for the oxi-
dation kinetics of model industrial compounds in SCWO.

Current reactor designs used for SCWO are generally based
on closed-loop flow reactors on the order of meters in length.
These designs use individual preheat sections for the reac-
tants and SC water, which are then mixed and enter the flow
reactor where the reaction initiates and proceeds. After exit-
ing the flow reactor, the mixture enters a heat exchanger fol-
lowed by an expansion valve, which together act to reduce
the temperature and pressure of the SC mixture and also
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quench the oxidation reaction. The valve expands the flow
into a large recovery vessel held at atmospheric pressure,
which results in flow separation and the corresponding recov-
ery of both liquid and gas-phase reactor effluent. The recov-
ered liquid-phase is generally sampled and analyzed by
HPLC, while GC is used for the gas phase. An example of
this type of reactor design is that used by Tester and his group

Ž .at MIT Holgate and Tester, 1993 .
The large scale of these reactor designs often requires sig-

nificant power to operate at supercritical conditions, on the
order of a few kW. With their large size and high power re-
quirements, these reactors do not adjust rapidly to changes in
reactor conditions, requiring several minutes to reach a new
steady state for a new set of flow conditions. Further, the
closed-loop design means that a reactant mixture must be
loaded and sealed into a sample reservoir before the unit is
started. This sample loading technique means that only a sin-
gle reactant mixture can be studied for a given reactor run.
There is also a large turnaround time for these designs. The
HPLC and GC techniques for analyzing the reactor effluent
are limited in that they can only detect remaining reactants
and stable product species, unstable and short-lived interme-
diates, and radicals are not observed with these techniques.
Finally, the temperature and pressure reduction process has
a typical residence time on the order of seconds, not neces-
sarily favorable conditions for quenching the oxidation reac-
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tion. Second-generation flow reactor designs incorporate op-
tical diagnostics directly into the heated zone of the reactor
and have been able to observe a limited number of interme-

Ždiate species Brown and Steeper, 1991; Myrick et al., 1994;
.Rice et al., 1996 .

Our objective was to design an inexpensive microreactor
that could be incorporated directly into a spectroscopic or
vacuum mass spectrometer detection system in order to ana-
lyze online the reactantrintermediaterproduct mixture. We

Ž .followed the lead of Groeger and Fenn 1988 , who designed
a microflow reactor that served simultaneously as a standard
molecular beam free-jet source that easily permitted FTIR
spectroscopic detection. We were especially interested in us-

Ž .ing a direct sampling mass spectrometry DSMS system to
analyze the reactive agents and products present in the su-
percritical reaction mixture, and their approach was ideal for
this purpose. Other studies using a supersonic jet molecular
beam interface to couple a supercritical fluid chromatograph
to a mass spectrometer for product identification were con-

Ž .ducted by Randall and Wahrhaftig 1978, 1981 , Fukuoka et
Ž . Ž . Ž .al. 1986 , Syage 1990 , Smith et al. 1986 , and Lustig and

Ž .Lubman 1991 . These studies were also useful in the devel-
opment of our design to incorporate DSMS. The incorpora-
tion of this reactor design into a DSMS system and the detec-
tion scheme for radicals and unstable intermediates in the
overall oxidation reaction will be presented elsewhere
Ž .Maharrey and Miller, 2001 . In this article we wish to show
that the micro reactor design is useful and permits a rapid
survey of overall kinetic parameters, using the apparatus as a
benchtop flow reactor.

We report the design of the quartz capillary microflow re-
actor and high-pressure water delivery system that can be used
with supercritical water. This reactor design significantly re-
duces the power density of the previous designs to levels be-
low 100 Ws. Included in this design is a sample injection port
that allows introduction of initial sample mixtures while the
reactor in operating under a given set of conditions. This
sample introduction technique eliminates the need to shut
down the reactor in order to change the reactant mixture be-
ing used for a given run. With the small scale and low power
density, the reactor also rapidly responds to changes in flow
conditions. This reactor was operated on the benchtop and
because the important experimental inlet variables pressure,
temperature, composition, and flow rate can be very effi-
ciently manipulated, the global reaction parameters can be
rapidly developed. In these studies, the entire reactor efflu-
ent is captured to investigate the global reaction rate for the
SCWO of a given reactant.

With its low power, low cost, small flow rates, and simple
pumping system, this microflow reactor design provides a
flexible, maintainable, and easy to operate platform with
which to investigate the oxidation of organics in supercritical
water. We chose to use acetic acid as our prototypical reac-
tant to demonstrate the validity of the reactor design. Acetic
acid was initially thought to be a major intermediate in the
overall oxidation of larger molecular weight hydrocarbons and
was also considered to be a rate-limiting step in the overall

Ž .oxidation Lee et al., 1990 . There were conflicts with this
Ž .result, however Wightman, 1981; Rice et al., 1993 . We also

chose hydrogen peroxide over oxygen as our oxidizer. This
was simply due to experimental convenience. Hydrogen per-

oxide can be obtained as an aqueous solution as strong as 30
wt. % and allows easy sample preparation, as well as an accu-
rate determination of the initial oxidizer concentration.

Experimental Design
A detailed description of the experimental design can be

Ž .found elsewhere Maharrey, 1998 . Figure 1 shows the over-
all design, consisting of the high-pressure delivery system and
the capillary quartz reactor. In addition to its micro scale,
there are two important components of this otherwise
straightforward flow-reactor system. The flow exits the reac-
tor through a very small converging sonic nozzle. In this sec-

Žtion, the flow accelerates to a Mach number flow velocity
.divided by the local speed of sound of Ms1, and then un-

dergoes a free-jet expansion into either the ambient back-
ground or into a vacuum, depending on the detection scheme
to be used. In addition, there is a separate nitrogen gas flow
path that is used to both purge the system and to calibrate
the critical exit nozzle diameter before and after each run.
This is necessary because the small exit nozzle properties
control the flow rate in the reactor for given upstream condi-
tions, and it is necessary to verify that the nozzle has neither
clogged nor has been eroded away, as may happen in the
case of SCW.

Ž .Shown in Figure 1 is the 1 Varian model 8500 high-pres-
Ž .sure liquid-chromatography piston-syringe pump, 2 a Valco

Ž .model 212UWHC switching valve, 3 an Omega model PX602
Ž .pressure transducer, 4 a secondary nitrogen flow loop and

Ž .calibration volume, and 5 the quartz capillary reactor and

Figure 1. High-pressure water delivery system and
quartz capillary reactor assembly.

May 2001 Vol. 47, No. 5 AIChE Journal1204



heater assembly. The Varian pump gives very accurate and
reproducible flow rates of high-pressure waterrreactant mix-
tures from 10]990 mLrh and gives us from 2]3 h of continu-
ous steady-state runtime at our flow rates using a single pump
loading of 250 mL of water. Sample injection is done with the
Valco switching valve which contains two 10 mL sample loops,
loaded through syringe adapters, and gives us the ability to
inject initial reactant mixtures directly into the high-pressure
water flow, while operating the reactor at a predetermined
steady state. Reactor inlet pressure is monitored during the
course of a run with the Omega pressure transducer, which
also allows us to monitor the approach to steady state while
heating the reactor to a given temperature.

The nitrogen secondary flow path, which bypasses the sam-
ple valve and includes a calibrated volume, can be brought
online by appropriate valves and allows for purging the reac-
tor with nitrogen at the end of a set of experimental runs.
Further, by applying the equation for compressible choked
flow through the sonic exit nozzle, relating the nitrogen gas
pressure inside the calibrated volume to the mass flow rate of
the gas out of the nozzle, the diameter of the nozzle can be
calculated. We verify the diameter of the nozzle by this tech-
nique both before and after each experimental run.

This high-pressure delivery system is connected to the
Ž .quartz reactor assembly with PEEK poly-ethyl-ethyl ketone

flexible tubing and standard HPLC stainless steel compres-
sion fittings. The PEEK tubing is connected to the capillary
quartz using a PEEK capillary sleeve in an HPLC zero-dead

Ž .volume ZDV compression fitting. PEEK tubing is 0.1588
cm OD with a 0.0508 cm ID, while the capillary sleeves are
0.1588 cm OD with a 0.0762 cm ID, which can be reamed-out
to allow coupling to larger diameter quartz tubing. These fit-
tings and PEEK tubing are all available from Upchurch Sci-
entific of Oak Harbor, WA. All fittings are 304 stainless steel
compression fittings and all tubing is 0.3175 cm OD 316
stainless steel with 0.1245 cm wall thickness. Whitney SS-
83KS4 ball valves are used to isolate each section. The sam-
ple loops on the Valco switching valve are 0.3175 cm OD 316
stainless steel with a 0.1524 cm ID. Total length of stainless
steel tubing is 757 cm for the line including the sample loops
and 133 cm for the line including the calibrated volume.

The quartz reactor assembly consists of a 33 cm long seg-
ment of quartz capillary tubing housed within a 20 cm long

Žsegment of tantalum tubing 0.254 cm OD, 0.0051 cm wall
.thickness . The internal diameter of the capillary quartz reac-

Ž .tor is typically 0.075 cm 750 mm . A short converging section
ending with a small diameter nozzle terminates the quartz
reactor and chokes the flow to maintain a constant flow rate
for a given temperature and pressure condition. The tanta-
lum is resistively heated and is held within a ceramic tube for
thermal insulation. The quartz is held centered in the tanta-
lum by ceramic standoffs mounted in each end of the tanta-
lum. Temperature is measured by six chromel-alumel ther-
mocouples equally spaced along the outer wall of the quartz.
Power is connected to the tantalum by the use of a copper
barrel and braid concentration at the reactor inlet end and
by 20 gauge nichrome loops at the outlet end. The nichrome
is used on the outlet to allow us to keep this connection
slightly hotter than the underlying tantalum to prevent the

Žconnection from becoming a heat sink. Copper rods 0.635
.cm diameter, 35 cm long are used to bring power into the

reactor assembly and double as the support for all reactor
components. Control of the power supplied to the reactor is
obtained by connecting the thermocouple at the reactor out-
let end of the quartz to an Omega model 50 temperature
controller. A nitrogen purge is included in the reactor design
to sweep out any oxygen present in the background and mini-
mize oxidation of the hot metal parts used for power deliv-
ery. This complete quartz reactor assembly is then mounted

Ž .within an aluminum tube 5.72 cm OD, 5.1 cm ID , which is
used as a mechanical support for the assembly, and as a point
of attachment for rigidly mounting the reactor assembly dur-
ing experiments. The internal volume of the reactor assembly
is packed with glass wool to minimize heat loss to the alu-
minum tube. A brass endcap completes the assembly and
contains the insulated feedthroughs for power, nitrogen, and
fluid delivery. A HP Vectra 386 computer using a Data
Translation DT2805 ArD card logs all temperature, pres-
sure, and power data. Programming for the ArD card was
done in-house.

A mini-torch, using a methaneroxygen gas mixture, is used
to melt the tip of the quartz down to the desired nozzle exit

Ž .diameter, typically of order 0.002 cm 20 mm in diameter.
This process generates a converging section that is termi-
nated by the nozzle. Typically, this converging nozzle section
is ;3 quartz capillary diameters in length. The quartz capil-
lary is obtained from Polymicro Technologies of Phoenix, AZ,
and we primarily use the 700 mm IDr850 mm OD tubing that
is sheathed with a 15 mm polyimide coating.

For the global rate experiments reported here, the entire
reactor effluent was captured. The reactor effluent collection
vessel consisted of a short Pyrex tube with a 58 slope to its
front face and an 858 elbow in the middle and necking down
to a small ‘‘drain.’’ The 58 slope to the front face insured that
when this tube was butted-up to the reactor exit, there was a
downward slope to prevent collected water from pooling-up
and not draining. This vessel was then wrapped with surgical
gauze and continuously wetted with methanol. Small sample
collection bottles were placed at the bottom of the drain to
collect aliquots of the effluent for testing or for collecting the
entire run for mass recovery analysis. With this design, mass
recovery was)95%.

Determination of the acetic acid concentration both before
and after flowing through the reactor was accomplished by
using standard acidrbase titration with phenolphthalein as

Ž y4 y5the indicator and standardized and diluted 10 and 10
.normal NaOH as the base. All chemicals used for the titra-

tions were standardized HCl, NaOH, and phenolphthalein
Žobtained from Fisher Scientific No. SA48-1, No. SS266-1, and

.No. P79-100, respectively . Acetic acid and hydrogen perox-
Ž Side were also obtained from Fisher No. A38 -500 and No.

. Ž .H325-500 , with the acetic acid obtained as glacial )99%
and the hydrogen peroxide as a ;30 wt. % solution in water.
Ultra pure water was used as the source for all water and was
made by distilling deionized water in a Corning Mega-Pure
System model MP-3A still.

Reactor Analysis
As mentioned above, one caveat of this reactor design is

that it is not isothermal. Furthermore, using such small capil-
laries does not permit a direct measurement of the supercriti-
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Figure 2. Reactor simulation.

cal water temperature as it flows through the reactor. This
design limitation complicates the analysis of the experimental
data when calculating the kinetic parameters in the global
rate law for the oxidation of acetic acid. We therefore devel-
oped a heat-transfer model that coupled the heat transfer,
thermodynamics, and kinetics for the SCWO of acetic acid.
The details of the numerical solutions are available else-

Ž .where Maharrey, 1998 .
The insert in Figure 2 shows the reactor and three associ-

Ž .ated flow regimes, the constant area heating section 1-2
where the reactants are heated and reaction occurs, the con-

Ž .verging nozzle section 2-3 where the flow accelerates and
compressibility effects are important near the sonic exit, and

Ž .the supersonic expansion section 3 and beyond . The equa-
tions given below are valid for the entire reactor and nozzle
Ž .1-3 . Our numerical code was not stable for the entire com-
pressible flow regime up to Mach number Ms1. However,
we were able to compute the flow up to Ms0.9 and show
that the flow in the converging section beyond Ms0.3 be-
came nearly isentropic with negligible transport effects and
that the chemistry was completely quenched beyond this
point.

The model was therefore separated into two distinct re-
gions. Region 1 is effectively incompressible flow and consists
of the constant area reactor region and the entrance portion

of the converging nozzle region up to Ms0.3. Region 2 is
compressible flow and extends from Ms0.3 up to the nozzle
exit, where Ms1.0. In region 1, the full set of equations
shown below is solved down the length of the reactor. Region
2 is a high-speed compressible flow region, and we used the
isentropic, compressible flow model to calculate the reactor
conditions in this region. The chemical kinetics equations are
not coupled into the isentropic flow region, as there are no
chemical reactions taking place in this region due to its short
residence time, on the order of 10y3 s, and rapid tempera-
ture and pressure reduction, which act to quench the reac-
tion.

Two major assumptions were made in developing the model
used for region 1 of the reactor. The first was that the flow
was essentially quasi-one-dimensional, which gives significant
simplification in the transport equations. Evaluating the criti-

Ž .cal parameters given by Cutler et al. 1988 for the applicabil-
ity of a plug-flow model to our tubular flow reactor, we found
that we were well within the bounds for assuming negligible
axial diffusion, but were only borderline on the assumption
of negligible radial diffusion. For these calculations, we used
values for diffusion coefficients that were valid for general
hydrocarbonrwater solutions at ambient conditions and then
applied empirical correlations, obtained from Bird et al.
Ž .1960 , to correct the temperature and pressure. The follow-
ing is the quasi-one-dimensional compressible flow model
used for the analysis of the global rate law experiments in
this tubular reactor.

Conser®ation of Mass:

rVA s ṁt

Conser®ation of Species:

Dr rDtsV dr rdx sn M rŽ .i i i i A

Conser®ation of Momentum:

dPq rVdVsy rV 2 f r2 4dxrDŽ .Ž .r i

where f is the friction coefficient and is given by standardr
Ž .correlations Bird, 1960

f s16rRe Re-2,000, laminar flowŽ .r

f s0.0791rRe0.25 Re)2,000, turbulent flowŽ .r

Conser®ation of Energy:

2dhqVdVs U rrVD T x yT q V f r2 4dxrDŽ .Ž . Ž .Ž . Ž .T i w r i

y r D H T rrV dxŽ . Ž .Ž .A R

where U is the overall heat-transfer coefficient and is givenT
Ž .by the corresponding correlation, also from Bird 1960

y1
U s 1rNu ? k qln D rD r2kŽ .T f o i s
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where Nu is the fluid Nusselt number. We initially used the
value for fully developed flow in a circular tube with constant

Ž .wall temperature Nus3.66 Arpaci and Larsen, 1984 . Later,
we found a rigorous correlation for the Nu for forced con-
vection heat transfer to supercritical water in a circular tube
Ž .Yamagata et al., 1972 . When we reanalyzed our earlier pure
water runs with Yamagata’s Nu correlation, the reactor outlet
temperature changed by less than 58C and we therefore re-
tained the simpler Nus3.66 value for our model.

Equation of State:

P s P r , T hs h r , T ss s r , T a s a r , TŽ . Ž . Ž . Ž .s s

where a is the speed of sound of the fluid. The second ma-s
jor assumption made is that the reactant mixtures were dilute
and the thermodynamics can be given by an equation of state
for pure water. From the range of thermodynamic conditions
encountered in an experiment, this assumption still required
a rigorous equation of state for water, and we used the full
78 parameter Helmholtz free-energy fit to the steam tables

Ž .developed by Keenan et al. 1969 . We also used the rigorous
Ž . Ž .equations for the thermal conductivity k and viscosity mf

Ž .of water given by the IAPS 1975, 1977 . The reactor was
operated under conditions such that the water did not enter

Ž .the two-phase region Maharrey, 1998 .
Chemical Kinetics
Overall reaction

CH COOHq4H O ™2CO q6H O3 2 2 2 2

Global rate law

r sy DC rDtsyV dC rdxŽ .A A A

n myE arRT w x w xsy Ae C CHOAc Peroxide

The input for this reactor model is the experimentally mea-
Ž . Ž .sured total mass flow rate m , inlet pressure P , inlet tem-˙ o

Ž . Ž .perature T , nozzle diameter D , inlet composition ofo n
Žacetic acid and hydrogen peroxide C and C , re-HOAc Peroxide

.spectively , and the outer quartz capillary wall temperature
w Ž .xprofile T x . These parameters were entered into the modelw

and the reactor conditions calculated. At Mach 0.3, in the
exit converging nozzle, the model switched over to the isen-
tropic flow calculation and continued until the fluid velocity

Ž .equaled the local speed of sound Ms1 . At this point, the
nozzle diameter was calculated and compared to the mea-
sured value to assure that this was an accurate model calcula-
tion for the given experimental conditions. There is a direct
relation between the fluid properties, the mass-flow rate, and
the exit sonic nozzle diameter that must be consistent with
the numerical calculations. This relation is sufficiently sensi-
tive such that it becomes an independent assessment of the
heat-transfer calculation and the nozzle diameter measure-
ment. The calculated conversion of acetic acid is then com-
pared with the experimentally measured conversion, and the
parameters in the global rate law are adjusted until the model
calculates the same conversion as is experimentally measured
under the same conditions.

Table 1. Pure Water Results

U˙P Q T D D TO1 O2 N ,calc N ,meas O2
Ž . Ž . Ž . Ž . Ž . Ž .MPa mLrh 8C mm mm 8C

23 60 408 15.6 15 397
23 60 432 18.3 17.5 419
23 60 465 21.1 20.1 456
23 60 484 23.3 22 474
23 60 532 27.3 25.2 523

Results and Discussion
The first experiments completed were designed to test the

heat-transfer model’s calculation of the temperature of the
water as it flowed through the reactor. For this test, we ran
pure water through the reactor at various conditions and sim-
ulated these same experimental runs with the model. A com-
parison of the experimental runs with the model’s calculated
results for these runs would give an indication as to how well
our heat-transfer model was predicting the reactor outlet
temperature, temperature at the end of the constant area
heating section, which also corresponds to the inlet tempera-
ture for the converging nozzle section. These results are
shown in Table 1, where we show the reactor inlet pressure
and total volumetric flow rate in columns 1 and 2, together
with the model’s calculation of the reactor outlet tempera-

Ž .ture T , just before the flow enters the converging nozzle02
at station 2 in Figure 2, in column 3. The reactor outlet tem-
perature, called the nozzle stagnation temperature in the

Ž .compressible flow literature Anderson, 1990 , is the en-
trance temperature to the isentropic compressible flow sec-
tion of the model. The model then calculates the nozzle di-
ameter required to reach sonic flow at the nozzle, where the
fluid velocity equals the local speed of sound, by an isen-
tropic flow in a converging tube at a given inlet temperature
Ž .T . This calculated nozzle diameter is shown in column 4,02
and the independently measured experimental nozzle diame-
ter is shown in column 5. If these two values do not match, as
they should if the model has calculated the correct reactor

Ž .outlet temperature T , then the model steps back to the02
inlet of the isentropic nozzle section and perturbs the inlet
temperature and recalculates the nozzle diameter. This per-
turbation is continued until the calculated and measured
nozzle diameters agree. Column 6 shows the calculated inlet

Ž U.temperature T required by the isentropic nozzle section to
match the calculated nozzle diameter to the measured diam-
eter. Assuming the nozzle diameter is accurately known, this
is also the reactor outlet temperature that should have been
calculated by the heat-transfer section of the model.

With the reactor inlet pressure and total mass-flow rate
both accurately known for these experiments, the heat-trans-
fer model should be able to correctly calculate the reactor
outlet temperature required by the isentropic nozzle section

Ž .to calculate the correct sonic nozzle size D s D .N,Calc N ,Meas
What the model instead showed was that for the heat-trans-
fer section’s calculated reactor outlet temperature, the sonic
nozzle diameter needed to throttle this flow was 4]8%
Ž .; 1.5]2 mm larger than the measured nozzle diameter. If
the isentropic nozzle section of the model was forced to reach
sonic conditions for the measured diameter, then this calcu-
lation indicated that the reactor outlet temperature should
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be lower by ;108C than calculated by the heat-transfer sec-
tion of the model. This result leads to two possibilities: either
the measurement of the nozzle diameter was incorrect or the
heat-transfer section of the model was overestimating the re-
actor outlet temperature. We know that the nozzle measure-
ment technique we used proved to be accurate and repro-

Ž .ducible to within "0.8 mm 0.00008 cm for our conditions.
Although it is likely that both errors contribute, the above
results show that the heat-transfer model could be overesti-
mating the reactor exit temperature of the fluid by, at most,
108C. We feel this uncertainty represents a maximum uncer-
tainty in the reactor temperature.

Figure 2 shows a typical reactor model simulation. An
identical calculation was made for each experiment described
below, and the kinetic parameters varied until the least-square
residuals were minimized. In Figure 2, the temperature pro-
file and the fractional conversion along the length of the re-
actor is shown. It is clearly shown that the reaction does not

Ž .initiate until near the end of the reactor T )4708C ando
then rapidly proceeds. Most of the reaction does appear to
occur within a nearly isothermal region of the reactor, a fact
that permitted us to estimate some kinetic parameters before
we applied the rigorous analysis below. The nozzle is repre-
sented in the figure by the rapid drop in temperature over
the very short distance beyond the 20 cm length of the reac-
tor section. It is noted that the maximum conversion shown
in the figure corresponds to the outlet of the reactor heating
section at station 2 and that no further conversion was ob-

Ž .tained within the nozzle section 2-3 . For this particular cal-
culation, the heat release from the reaction was minimal at

Ž .such a small conversion -10% and resulted in the temper-
ature profile without reaction deviating only about 0.3% from
the profile with reaction and was therefore not included on
this plot. As we mentioned above, the top of the figure shows

Ž .the reactor and the four main locations identified: inlet 1 ,
Ž . Ž . Ž .reactor 1-2 , nozzle 2-3 , and free-jet 3-Products . The

free-jet region is not important in this discussion, but does
come into play in the DSMS experiments to be discussed
elsewhere, and is only mentioned for completeness. The typi-

Ž .cal residence time t between states and the corresponding
Ž .Reynolds number Re at each location are shown at the bot-

tom of the figure. The rapid quenching of the reaction prod-
Ž .ucts is due to the very short flow times 2-3-Products com-

pared to the chemical reaction time. For comparison, the typ-
ical first-order reaction rate time constant for these reactions
was on the order of 1]10 seconds. C and C give the ini-ao zo
tial acetic acid and hydrogen peroxide concentrations, re-
spectively, used in this calculation.

The experiments were divided into two groups. Group I
was used to analyze the Arrhenius rate constant parameters
and consisted of experimental runs with changing reactor
outlet temperature with all other conditions held constant.
Group II was used to analyze the reactant orders in the rate
law and consisted of experimental runs using different reac-
tant initial concentrations with all other parameters held con-
stant. Within a group, several different sets of experiments
were run with a set defined as the experiments run at varying
conditions under a single 250 mL water loading of the Varian
high-pressure pump. A single run actually consists of from
3]5 identical runs in rapid succession, with the average of
the individual conversions representing the true conversion

for that run and the standard deviation in that average being
the experimental error for the run. If a given planned set
could not be completed within a single run of the Varian
pump, then that set would be continued over to another com-
plete 250 mL run of the Varian pump. The final run from the
250 mL load was repeated as the first run with the second
250 mL load and the set then continued. The range of condi-
tions used for all the experimental sets were: reactor outlet
temperatures from 450]5008C; initial acetic acid concentra-
tions of 2, 5 and 10 wt. %; initial hydrogen peroxide concen-
trations of 1r8, 1r4, 1r2, 1, 2, and 4 times the stoichiometric
concentration for a given run. All of the experimental sets
were run at a fixed reactor pressure of 25 MPa and several
were repeated at 23 and 28 MPa. Reactors used for these
experiments had a range of nozzle exit diameters of from
15]25 mm, with most sets using reactors with diameters in
the range of 18]20 mm. Two reactors were used with nozzle
diameters of 12 and 27 mm.

Figure 3 shows a typical plot of the % conversion calcu-
lated by the model vs. the experimentally measured % con-
version for the same reactor conditions from a single experi-
mental set representing the variation of initial reactant con-
centrations. In this fit, the Arrhenius parameters of the model
are held fixed; the Arrhenius parameters initially reported by

Ž .Lee et al. 1990 are used here, but then iterated as discussed
below. The figure shows the results for varying the reaction
order of the acetic acid or oxidizer concentration with the
order of the other reactant fixed. The data points shown in
the plot represent the best-fit calculation and are spread
around the 1:1 line, which would indicate a perfect fit outside
the range of experimental uncertainty. Uncertainty in the cal-
culated reaction order is shown in the figure by the upper
and lower lines. These lines represent the maximum variation
in either reaction order, while holding the other constant,
which would fall outside the range of experimental uncer-

Figure 3. Model fit of reactant orders in global rate law
to experimental data.
Acetic acid Order is given by m; Hydrogen Peroxide Order
is given by n.
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tainty. Again, the data points shown here are for one experi-
mental set; we have data for well over 30 experimental sets,
but are just showing the analysis results obtained for one set.
Each individual data point in this set represents the average
conversion obtained from five identical runs, while the error

Žin each point is simply the standard deviation at 68% confi-
.dence of that average. The optimal value for the acetic acid

order was determined in this way to be 0.89"0.07, while the
hydrogen peroxide order was determined to be 0.2"0.1.

After the reactant concentration orders were estimated, a
second data set was used to optimize the Arrhenius parame-
ters. This data set represented experiments where all reactor
conditions were held constant except the temperature. In this
analysis, the concentration orders were held at the optimum
values calculated and shown as above. Once the Arrhenius
parameters were calculated from this second experimental
data set, they were then reapplied to the order parameter
data set above, used to calculate the concentration orders.
This iteration was done to show the improvement obtained in
the overall fit by optimizing the Arrhenius parameters. Fig-
ure 4 shows the results of this new fit of the optimized Arrhe-
nius parameters on the earlier fit for the optimized reactant
concentration orders shown in Figure 3. This new fit has im-
proved the relative error of each individual data point and

Ž .the overall fit Figure 4 now deviates from the experimental
Ž .by no more than 8% while the earlier fit Figure 3 deviated

by as much as 10%. The uncertainty in the Arrhenius param-
eters are obtained as above, for the reaction orders, and again
shown by the upper and lower lines in Figure 4.

The final results calculated by the above procedure were
Ž .an activation energy E of 172.2"1.7 kJrmol and a pre-ex-a

Ž . 10 y0.09ponential A of 9.3"0.7=10 M rs with reactant orders
calculated to be 0.89"0.07 and 0.2"0.1 for acetic acid and
hydrogen peroxide, respectively. Substituting these values into
the power law model for the rate of reaction for acetic acid
oxidation, the following form was obtained

0.89" 0.0710 yŽ172.2 "1.7.rRT w xr sy9.3"0.7=10 e CA HOAc

0.2" 0.1w xC MrsŽ .Peroxide

These values are still within the range of the published lit-
Ž .erature listed in the Li et al. 1991 article. Several investiga-

tors have assumed first-order kinetics for acetic acid and ze-
roeth-order for the oxidizer and then fit the Arrhenius pa-
rameters. In this way, Lee calculated an activation energy of
167.7 kJrmol with a pre-exponential of 2.63=1010 sy1, while

Ž .Wilmanns 1990 calculated an activation energy of 131
kJrmol with a pre-exponential of 9.23=107 sy1. By compari-

Ž .son, Wightman’s 1981 data using oxygen as the oxidizer,
when first-order in acid and zeroeth-order in oxidizer was
assumed, yielded an activation energy of 172.7 kJrmol and a
pre-exponential of 2.55=1011 sy1.

Ž .Later, experiments by Savage and Smith 1995 and Meyer
Ž .et al. 1995 , using oxygen as the oxidizer, did fit both reac-

tion order and Arrhenius parameters, as we have done in the
present experiments. It is difficult to compare with Savage
and Smith, because they included water as a third species in
the global kinetic model. Savage’s calculations yielded a rate
law first-order in acetic acid and 0.6 order in oxygen with an

Figure 4. Model fit of Arrhenius rate constant parame-
ters to experimental data set.
Where k s AUeyE arRT, AU s A ? 109 sy1 and E is in kJrmol.a

activation energy of 307.9 kJrmol and a pre-exponential of
6.3=1019 My2.6rs, and the water dependence was calculated
as second-order. Meyer calculated a rate law 0.72"0.15 or-
der in acetic acid and 0.27"0.15 order in oxygen with an
activation energy of 168"21 kJrmol and a pre-exponential of
109.9"1.7 M0.01rs. Overall, we feel that the parameters we re-
port here compare well with the data of Lee and of Meyer.
We feel this analysis shows that the flexible microreactor de-
sign we report here can provide very useful kinetic data.

There exist two problems with our reactor design that need
to be addressed to produce more reliable data and a more
durable reactor. The quartz capillary has a limited useful life-
time due to thermal fatiguing and did not seem suitable much
above 5008C. Supercritical water also has a finite, although
very low, solubility for quartz. This later issue is one reason
why the exit nozzle diameter was verified before and after
each run, since the solubility effect is most significant on the
small nozzle exit diameter, which controls the flow rate. Typi-
cally, the nozzle diameter would increase by one micron in 20
h of run time. The thermal fatiguing is the more serious is-
sue, and we find that the useful lifetimes can be as long as 20
h before a new capillary must be used. In this sense, these
microreactors are viewed as inexpensive ‘‘throw away’’ reac-
tors.

The more serious challenge for the kinetic data is to make
a more direct temperature measurement. While we feel con-
fident of the heat-transfer calculation results that we have
used, it is desirable to measure the reactant temperature di-
rectly. We could, of course, place the microreactor in a sand
bath and assure that the reactor reaches an isothermal condi-
tion where most of the reaction occurs, as has been done
with larger reactors. The advantages of flexibility and small
power would still be available in such a geometry. We are
also investigating the use of thicker-walled quartz tubing
which would permit us to drill into the wall and cement in
rigidly mounted thermocouples. Our heat-transfer calcula-
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tions suggest that quartz walls can be increased substantially
without affecting the heating power significantly. Thicker
walled quartz tubing would be stronger and reduce the fa-
tigue problem we observed with the thin-walled capillary tub-
ing.

Conclusions
The design of a small-scale capillary quartz reactor for the

investigation of SCWO reactions was developed. This reactor
design provides a significant reduction in the energy density
and mass flow rates required to reach supercritical condi-
tions. The design is inexpensive and easy to repair after the
failure of any given part. The reactor itself is simply a seg-
ment of capillary quartz with a nozzle of nominally 20 mm in
diameter, obtained by simply melting the end of the quartz
down in a methaneroxygen flame. The lifetime of a given
quartz reactor can be 20 h, while the rest of the reactor as-
sembly had a nominal lifetime of up to 300 h, before the
nichrome heating loops would eventually fail. We also found
that during the 20 h of runtime with a given quartz reactor,
the diameter would increase by no more than 1 mm, and thus
the eventual failure of the reactor was due to thermal fatigue
and not clogging or erosion of the nozzle itself.

Because of the capillary design, standard instrumentation
can be utilized directly, such as an HPLC pump and switch-
ing valves for introduction of different initial reactant loads
during a single reactor run. A bypass segment is included for
flushing the reactor of water after a run and also allowed for
the measurement of the nozzle diameter both before and af-
ter each set of experimental runs. The heat-transfer model
required to analyze the experimental data from the non-
isothermal reactor was tested on pure water runs and proved
to be able to accurately calculate the reactor exit tempera-
ture to better than 10 K out of 770 K.

The oxidation of acetic acid with hydrogen peroxide in su-
percritical water was chosen as the prototypical reaction to
verify the reactor design. A set of experimental conditions
was run and the experimental data, including operating con-
ditions of the reactor and the reactor effluent, was collected.
The recovered reactor effluent was analyzed to measure the
conversion of acetic acid, and the calculated kinetic parame-
ters are compared with available literature values.

In addition to being a flexible, low power reactor design, a
major advantage is that the entire reactant effluent can be
sampled directly, rather than by drawing off samples. Fur-
ther, this design permits the integration of the reactor di-
rectly into a mass spectrometer vacuum system, which allows
the mass spectrometer to be used as an online, real-time de-
tection method for following the intermediate and radical
species formed during SCWO. As mentioned above, the re-
sults of this direct sampling mass spectrometry detection sys-

Ž .tem is currently in preparation Maharrey and Miller, 2001 .

Notation
a sfluid speed of sound, cmrsS
AsArrhenius pre-exponential factor, M xrs

A scross-sectional area of tube, cmt
C sconcentration of acetic acid, molrcm3

HOAc
C sconcentration of hydrogen peroxide, molrcm3

Peroxide
D stube inlet diameter, cmi

D snozzle diameter, cmN

D stube outer diameter, cmo
E sArrhenius activation energy, kJrmola
f sfriction factorr
hsfluid enthalpy, Jrg

h sfluid heat-transfer coefficient, Wrm2 ?Kf
k swater thermal conductivity Wrm ?Kf
k squartz capillary thermal conductivity Wrm ?Ks
Mslocal Mach number, M 'VraS
M smolecular weight of species i, grmoli

Ž .Nusfluid Nusselt number Nu' h Drkf f
P sfluid pressure, Jrcm3

r srate of reaction of acetic acid, molrcm3? sA
Rsuniversal gas constant, Jrmol ?K

Resfluid Reynolds number, Re' rVDrm
T sfluid temperature, 8C

Ž .T x stemperature profile along outer surface of capillaryw
quartz, 8C

U soverall heat-transfer coefficient, Wrm2 ?KT
V sfluid velocity, cmrs
xsreactor axial distance, cm

Ž .D H T sheat of reaction for acetic acid oxidation, JrmolR
msfluid mass-flow rate, grs˙
˙ Ž .Qsvolumetric flow rate mLrh
r sfluid density, grcm3

r sspecies density, grcm3
i

msviscosity of water, grcm ? s
n sstoichiometric coefficient for species ii
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