Catalytic Supercritical Water Oxidation: Stability

of Cr,0; Catalyst

Sudhir N. V. K. Aki, Zhong-Yi Ding, and Martin A. Abraham
Dept. of Chemical Engineering, The University of Tulsa, Tulsa, OK 74104

Supercritical water oxidation has become a well-known treatment technology for con-
version of aqueous wastes. By introducing a catalyst, higher conversion and selectivity
to carbon dioxide can be achieved at a lower temperature and at shorter residence
times. The stability of chromium oxide in supercritical water was studied to determine
the feasibility of using catalysts during supercritical water oxidation. Various process
variables, including oxygen and water concentrations, fluid flow rate, and temperature
were found to affect the reactivity of the chromium oxide catalyst. Under these condi-
tions, chromium was present in the reactor effluent as chromic acid, H,CrO,. The
visual observation of the catalyst after the completion of the experiments suggested that
a reaction front moved along the length of the reactor. A rate expression, based on
Langmuir— Hinshelwood kinetics, with dissociative chemisorption of oxygen on a hy-
drated chromium oxide surface, was proposed. The model, developed based on this rate
expression and the continuity equation for the fluid phase, was consistent with the exper-

imental results.

Introduction

Supercritical water oxidation (SCWO) has been developed
to destroy organic compounds by oxidation in water at tem-
peratures and pressures above its critical point, which is ap-
proximately 374°C and 22.1 MPa (218 atm). This process is
generally conducted at 400°C to 650°C and about 24 to 35
MPa, and is capable of achieving a high destruction effi-
ciency. There is no formation of NO, or SO,, and in-situ
neutralization of the produced acid gases can be achieved
(Barner et al., 1992). Any inorganic salts that are formed pre-
cipitate in the reaction medium and can be separated in the
reactor vessel.

Supercritical fluids assume gaslike transport properties and
liquidlike densities; the physical properties can be controlled
by changes in temperature and/or pressure. For example, the
dielectric constant of water at temperatures and pressures of
interest in SCWO drops to values similar to nonpolar organic
compounds at ambient conditions (Quist, 1970), the ion prod-
uct decreases below 107%° (mol/kg)?* (Marshall and Franck,
1981), and hydrogen bonding is notably less extensive (Franck,
1970). Thus gases and hydrocarbons are completely soluble
in supercritical water (Japas and Franck, 1985), whereas inor-
ganic salts that are soluble in subcritical water become insol-
uble in supercritical water (Dell’Orco et al.,, 1992).
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Several laboratory-scale SCWO reactors (both batch and
flow systems) have been constructed and operated. Most of
the research conducted with these reactors involves homoge-
neous oxidation of organic compounds that closely model
certain hazardous wastes; kinetic parameters were often
measured (Barner et al,, 1992; Bramlette et al., 1980; Helling
and Tester, 1986). Simple model compounds were selected in
an effort to understand the reaction mechanism occurring at
these conditions with the hope of extending the results to
develop SCWO as a hazardous waste treatment process.

To obtain a destruction efficiency in excess of 99.99% for
the organic species, reaction temperatures greater than 600°C
are generally required. As an alternative, a catalyst can be
used and the reaction can be performed at a lower tempera-
ture. Previous experiments in our laboratory have revealed
that MnO,, V,0s, and Cr,0; catalysts can be used to en-
hance the reactant conversion and the yield to carbon diox-
ide or can affect the selectivity to partial oxidation products
(Ding et al., 1994; Jin et al., 1992). Frisch (1992) found that
acetic acid destruction can be increased from less than 40%
to greater than 95% by adding a catalyst at 400°C and a resi-
dence time of 5 minutes.

In the development of a process based on catalytic super-
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critical water oxidation (CSCWO), one significant issue that
must be resolved is the stability of the catalyst. A potential
catalyst can be selected based upon solubility data for the
catalyst in high-temperature, high-pressure water. Even
though no quantitative data exist for the solubility of Cr,O,
in high-pressure, high-temperature water (Blesa and Maroto,
1986), data exist for the solubility of various metal oxides in
water, including nickel oxide (Tremaine and LeBlanc, 1980b)
and cupric oxide (Hearn et al., 1969), as well as oxide miner-
als such as quartz (Morey and Hesselgesser, 1951) and mag-
netite (Tremaine and LeBlanc, 1980a; Holser and Schneer,
1961; I-Ming and Eugster, 1977). The solubility of inorganic
compounds in subcritical and supercritical water was re-
viewed by Martynova (1964).

The stability of a heterogeneous catalyst is not unlike the
issue of reactor corrosion, which was found to be important
during SCWO. For example, Barner et al. (1992) conducted
corrosion experiments in a continuous-flow bench scale reac-
tor by exposing long narrow strip specimens of various alloys
including Inconel 625, and Hastelloy C22 and C276 to super-
critical water. Higher corrosion rates than are typically ac-
ceptable in the design of chemical process plants were found.
Although little quantitative data exist for corrosion during
SCWO, substantial data exist for SS316 (Robertson, 1989;
Otsuka and Fujikawa, 1991), Inconel 625 (Mclntyre et al.,
1978; Copson and Berry, 1960), and Hastelloy C276 (Post-
lethwaite et al., 1988) in high-temperature and high-pressure
deoxygenated water, a system important in the power indus-

try. The stability of these materials depends upon the forma-
tion of stable metal oxides at the interface consisting of Cr,0,
and other metal oxides. Also, significant increase in the cor-
rosion rate of Inconel 600 resulted from an increase in the
concentration of the dissolved oxygen in water (McIntyre et
al., 1979). This is due to the increased solubility of chromium
ion with increased oxygen concentration.

Because of our interest in CSCWO and the relevance to
corrosion during SCWO, an experimental facility was con-
structed to study the stability of metal oxides during CSCWO.
The objective of this work was to study the effect of oxygen
concentration, temperature, and fluid flow rate on the reac-
tion between Cr,0; and supercritical water. In addition, the
effect of added organic compounds on the reaction was in-
vestigated. This work impacts our understanding of corrosion
and discusses the feasibility of using catalysts during SCWO.

Experimental

A schematic diagram of the experimental apparatus is
shown in Figure 1, and can be divided into four sections,
namely, feed and preheaters, main reactor section, gas sepa-
rator, and finally sample collection units.

An LDC Analytical 2396-31-89 series metering pump was
used to deliver water at the required flow rates and operating
pressure. Millipore, double distilled, and deionized water was
used. During all runs, the water was deoxygenated by bub-
bling nitrogen through the water feed tank overnight and
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Figure 1. Experimental system.
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during the experiment. This eliminated the possibility of oxy-
gen dissolved in water from taking part in the reaction.

A Haskel air-driven gas booster compressed the gas to the
required operating pressure. Three different gas mixtures,
consisting of 21, 10 or 1% oxygen in nitrogen were used as
the gas feed. The use of several gas concentrations in the
feed allowed substantial variation in the oxygen concentra-
tion inside the reactor.

An Eldex AS-30-S series metering pump was used to pump
any organic species (not shown in Figure 1). The organic feed
was mixed with the water before entering the reactor in a
high-pressure mixing tee. The organic species was introduced
only after attaining the desired operating conditions; prior to
that, pure water was fed to the reactor. After the experiment
was completed, the organic feed pump and the feed line were
washed with water by shifting the three-way Teflon valve to
water. For the experiments on the effect of the pure water
and oxygen on solubility, the organic feed line was discon-
nected and the tee was replaced with a union.

The water and the gas were fed to the reactor through
separate heating units, each consisting of a tube furnace and
a temperature controller. An HiP MS-17 Microreactor (2.54
cm OD, 127 cm ID, and 254 cm long), constructed of
Hastelloy C-276 was used as the reactor. An electric furnace
was used to maintain the reactor at the required tempera-
ture. The temperatures at the reactor inlet and inside the
reactor were measured with type-K thermocouples.

The reactor was packed with 22.4 g of low surface area
sintered a-alumina and 9.26 g of Cr,O; supported on y-
Al,O; (which contains 12% Cr as Cr,0,) having a surface
area of 62 m?/g. All particles were crushed to an average
particle size of approximately 0.5 mm. The catalyst bed was
supported on a 20-um Hastelloy C-276 filter. Atomic absorp-
tion analysis revealed that the alumina was stable under all
reaction conditions.

The effluent from the reactor was cooled using a single
pass tube in tube heat exchanger and was separated into gas
and liquid in a high-pressure stainless-steel cylinder. The gas
thus separated from the liquid was depressurized by means
of a back-pressure regulator and was vented to atmosphere
after passing through a flowmeter. The water from the sepa-
rator was drained continuously.

The system was heated to the required temperature with
low-pressure gas flowing at a low flow rate. After attaining
the operating temperature, the pressure was increased by
starting the compressor. The water pump was started simul-
taneously. The operating pressure was attained by adjusting
the pressure regulator and the back-pressure regulator; the
pressure drop between these points controlled the gas flow
rate. The water was pumped at the required flow rate by ad-
justing the pump to the predetermined value, which was veri-
fied by measuring the amount of water collected for a known
time in the sample tank. The system was maintained at the
operating conditions for one hour before taking samples. The
sample was collected in the sample collector by diverting flow
using a valving system. After the desired time, flow was re-
stored to the liquid waste tank, and the sample was drained
from the collection tank. This procedure was followed since
it did not result in a loss of system pressure when the liquid
sample was drained.

Product quantification was accomplished using UV/Vis
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Diode Array and Atomic Absorption spectrophotometry. The
UV/Vis Diode Array spectrophotometer (HP 8452A) was
calibrated for chromium using prepared standard samples in
the concentration range 0.05 ppm to 30.0 ppm chromium in
water. Quantitative analysis was accomplished using a total
response of 350 < A <370 nm, the width of the A, peak
identified from the calibration experiments. The effluent
samples were analyzed for Cr ion concentration off-line using
the UV spectrophotometer immediately after collection. An
atomic absorption spectrophotometer (Perkin Elmer 2380)
was also calibrated with prepared standards for analysis of
nickel and chromium in the effluent. The chromium analysis
was consistent with the results from the UV/Vis procedure.
The detection limit on this instrument was found to be 0.02
ppm for chromium and 0.05 ppm for nickel.

Gas analysis was performed with an HP 5890 gas chro-
matograph (GC) and a thermal conductivity detector (TCD).
A 15-ftX1/8-in. 60/80 Carboxen packed column was used.
The GC was operated at 50°C for 3 min, the temperature was
increased to 150°C at a rate of 15°C/min. The final tempera-
ture of 150°C was retained for 3 min,

There was minimal deposition of chromium in the heat ex-
changer. After several runs, the heat exchanger was discon-
nected from the system and was washed with 20% suifuric
acid and 20% nitric acid. The effluent was analyzed for
chromium ion. The analysis indicated the concentration of
chromium ion as 0.15 ppm. Visual observation after removing
the heat exchanger indicated no chromium precipitation. This
level of deposition was negligible compared to the level of
chromium observed in the effluent stream.

Feed conditions were defined in terms of molar flow rates.
Since the reactant feed consists of water, oxygen, and nitro-
gen, and the water content varied from 60 to 90 mol %, the
Peng—-Robinson equation of state with the van der Waals
mixing rules (Sandler, 1989) was used to calculate the fluid
density. Conversion to volumetric flow rates and then super-
ficial velocity could be made. Residence time was calculated
by dividing the reactor volume by the volumetric flow rate.
The concentration of the reactants (mol/L) at the reaction
conditions were estimated by dividing the molar flow rate by
volumetric flow rate.

The process variables were changed randomly to avoid any
systematic error. All the experiments were conducted at a
constant pressure of 238 atm and residence time of approxi-
mately 6 s. The reactivity of chromium oxide with supercriti-
cal water was studied between 390°C < T < 420°C and oxygen
and water concentrations between 0.005 mol/L <[0,]<0.36
mol/L (corresponding to 7.8 X10™* <[0,] < 0.078 mole frac-
tion) and 2.88 mol/L <[H,0] <6.38 mol/L, respectively.
Experiments were conducted at a given set of operating con-
ditions until a steady-state value for the concentration of
chromium ion in the effluent was obtained. In case of any
process disturbances, the conditions were maintained until
the steady-state value was obtained again.

Results

The effect of the feed concentration of oxygen on the ef-
fluent concentration of chromium ion at 400°C and 238 atm
is shown in Figure 2 as a function of run time. The effect of
oxygen concentration was tested by changing the feed gas in
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Figure 2. Transient response of chromium effluent con-
centration following changes in reactor inlet
oxygen concentration at 400°C and 238 atm.

the following manner: nitrogen, air, nitrogen, 1% oxygen in
nitrogen, and finally nitrogen. The effluent chromium con-
centration changed to reflect the change in the oxygen con-
centration of the feed, but with a significant time delay, on
the order of 200 min. The effluent oxygen concentration did
not vary significantly from the feed concentration. When oxy-
gen was not present in the feed, the concentration of
chromium in the effluent dropped below the detectability
limit of the UV, approximately 0.05 ppm; no data are shown
in Figure 2 for these points. These results qualitatively reveal
that increasing oxygen concentration led to enhanced extrac-
tion of chromium ion.

Ton exchange was used to determine the oxidation state of
the Cr extracted in the effluent. The effluent was tested us-
ing both cationic (Amberlite IRC-718, Amberlite DP-1) and
anionic resins (Amberlite IRA-400). Identification was based
on the principle that Cr(II) would be adsorbed on the
cationic resin but not the anionic resin, whereas Cr(VI) would
be adsorbed on the anionic resin only. Standard solutions
prepared from K,CrO, and CrCl;-H,0 revealed that this
indeed was the case, and that the amount of adsorption could
be quantified. Analysis of the effluent from the resins with
both UV and AA spectroscopy revealed that no adsorption
was obtained for the cationic resin, but that the effluent sam-
ples were completely depleted of chromium using the anionic
resin. Thus it was concluded that the Cr extracted from the
reactor was recovered as Cr(VI), probably as chromic acid,
H,CrQ,. This is consistent with theoretical result, reported
in the form of a Pourbaix diagram for the Cr—H,O system at
elevated temperature and pressure (Huang et al., 1989), which
indicates that there are no stable chromium oxide species
within the region of neutral water. Depending on the pH of
the solution, chromium will be present as either H,CrO,,
HCrO,, Cr,03~, or CrO2~, with increasing alkalinity. Thus,
an equilibrium reaction is predicted by these theoretical cal-
culations.

Because of concerns about reactor corrosion, the effluent
samples were tested regularly for the presence of nickel ions.
At all operating conditions, the concentration of Ni ion was
found to be less than 2 ppm, the value obtained at the high-
est oxygen concentration. This suggests that some corrosion
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Table 1. Experimental Data

Chromium
Water  Oxygen  Residence Effluent
Run  Temp. Conc. Conc. Time Conc.
No. °C mol/L.  mol fr. 8 pmol/L

23 390 343 0.069 5.23 18.3
25 390 4.39 0.045 5.24 220
21 390 5.63 0.013 5.37 18.4
14 390 5.66 0.025 5.40 26.5
16 390 5.66 0.025 5.40 273

13 390 6.35 0.0008 5.58 543
10 390 6.36 0.009 5.60 21.1
24 390 6.38 0.017 5.64 253
29 400 3.16 0.074 5.88 16.0

17 400 3.88 0.0025 5.70 392
7 400 3.88 0.054 5.81 20.7

18 400 5.09 0.0014 5.99 4.86
20 400 5.05 0.016 6.00 19.3
8 400 5.06 0.030 6.04 24.8

400 5.70 0.0009 2.50 3.65

2 400 5.76 0.0009 3.14 3.85

5 400 5.69 0.0009 4.44 478

1 400 5.70 0.0009 6.19 515

3 400 57 0.0009 8.83 5.56
9 400 5.72 0.010 6.21 214
6 400 6.20 0.014 6.43 28.2
28 420 2.88 0.078 6.29 14.0

19 420 3.66 0.0026 6.35 3.16
26 420 3.73 0.052 6.44 221
15 420 4.39 0.036 6.56 29.6

12 420 497 0.0012 6.70 4.80
22 420 5.14 0.019 7.67 204
27 420 5.04 0.023 6.80 31.8
11 420 5.67 0.013 7.65 23.2

of the reactor walls did occur during these experiments.
However, Hastelloy C-276 contains more Ni than Cr (com-
position of Hastelloy C-276 is Ni: 45.02-63.48%, Cr:
14.5-16.5%, Mo: 15-17%, Fe: 4-7%, W: 3-4.5%, and C:
0.02%). Since the nickel content in the effluent was generally
more than an order of magnitude less than the chromium
content and nickel represents a larger portion of the reactor
material, it can be presumed that any contribution of corro-
sion to the Cr effluent results would be small compared to
extraction from the catalyst bed.

Twenty-nine independent reaction experiments were com-
pleted at three reaction temperatures and over a wide range
of oxygen and water concentrations and residence times. The
results from these runs are reported in Table 1. Included
within this data are replicate runs (14 and 16) that reveal the
quality of the experimental program. More detailed analysis
of all of the data reveals that the entire data set is internally
consistent according to the following description.

The effect of oxygen concentration (estimated from the
feed composition based on the density of the fluid within the
reactor) on the concentration of chromium ion in the effluent
was determined at 390°C (runs 10, 13 and 24), 400°C (runs 8,
18 and 20), and at 420°C (runs 19 and 26 or runs 12 and 27).
In each case, increasing the oxygen concentration at other-
wise identical reaction conditions led to an increase in the
concentration of chromium in the effluent. At low oxygen
concentrations, relatively low concentration of chromium is
detected in the effluent and increasing oxygen leads to a dra-
matic increase in the chromium concentration in the effluent.
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At high oxygen concentration, the effect of increasing oxygen
is less pronounced, suggesting that there could be a satura-
tion point above which the concentration of chromium in the
effluent becomes independent of the oxygen concentration
within the reactor.

The effect of water concentration on the concentration of
chromium ion in the effluent is revealed at 390°C by runs 14,
23 and 25; at 400°C by runs 1, 17 and 18; and at 420°C by
runs 15, 26, 27 and 28. In each sequence of experiments, an
increase in the concentration of water was accompanied by
an increase in the concentration of chromium in the effluent,
despite the fact that the oxygen concentration decreased si-
multaneously. It was indicated in the preceding paragraph
that a decrease in the oxygen concentration should lead to a
decrease in the concentration of chromium in the effluent.
Thus, if the water concentration were increased at constant
oxygen mole fraction, a significant increase of the chromium
ion concentration in the effluent would be expected.

After completion of one set of experiments, the catalyst
was removed from the reactor. Visual observation revealed
that the top portion of the bed was pink in color, the bottom
was green, and the intermediate section contained both green
and pink particles. The original color of the catalyst was green,
whereas a catalyst mostly depleted of chromium would be
expected to become pink and eventually white if all of the
chromium is removed (Mellor, 1931). The used catalyst was
subjected to X-ray diffraction (XRD) analysis, using an Omni
Instruments unit with a detection limit of 1% chromium by
weight. The XRD results indicated that the top portion of
the bed was depleted of chromium oxide below the detection
limit of the instrument. The only compound identified in this
region was the catalyst support, aluminum oxide. This obser-
vation suggests that depletion of chromium from the support
moved along the length of the reactor, from the entrance of
the bed to the exit, with increasing time on-stream,

This breakthrough phenomenon could be explained
through a chemical reaction in which one of the reactants is
completely depleted at some point along the length of the
bed. However, the effluent gas analysis indicated that there
was no measurable decrease in oxygen concentration through
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Figure 3. Influence of chromate concentration in the
feed on the chromium effluent concentration
at 400°C and 238 atm.
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the reactor, and thus oxygen could not be a rate-limiting re-
actant.

An alternative explanation is that a reversible chemical re-
action occurs that converts solid chromium oxide into soluble
chromium. Experiments were conducted to determine
whether chromium could be deposited on the solid, thereby
confirming the reversible nature of the reaction. The experi-
ments were performed by feeding prepared chromate solu-
tions of various concentrations to the reactor. This experi-
ment was conducted at 400°C and 238 atm at two different
oxygen and water concentrations; the chromium effluent con-
centration is reported in Figure 3. The concentration of chro-
mate in the effluent remained essentially unchanged, inde-
pendent of Cr concentration in the feed. This result indicates
that deposition is taking place, according to the following
analysis. If no deposition was occurring, the concentration of
Cr in the effluent should have increased as the concentration
of Cr in the feed increased. But the results indicate that the

-effluent concentration was not effected by the feed concen-

tration. Second, when the alumina packing and the catalyst
were removed from the reactor after completion of these ex-
periments, a layer of precipitated chromium was observed on
the top portion of the alumina packing. The deposition likely
occurred when the feed concentration was greater than the
effluent concentration, indicating that the chromate precipi-
tated before reaching the catalyst layer.

In any reaction process involving fluid—solid reactions, the
rate of mass transfer may be a limiting process. This could be
true regardless of any equilibrium reaction that might occur
within the reactor. The effect of mass transfer was not explic-
itly measured, but can be obtained by considering the effect
of fluid volumetric flow rate on the rate of chromium extrac-
tion, which is reported in Figure 4. In this figure, the rate of
extraction is derived from the concentration of chromium
measured in the effluent and the volumetric flow rate of the
fluid in the reactor. The results are reported in terms of
square root of the Reynolds number (Ng, = pud,/p), as pre-
vious data in packed-bed reactors have indicated that this is
the expected effect of flow rate in a mass-transfer process

7.2
| 1021=9.5E-4mol. fr. | .

. Bed Height = .0699m
c i *
‘€ | 102]=2.8E-2mol. fr.
S osg| | BedHeight = .254m! .
£ ‘ = ‘
S o
% 0.6

u

< n
o 0.4
3] .
© .
] .
% 02t .
w *

0 o

0 1 2 3 4 5 6
1/2
(Re)

Figure 4. Evaluation of possible external mass-transfer
effects through correlation of the rate of
chromium extraction with the Reynolds num-
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Table 2. Effect of Organic Compounds on the Cr
Concentration in Effluent™

Temp. Organic [0,] [H,0] Conv. CO,Yield [Cr]
°C Species mol/L. mol/L % % umol/L
390 None 0.16 5.7 — — 26.5
390 Phenol 0.16 49 98.6 36.6 16.7
400 None 0.28 39 — — 20.7
400 Benzene (.27 39 19.03 2.88 022

*source: Ding, 1995.

(Carberry, 1976). Note that as the volumetric flow rate
changed, so did the residence time. This is contrary to the
normal fashion in which these data are obtained. However,
these data are clearly linear in N2, indicating that mass
transfer may have a role in the rate of chromium extraction.

If external mass transfer is rate-limiting, then this should
determine the dependence of the extraction rate on the con-
centration of oxygen. In the case where transport of oxygen
from the bulk to the catalyst surface is rate-limiting, one
would expect that the rate of extraction is first order in oxy-
gen. In this case, doubling the oxygen concentration would
double the extraction rate. Comparison of the resuits from
runs 21 and 14 reveal that this was not observed experimen-
tally. These experiments were performed at the same resi-
dence time (and thus equivalent volumetric flow rates), and
yet when the oxygen concentration was doubled, the extrac-
tion of chromium increased by less than 50%. Similar resuits
are revealed in experiments 20 and 8. If transport of chro-
mate from the catalyst surface to the bulk fluid is rate-limit-
ing, then there should be no dependence of extraction rate
on oxygen concentration. This is clearly contrary to the ex-
perimental data. Thus, despite the dependence of extraction
rate on Reynolds number, it is unlikely that mass transfer is
rate-limiting.

Because of the interest in using a heterogeneous catalyst
during SCWO, the effect of two different organic com-
pounds, benzene and phenol, on the Cr effluent concentra-
tion was studied. The results in Table 2 indicate that the in-
troduction of either organic reactant led to a decrease in the
Cr effluent concentration. Since it was previously determined
that oxygen concentration is an important variable in deter-
mining the extraction of Cr ion from the catalyst, the addi-
tion of an organic reactant may impact the extraction of
chromium from the catalyst in two ways. First, because an
oxidation reaction is occurring, the concentration of oxygen
in the fluid phase will be decreased. Thus, the actual oxygen
concentration will be less than that fed to the reactor. Sec-
ond, if a heterogeneous oxidation reaction is actually occur-
ring, the organic species is likely adsorbed onto the active
sites of the catalyst. Since the oxygen adsorption is believed
to be important in the extraction of Cr ions from the catalyst,
competitive adsorption of the organic species would decrease
the oxygen concentration actually adsorbed on the catalyst,
thereby decreasing the extraction rate of Cr from the cata-
lyst.

Discussion

A theoretical model has been developed that describes the
extraction process in terms of reaction and dissolution of Cr
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from the catalyst surface to the fluid phase. A rate expres-
sion, consistent with the experimental observations and liter-
ature reports, is developed to describe the fluid-solid reac-
tion. The continuity equation is then used to describe flow in
the fluid phase. Finally, the model is used in conjunction with
the experimental data to evaluate best-fit parameters. In the
development of this model, any limitation imposed by the rate
of mass transfer has been neglected, since the data do not
clearly support a mass-transfer limitation. Thus, the rate con-
stants calculated from this model should be considered as
effective rate constants rather than intrinsic values. The va-
lidity of neglecting mass-transfer limitations will then be jus-
tified based on theoretical calculations of the mass-transfer
coefficient.

In previous work, the dissolution of chromium oxide in
oxygenated alkaline media has been described through reac-
tion with oxygen and hydroxyl ions (Blesa and Maroto, 1986)

Cr,0,+3/20,+4 OH™ -2 CrO?” +2H,0. (1)

Under the reaction conditions used in our experiments, the
pH of water can be estimated to be substantially greater than
7 (Franck, 1970), suggesting that the chemistry indicated in
Eq. 1 may be occurring. However, because of the water con-
centration and its low dissociation constant (K, <10~2°) un-
der supercritical conditions, the reaction is more likely to in-
volve oxidative hydration, giving chromic acid directly as a
product

Cr,0,+3/2 0, +2 H,0 = 2H,Cr0,. )

The overall chemical reaction written as Eq. 2 may be de-
scribed through a reaction cycle, developed from the work of
Zecchina et al. (1971). The reaction is initiated by dissocia-
tive chemisorption of oxygen onto chromium oxide,

1/2 0, +Cr,0; 229 2[Cr0O,- xH,0). 3

Disproportionation of hydrated chromia surface complex
gives

2(CrO, - xH,0l = H,CrO, + [CrO-(x — DH,0]. (4
The surface complex thus formed, [CrO-(x —1) H,O0], is

again saturated with water and is an active site for dissocia-
tive chemisorption of oxygen,

[CrO«(x -1DH,0]+H,0+1/2 O, =[Cr0,-xH,0]. (5)
Using this reaction description, and assuming that the dis-
sociative chemisorption of oxygen in the presence of water

(Eq. 5) is rate-limiting, provides a rate expression of the
Langmuir-Hinshelwood form

k+/K10,1[H,01" g - k,[Cr]
[1+VKTO,T] ’
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where g is defined as the moles of reactant present per unit
total reactor volume. The exponent on the water concentra-
tion represents the average number of water molecules ad-
sorbed on an active site. Although arbitrarily chosen to be
1.75, this value can be justified from previous experimental
results reported for supercritical water oxidation, wherein the
dependence of reaction rate on water concentration has been
found to be between 1.5 and 2 (Savage et al., 1995).

The reversibility described in Eq. 2 is derived from our ex-
perimental results, but justified based on literature reports.
When 2N H,CrO, was exposed to hydrogen, a heavy
grayish-violet, slightly crystalline precipitate of chromic oxy-
hydroxide, Cr,O5-H,O, was formed (Mellor, 1931). When air
was used in place of hydrogen, smaller crystals of Cr,O, were
formed, with a portion being converted to chromic acid. Hoar
and Evans (1932) showed that in the presence of base and
water, precipitation of chromates to hydrated chromic oxide
may occur.

The analysis of chromium concentration in the fluid phase
begins with the continuity equation, which can be written,
assuming plug flow, as

d[Cr] 9[Crl]
+ —
dz ot

u = Tcrp )]

where here and in the ensuing discussion, all the concentra-
tions are based on the total reactor volume. If we assume
that a pseudo steady state has been achieved within the reac-
tor, then the chromium concentration in the effluent can be
approximated as being invariant in time, and Eq. 7 can be
approximated as

d[Cr]
9z

u = oy ®

Now, by making use of the inlet boundary condition, {Cr]=0
at z =0, Eq. 8 can be solved analytically, depending upon the
specific reaction kinetics chosen to represent the rate of reac-
tion. Although there is no time dependence explicitly in-
cluded in Eq. 8, this dependence can remain through the de-
pendence of the solid concentration on time, which may be
included in the reaction kinetics.

Next, we note that a chromium balance on the solid phase
can be simply written as

99
G5 05 ©

with an initial condition that g = g at ¢ = 0. Since the change
in oxygen and water concentrations along the length of the
bed are small, and Cr concentration in the fluid phase is in-
dependent of time after reaching pseudo steady state, Eq. 9
can be solved directly after substitution of the rate expression
(Eq. 6) to provide

q=q,exp(—Pt)
k,[Cr]

" k,/KI0,11H,0]
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1.75 {1—CXP(—Pt)}, (10)

where

pe kn/K[O,1[H,01""
1+ /K[0;]

From the reaction stoichiometry given in Eq. 2, it follows that

fiee = = 20,41 an

Solution for the chromium effluent concentration can be ob-
tained by solving Eq. 8 at the given boundary conditions, with
Eq. 10 providing the necessary relationship between g and
[Cr]. Solution is obtained as

k#/K[0,1[H,0]' g,
[Cr]= - 2]k[ 01 {1—exp(— X2)}, (12)

r
where

2k, exp(Pt)

x= u(1+/K10,1)

The chromium oxide concentration in the reactor can now be
obtained as a function of time and position by eliminating
[Cr] between Eq. 10 and Eq. 12. This solution is obtained as

4 1 exp(= X2)(1~exp(— PD)). 3)

o

Using the experimental results and the analytical sclution
described by Eq. 12, it is possible to estimate the values of
the constants. A simplex multivariable search routine was
used, as described in Press (1986), which minimized the sum
of squares error between the predicted effluent concentra-
tion and the experimental values

NDATA

min Y,

N=1

{[Crlprea — [Crlexp)?, (14

where NDATA is the number of experimental measure-
ments. The values of the constants, which correspond to two
rate constants and one adsorption coefficient, are functions
of temperature. Thus, the evaluation of the three fit parame-
ters was performed independently using the data at each re-
action temperature.

Figure 5 compares the model prediction, containing the
best fit values of the parameters (Table 3), with the experi-
mental measurements. Over the entire range of experiments,
a fairly good agreement has been obtained between the pre-
dicted and the experimental values. The data correlated by
this model represent a wide range of inlet compositions and
reaction temperatures.

The mass transfer of chromate ion from the solid surface
to the bulk fluid was considered as a possible rate-limiting
step in the development of the model. The mass-transfer co-
efficient for chromate ion was calculated from the correlation
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Figure 5. Parity plot: model prediction vs. experimental
values of chromium effluent concentration.

as given by Chen et al. (1993). The diffusion coefficient for
chromate ion was calculated from the Stokes—Einstein equa-
tion, while the viscosity of the bulk fluid at the elevated con-
ditions was calculated from the correlations given by Paulaitis
et al. (1986). The estimated mass-transfer coefficient was al-
ways at least an order of magnitude greater than the value of
the reverse rate constant reported in Table 3, indicating that
the rate of mass transfer was fast compared to the rate of
reaction.

Although the data at each temperature were fit indepen-
dent of the reaction model, the evaluated rate constants must
conform to expected chemical criteria so that the model is
satisfactory. The first of these criteria is that the rate con-
stants should be consistent with the Arrhenius equation,

k= Ae"ELRT), (15)

The best-fit values of the two rate constants are plotted in
Arrhenius fashion in Figure 6a, and the values for the activa-
tion energy given in Table 3. The estimated value of E, =
169.5 kJ/mol for the reaction between oxygen and Cr,0O, in
supercritical water may be compared with previous values ob-
tained for this reaction in acidic media. Several values have
been reported previously and are indicated in Table 4. The
activation energy obtained in the current work is 4 to 5 times
greater than those values obtained for acid catalyzed reac-
tion. This is not unreasonable, considering that the presence

Table 3. Best-fit Values of the Model Parameters (Eq. 12)
and Correlation of Parameters with Respect to Temperature
Based on Eq. 15

Temp. k k, K
°C (mol/cmf’)f' L7561 s7! (mol/cm?®)~!
390 2.02 0.797 13.85
400 3.36 1.03 10.52
420 7.32 1.42 5.55

Activation

energy,

KJ/mol 169.5 717 AH,y, =1175
A 44F +13 3.63E +05 7.82E —09
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Figure 6. (a) Estimation of the Arrehenius parameters
for the best-fit values of the rate constants; (b)
estimation of heat of adsorption parameters
using the van’t Hoff plot.

1.625 1.55

of dissociated ions should catalyze the initiation reaction ac-
cording to Eq. 1, and dissociation is unlikely in supercritical
water.

A further test of the consistency of the model is through a
van’t Hoff relationship, which describes the temperature de-
pendence of the adsorption coefficient, K, and leads to a
calculation of the heat of adsorption for oxygen onto Cr,0;.
The van’t Hoff plot is indicated in Figure 6b, and reveals a
heat of adsorption as 117.5 kJ/mol. Previously, Trapnell

Table 4. Comparison of Estimated Activation Energy at 238
atm in Supercritical Water with Values Reported for the
Oxidation of Cr,0; at Ambient Conditions

Activation
kJ/mol
Experimental Value 169.5
In 8-M H,S0O, +40% acetone* 352
H,SO* 31.0,32.7,47.8
HF* 41.9,42.6

*Garichev and Kipriyanov, 1981,
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(1955) reported a value of 154.8 kJ/mol for the initial adsorp-
tion of oxygen on Cr,0, at room temperature. The value ob-
tained in the current work was estimated for 400°C and for a
surface that should be saturated with water. The difference is
not unreasonable, considering the large variation in both
temperature and water concentration between the previous
and the current work.

The best fit parameters can be subjected to further chemi-
cal kinetic criteria, as described by Carberry (1976)

AS <0
[AS| < Sg

| — AS| > 10 entropy units
[—AS| <122-0.0014 AH_,,

where AS is the entropy change of reaction, which can be
estimated from the intercept in the van’t Hoff plot. The cur-
rent data provide AS = —0.155 kJ-mol~!-K~!. This value
satisfies all of the above criteria, providing further evidence
that the model parameters have chemical significance.
Using the model, it is now possible to describe the
chromium concentration profile in the solid phase as a func-
tion of time and position within the reactor. This result is
shown in Figure 7, where the solid lines represent time on
stream below 214 h. the total duration of all experiments
considered within this article, while the dashed lines repre-
sent extrapolation to longer on-stream times. These concen-
tration profiles were obtained using the constants of Table 3
and the model result given by Eq. 13. However, the experi-
mental data were obtained in a piecewise continuous fashion.
As a result, simply substituting the on-stream time into Eq.
13 did not yield an accurate approximation of the experimen-
tal situation. Rather, solution could be obtained by reinitial-
izing g, for each experimental condition and resetting ¢, = ¢,
—t,, for example, The model result reveals the movement of
an extraction front down the length of the bed. For an accu-
mulated time on stream of 214 h, the actual time on stream
within these experiments, the model predicts greater than
80% removal of chromium from the first 0.5 cm of the bed,

100

B [+2] [
[=] (=] o

Solid Consumed, %

N
o

Bed height, cm

Figure 7. Model prediction and extrapolation of

chromium oxide consumption as a function of

bed depth and time on stream.
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with virtually no loss of catalyst from the bottom two-thirds
of the bed. This prediction matches qualitatively well with
the visual observation of the bed following the experiment.

Conclusion

The reaction of Cr,0O; with oxygen in supercritical water
has been investigated as a means of studying the stability of a
catalyst during supercritical water oxidation. The chromium
is slowly depleted from the bed. The rate of depletion is a
function of reaction temperature, oxygen and water concen-
tration, and fluid flow rate. Because chromium could be de-
posited onto the bed, it was determined that the reaction must
occur reversibly.

The depletion of Cr,0; was modeled using a plug flow
reactor model. Reaction was assumed to occur by dissociative
adsorption of oxygen on a hydrated chromium oxide surface.
The Cr effluent concentration was used to determine best-fit
values for the constants within a Langmuir—Hinshelwood-type
rate expression; the activation energy and heat of adsorption
were not inconsistent with previously reported values for the
reaction in acid solution. The model was able to predict not
only the effluent concentration, but also qualitatively the
concentration of Cr remaining on the solid catalyst.

These results have substantial implication in the potential
use of a heterogeneous catalyst during supercritical water ox-
idation, in that they reveal the limitation of reaction of the
solid catalyst with components in the fluid phase. These re-
sults may also be applied to the issue of corrosion during
supercritical water oxidation, since Cr metal is frequently used
as a component in the metal alloy for the materials of con-
struction of the reactor. The formation of a passivated Cr,0,
has been described as the stable metal surface in such a case.
When used for SCWO, however, it is clear that the Cr,0; is
reactive, minimizing the corrosion resistance of the metat al-
loys.
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Notation

[Cr] =concentration of chromium in the effluent, mol/cm?
d, =particle diameter, cm
[sz7] = concentration of water, mol+cm >
k; =forward rate constant, (mol/cm®)~17-
k, =reverse rate constant, st
[0O,] =concentration of oxygen, mol-cm ™
g, =Iinitial concentration of chromium oxide in the reactor,
mol-cm 3
ricry =Tate of generation of chromic acid, mol-cm~3-57!
t =real time, s
u = superficial velocity, cm-s
z =distance along the reactor length, cm

S‘l

3

-1

Greek letters
1 -1

u = fluid viscosity, at reaction conditions, g-cm™'+s
p =fluid density at reaction conditions, g cm ™3
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