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Aqueous solutions of phenol were oxidized in a flow reactor at temperatures 
between 300 and 420°C (0.89 I T, I 1.07) and pressures from 188 to 278 atm 
(0.86 5 P, 5 1.27). These conditions included oxidations in both near-critical and 
supercritical water. Reactor residence times ranged from 1.2 to 111 s. The initial 
phenol concentrations were between 50 and 330ppm by mass, and the initial oxygen 
concentrations ranged from 0 to 1, 100% excess. The oxidation experiments covered 
essentially the entire range of phenol conversions. Analysis of the kinetics data for  
phenol disappearance using a combination of the integral method and the method 
of excess revealed that the reaction was first order in phenol and 1/2 order in oxygen, 
and influenced by pressure. The global reaction order for  water was taken to be 
nonzero, and the global rate constant was assumed to be independent of pressure 
so that the only effect of pressure was to alter the water concentration and hence 
the reaction rate. This approach led to a global reaction rate law that was 0.7 order 
in water and had a rate constant with an activation energy of 12.4 kcal/mol. The 
implications of these rate laws to the design of a commercial supercritical water 
oxidation reactor are also explored. 

Introduction 
Supercritical fluids have attracted attention as media in which 

to conduct chemical reactions because their physical and chem- 
ical properties can be altered, at times dramatically, through 
only modest changes in temperature or pressure. This extreme 
sensitivity to process variables affords opportunities to ma- 
nipulate the reaction environment and possibly control the 
course of a reaction. Supercritical water (SCW), for instance, 
has emerged as a good solvent for the oxidative degradation 
of hazardous organic compounds. It is a good medium in which 
to oxidize organics because it provides a very high solubility 
for both organics (Connolly, 1966) and oxygen (Battino, 1981), 
and because the relatively high temperatures provide rapid 
oxidation rates. 

Although SCW oxidation was patented relatively recently 
as a new technology for the ultimate destruction of organic 
wastes (Modell, 1982, 1985), it is very similar to the well- 
established technology of wet-air oxidation (Copa and Gitchel, 
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1989; Zimmermann, 1961). Both processes involve the reaction 
of organics and oxygen in an aqueous phase to generate COz 
and H,O as the ultimate products. The key difference between 
wet-air oxidation and SCW oxidation is that the latter tech- 
nology employs higher temperatures and pressures that exceed 
the critical properties of water. Operating at supercritical con- 
ditions leads to a homogeneous reaction mixture in which 
organics, water, and oxygen can exist in a single phase. This 
feature obviates the need for interphase oxygen transport, a 
step that often limited the rates of wet-air oxidation reactions. 
Additional operating and engineering advantages of SCW ox- 
idation have been discussed in the literature (Modell, 1989; 
Thomason and Modell, 1984). 

Because SCW oxidation is a relatively new technology, most 
of the previous research in this area had the demonstration of 
the efficacy of the technology as its focus (for example, Thom- 
ason and Modell, 1984; Modell, 1982, 1985; Staszak et al., 
1987). There have been comparatively few studies of the ki- 
netics of SCW oxidation reactions, and most of these have 
been for relatively simple compounds. Tester and coworkers, 
for instance, have reported global rate expressions for CO 
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(Helling and Tester, 1987), NH3 and C2H,0H (Helling and 
Tester, 1988), CH,OH (Webley and Tester, 1989), CH4 
(Webley and Tester, 1991), and H2 (Holgate and Tester, 1991). 
In addition, Rofer and Streit (1988, 1989) studied CH, and 
CH,OH oxidation in SCW. In these studies, the reaction order 
for the organic compound was essentially unity, and the re- 
action order for oxygen was typically zero. It should be noted, 
however, that these reaction orders were assumed, rather than 
rigorously determined, in a few of these studies. 

In one of the first studies involving SCW oxidation of com- 
pounds representative of actual organic pollutants, Wightman 
(1981) reported kinetics data for the oxidation of acetic acid, 
phenol and a large number of other compounds. By assuming 
that the reaction orders for the organic and for oxygen were 
both unity, and that C 0 2  was the exclusive carbon-containing 
product, Wightman (1981) was able to calculate rate constants 
and their activation energies. The validity of these assumptions 
was not verified, however, so the reliability of the quantitative 
kinetics results is an open question. Nevertheless, this work is 
significant because it demonstrated the broad applicability of 
SCW oxidation technology, and it provided qualitative infor- 
mation about the relative reactivities of a large number of 
different compounds. 

In a more recent study involving a model organic pollutant, 
Yang and Eckert (1988) oxidized p-chlorophenol in near-crit- 
ical and supercritical water in a plug-flow reactor. They ex- 
amined the dependence of the average reaction rate (average 
rate = A[p-chlorophenol]/.r) on the p-chlorophenol and ox- 
ygen concentrations, and reported that the reaction was first 
order in p-chlorophenol at low concentrations, second order 
at high concentrations, and always zero order in oxygen. Un- 
fortunately, using an average reaction rate is not an accurate 
method of analysis for reaction kinetics from a plug-flow re- 
actor unless conversions are low. Yang (1988) did not report 
the conversions for each experiment, but she did report that 
the maximump-chlorophenol conversion was 95%. If the con- 
versions from many of the experiments were frequently high, 
then the rate constants reported by Yang (1988) and Yang and 
Eckert (1988) must be viewed as being only approximate. 

The discussion above reveals that quantitative kinetics data 
for the SCW oxidation of representative organic pollutants are 
scarce and that the path to acquiring such data is fraught with 
potential pitfalls. Nevertheless, such kinetics data are useful 
for engineering design and economic evaluation of SCW ox- 
idation processes. In this article, we report the results of a 
study of the kinetics of phenol oxidation in SCW. 

Experimental Studies 
Phenol was oxidized at temperatures between 300 and 420"C, 

and pressures from 188 to 278 atm. Reactor residence times 
ranged from 1.2 to 111 s. The resulting phenol conversions 
ranged from less than 1% to greater than 99%. The initial 
phenol concentrations were between 50 and 330 parts per mil- 
lion by mass (ppm), which resulted in concentrations between 
1.7 x and 2.1 x lo-, M at reaction conditions. The 
initial oxygen concentrations ranged from 0% excess (the pre- 
cise stoichiometric amount needed to convert phenol to C 0 2  
and H20) to 1,lOOVo excess, which resulted in oxygen concen- 
trations between 6.5 x M at reaction con- 
ditions. These phenol and oxygen concentrations were 

and 5.6 x 

calculated by assuming that the density of the reaction mixture 
was the same as that of water. This assumption is good because 
the reaction mixture was typically greater than 99% water. 
Using low reactant concentrations also ensured that a single 
phase existed at all reaction conditions and that the maximum 
adiabatic temperature rise would be limited to less than 1 "C. 

Phenol oxidation experiments were conducted in an iso- 
thermal, isobaric flow reactor fashioned from 118-in. (3.2- 
mm) OD Hastelloy C-276 tubing. The reactor operation ap- 
proximated plug-flow behavior as evidenced by meeting the 
criteria of Cutler et al. (1988). The reactor feed streams were 
prepared by dissolving oxygen into deionized water in one- 
feed tank and loading a previously prepared aqueous solution 
of phenol into a second-feed tank. Helium blanketed the head- 
space of the phenol-water feed tank so that no oxygen entered 
the reactor through this feed stream. High-pressure metering 
pumps with a nominal flow rate range of 0.1 - 10 mL/min 
were used to pressurize the two-feed streams. The two streams 
were then separately preheated by flowing through 1/16-in. 
(1.6-mm) OD Hastelloy tubing immersed in a preheated, tem- 
perature-controlled, isothermal fluidized sand bath. In addi- 
tion to the phenol oxidation experiments, we did separate 
phenol pyrolysis experiments in SCW to verify that none of 
the phenol would react in this preheater line. 

The preheated feed streams were mixed at the reactor inlet 
using a specially machined Hastelloy mixing tee, and the re- 
action temperature was measured via a thermocouple placed 
within this mixing tee. After passing through the reactor, the 
mixture was cooled rapidly by passing through a tube-in-tube 
heat exchanger with cooling water in the annulus. After passing 
through back-pressure regulators to reduce the system pres- 
sure, the product stream was separated into liquid and vapor 
phases. The liquid product was collected in a graduated cyl- 
inder, and its flow rate was determined by measuring the time 
required for the volume to change by some specified amount. 

The concentration of phenol in the reactor effluent was 
determined by reverse-phase, high-performance liquid chro- 
matography using a UV detector. Deionized water flowing at 
3.0 mL/min served as the mobile phase, and a C-18 bonded- 
phase column served as the stationary phase. Additional details 
about these analyses and the experimental procedure have been 
reported previously (Thornton and Savage, 1990). This earlier 
report also showed that the effects of homogeneous metal- 
catalyzed reactions were probably insignificant, because the 
concentration of metals (corrosion products) in the reactor 
effluent was very low. The effects of any heterogeneous metal- 
catalyzed reactions were also minimal, because altering the 
reactor surface to volume ratio did not alter the measured 
conversion (Thornton, 1991). 

Reaction Kinetics 
The objectives of our kinetics analysis were to determine the 

reaction rate constant (k) ,  its associated Arrhenius parameters, 
and the reaction orders for phenol (a), oxygen (b) ,  and water 
(c) for the power-law rate expression in Eq. 1: 

Rate = k[Phen~l]"[O,]~[H,O]' (1) 

The specific volume of the reaction mixture was essentially 
constant because the reactions were accomplished in an iso- 
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baric, isothermal, plug-flow reactor. By combining the design 
equation for this type of reactor (Fogler, 1992) with the power- 
law rate expression of Eq. 1 and noting that the concentration 
of phenol can be written in terms of its initial concentration 
and the conversion (a, we obtain: 

dX -=k[Phenol]:-' (1 -x)"[OJb [H,OI' 
d7 

The mole fraction of water exceeded 0.99 in nearly all of 
the experiments, so the concentration of water did not change 
appreciably during the reaction. Thus, we take the quantity 
[H,O]'to be conversion invariant. Additionally, all of the data 
used in the kinetics analysis were obtained from experiments 
that were conducted with a large excess of oxygen (>200% 
excess in all cases) so that the concentration of oxygen could 
be approximated as being roughly equal to its initial concen- 
tration. Thus, the term [021b can be taken to be conversion 
invariant and approximately equal to [O,]:. 

Note that working with excess oxygen is required because it 
is impossible to determine apriori a stoichiometric relationship 
between phenol disappearance and oxygen consumption. This 
is because the overall reaction 

does not proceed in a single step. Rather, there are numerous 
intermediate reaction products (Thornton and Savage, 1990; 
Thornton et al., 1991) so that a more accurate, but still greatly 
simplified, description of the reaction would be: 

C6H@H +*2Intermediate Products%26CO2 + 3H20 (4) 

where r and s are stoichiometric coefficients with unspecified 
values. Thus, the presence of these intermediates and the mul- 
tiple reaction pathways renders invalid the simple stoichio- 
metric relation [O,] = [O,], - 7X[Phenol],, which describes the 
overall reaction. 

With the oxygen and water concentrations being conversion 
invariant, Eq. 2 becomes a separable differential equation that 
can be solved as: 

- k.r[Phen~l]~-*[O~]~[H~O]~ ( 5 )  
dX 

0 (1-x)" 

This equation forms the basis for our kinetics analysis. 

Phenol reaction order 
To determine the reaction order with respect to phenol, we 

measured the phenol conversions obtained at different reactor 
residence times for reactions run at the same temperature, 
pressure and initial concentrations of the reactants. We then 
carried out the integration indicated in Eq. 5 for different 
integer and half-integer values for the phenol reaction order 
and plotted the data asf(X) vs. r.  The value of a that resulted 
in a linear plot was selected as the phenol reaction order. 

Figure 1 displays this integral method plot for a rate law 
that is first order in phenol (a= 1). These data were obtained 
from reactions at 380°C and 278 atm, and using a 100-ppm 
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Figure 1. Integral method analysis for determining the 
phenol reaction order (38OoC, 278 atm, 100 
ppm phenol, 800% excess oxygen). 

initial phenol concentration and 8OO% excess oxygen. The 
phenol conversions ranged from 15 to 98%. We intentionally 
conducted several runs at long residence times to obtain high 
phenol conversions because the integral method of kinetics 
analysis is most discriminating between rival rate laws when 
high-conversion data are available. These experimental data, 
when plotted asf(X) = ln[l/(l -X)] vs. r ,  are clearly linear. 
Likewise, data collected from oxidation experiments at other 
sets of reaction conditions were also consistent with a global 
reaction rate law that was first order in phenol. Thus, we 
conclude that under the experimental conditions studied here, 
phenol oxidation in supercritical water is first order in phenol. 

Oxygen reaction order 
Most previous studies of the kinetics of oxidation in super- 

critical water determined the oxygen reaction order to be zero 
(Helling and Tester, 1987; Yang and Eckert, 1988; Webley and 
Tester, 1989). Thus, we first sought to determine whether there 
was any influence of the oxygen concentration on the kinetics 
of phenol oxidation in supercritical water. We conducted three 
sets of experiments in which all process variables, except for 
the oxygen concentration, were held constant. These experi- 
ments were all accomplished at 380°C and 278 atm with a 
250-ppm initial phenol concentration (1.3 x M). The 
three different initial oxygen concentrations were 1.1 x lo-', 
3.1 x lo-' and 5.0 x lo-' M, which corresponded to ap- 
proximately 0, 250 and 450% excess oxygen. 

Figure 2 displays the results of these experiments in terms 
of the phenol conversions achieved at different residence times 
for each of the three different oxygen levels. Figure 2 shows 
that the phenol conversions were higher in the experiments 
with the higher oxygen concentrations. For example, at a res- 
idence time of 32 s, the conversion increased from 45% to 
75%, when the oxygen concentration increased from 0 to 450% 
excess. Thus, the reaction order for oxygen must be greater 
than zero for phenol oxidation in supercritical water. 
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Figure 2. Effect of different oxygen concentrations on 
phenol conversion (38OoC, 278 atm, 250 ppm 
phenol). 

To determine a numerical estimate for the oxygen reaction 
order, we first conducted experiments at 380°C and 278 atm 
using six different oxygen concentrations that ranged from 
8 . 7 ~  to 5.1 x lo-* M. Plotting the data as f ( x )  = 
In[ 1/( 1 - X)] vs. 7 for each of the different oxygen concentra- 
tions gave straight lines, and according to Eq. 5 the slopes of 
these lines were equal to k[02],b [H,O]'. Therefore, plotting the 
values of these slopes as a function of the initial oxygen con- 
centration used in each set of experiments on log-log coordi- 
nates should give a straight line with slope equal to b, the 
oxygen reaction order. Figure 3 displays our data plotted in 
this form. The slope of the line that best describes these data 
leads to a global reaction rate law that is 112 order in oxygen. 
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Effect of pressure 
One means whereby pressure can influence the kinetics of 

phenol oxidation is that the reaction order with respect to water 
is nonzero and that changes in pressure change the water con- 
centration and hence the reaction rate. The water reaction order 
being nonzero implies that water is a participant in the oxi- 
dation reactions. This notion is consistent with the literature 
dealing with reactions in SCW. Helling and Tester (1987), for 
instance, noted that the water-gas shift reaction was operative 
during CO oxidation in SCW. Rofer and Streit (1988, 1989) 
included elementary reaction steps that involved water as a 
reactant in their detailed kinetic models of methane oxidation 
in SCW. Additionally, several pyrolysis studies in SCW re- 
vealed that water was an active participant in the reaction and 
not merely an inert solvent (Lawson and Klein, 1985; Townsend 
and Klein, 1985; Townsend et al., 1988; Huppert et al., 1989; 
Houser et al., 1986). 

To determine the reaction order for water for phenol oxi- 
dation in SCW, we first noted that the phenol reaction order 
was unity and the oxygen reaction order was 0.5, so that Eq. 
5 can be rearranged as: 

We then used the results from 70 experiments conducted at 
380°C and pressures of 188, 218, 233 and 278 atm to calculate 
values for the quantity k[H,OIC at each of these four different 
pressures using Eq. 6. Under these experimental conditions, 
the water concentration varied from 6.0 to 28.6 M. Deter- 
mining values of k[H,O]', which we term k ' ,  at each of the 
four different pressures (and hence four different water con- 
centrations) allowed the water reaction order to be determined 
from a log-log plot of k' vs. [H,O]. 

The results of this analysis are displayed in Figure 4, where 
the error bars denote 95% confidence intervals. The error bars 
are large because these data were obtained at 380"C, which is 
very near the critical temperature, where even a small uncer- 
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Figure 4. Water reaction-order determination (38OOC). 

AIChE Journal Vol. 38, No. 3 



tainty in temperature or pressure can lead to a large uncertainty 
in density. Linear regression of the four points in Figure 4 
results in a slope of 0.7, which is equal to the water reaction 
order. 

The analysis in Figure 4 is based on the assumption that the 
pressure had no effect on the reaction rate constant and that 
the only effect of pressure was to change the water density. 
Note, however, that transition state theory indicates that rate 
constants for elementary reaction steps can be pressure-de- 
pendent. The variation of the rate constant with pressure is 
given by: 

-AV$ (!%) (7) 

where A V$ is the activation volume. This parameter represents 
the difference in the partial molar volumes of the activated 
complex and the reactants. 

Undoubtedly, a large number of individual elementary re- 
action steps contribute to the overall reaction for phenol ox- 
idation in SCW. Thus, the global rate constant may possess a 
pressure dependence, and a value for a global activation vol- 
ume could be determined (Thornton, 1991). Note, however, 
that it would be difficult to attach any theoretical or mechan- 
istic significance to the value of the global activation volume, 
because numerous elementary steps contribute to the overall 
reaction. Therefore, in the kinetics analysis presented here, we 
will neglect potential pressure effects on the global rate con- 
stant and rather consider the only effect of pressure to be its 
influence on the water density. 

Effect of temperature 
Having determined the reaction orders for a global rate law 

for phenol disappearance at 380°C and pressures of 188, 218, 
233 and 278 atm, we next sought to determine the Arrhenius 
parameters. Thus, we conducted additional experiments at 300, 
340,400 and 420°C and 278 atm, and at 400°C and 248 atm. 
Within this range of conditions, water exists in a liquid-like 
(T, < 1, P, > l),  a vapor-like (T, > 1, P, < l), and a 
supercritical fluid phase (T, > 1, P, > l), but because we used 
relatively dilute concentrations of oxygen and phenol, a single 
phase was always present in the reactor. We determined the 
values of the reaction rate constants at each temperature and 
pressure, and these rate constants are displayed on the Ar- 
rhenius plot of Figure 5 .  Each point on this plot corresponds 
to a rate constant determined from a set of experiments con- 
ducted at the same temperature and pressure. Linear regression 
of the data in Figure 5 leads to an activation energy of 12.4 
kcal/mol. 

This value for E, is in the same range as those previously 
reported from studies of wet oxidation and supercritical water 
oxidation of phenol. Pruden and coworkers (1973, 1976), for 
instance, oxidized phenol at temperatures between 200 and 
250°C and pressures from 55 to 150 atm. They reported an 
activation energy of 10.8 kcal/mol for phenol oxidation. Hell- 
ing et al. (1981) also oxidized phenol under wet-air oxidation 
conditions, but they found the activation energy to be 4.9 kcal/ 
mol. Finally, Wightman (1981) oxidized phenol under SCW 
oxidation conditions, and he reported an activation energy of 
15.2 kcal/mol for phenol destruction. 
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Figure 5. Arrhenius plot for phenol oxidation. 

Summary 
The kinetics analysis presented in this work has led to a 

global rate expression that describes the disappearance of 
phenol during SCW oxidation. This rate law is given as: 

Rate = k [ P h e n ~ l ] ' ~ ~ [ O ~ ] ~ ~ [ H ~ O ] ~ . ~  (8) 

The rate constant is taken to be pressure invariant and a 
function of temperature only with Arrhenius parameters of 
A = 303 M - 1 - 2 . s - '  and E, = 12.4 kcal/mol. Figure 6, which 
compares the experimental phenol conversions with the con- 
versions calculated from Eq. 2 using the rate law of Eq. 8, 
demonstrates that this rate law provides a good correlation of 
the experimental data. 

Equation 8 describes the kinetics of phenol disappearance 
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Figure 6. Comparison of experimental and calculated 
phenol conversions. 
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at temperatures between 300 and 420°C and pressures between 
188 and 278 atm, a wide range of conditions under which water 
can exist in a liquid-like, vapor-like or supercritical fluid phase. 
Thus, the rate expression can estimate the oxidation kinetics 
for fluid phases with different densities. The correlation is 
limited, however, to conditions where a single phase is present 
in the reactor, a condition that was met in all of the experi- 
mental work reported here. 

Implications to Commercial Processes 
To ensure the most favorable economics for the SCW ox- 

idation process, it is desirable to achieve high destruction and 
removal efficiencies (DRE) using the minimum reactor volume 
(or shortest residence time) because the reactor can account 
for a significant fraction (50010) of the total equipment cost 
(Eckert et al., 1990). The rate expression for phenol destruction 
reported in the previous section then has implications to SCW 
oxidation processes, because it can be used to explore the 
effects of temperature and pressure on the residence times 
required to achieve a desired DRE. We will, of course, limit 
this exploration to the range of temperatures (300-420°C) and 
pressures (1 88-278 atm) investigated experimentally. We will 
use 99.99% as the desired DRE in the analysis that follows, 
because among the many regulations and standards that apply 
to the thermal treatment of hazardous waste, a 99.99% DRE 
for each principal organic hazardous constituent (POHC) pres- 
ent in the waste stream is frequently cited (US EPA, 1986). 
Additionally, we will consider a single-phase feed stream that 
contains 1,000 ppm phenol and 200% excess oxygen. 

Figure 7, which displays the results of the analysis, shows 
the residence times required for a 99.99% DRE of phenol as 
a function of temperature at two different pressures. Minima 
are clearly present for each of the pressures. At 188 atm, for 
example, a temperature of 360°C results in a minimum resi- 
dence time of 147 s. Increasing the temperature just 10 degrees 
beyond 360"C, however, leads to a dramatic increase in the 
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Figure 7. Effects of temperature and pressure on resi- 
dence times required for 99.99% DRE of 
phenol. 

required residence time to 746 s. Further increases in temper- 
ature cause the required residence time to decrease. This type 
of effect of temperature was observed in the experimental work 
(Thornton, 1991). 

The existence of these minima and of a region where the 
residence time increases as the temperature increases are at- 
tributable to the competing effects of temperature on the re- 
action rate constant and on the reactant concentrations. 
Increasing the temperature increases the reaction rate constant 
exponentially, but it also decreases the reaction density and 
hence the concentrations of the reactants. Throughout most 
of the parameter space, the rate constant increases more rapidly 
than the density decreases, so the required residence times 
decrease. Near the critical point of water (T,  = 374"C, P, = 
218 atm), however, the density decrease overwhelms the rate 
constant increase so the required residence time increases. This 
increase is less dramatic at 278 atm than it is at 188 atm because 
the effect of temperature on the reaction density is less pro- 
nounced at this higher pressure. At temperatures well above 
the critical temperature, the residence times again begin to 
decrease as the temperature increases. Thus, the key impli- 
cation of these results to applications of SCW oxidation tech- 
nology is that short residence times can achieve high DREs 
even below the critical point of water because the reaction 
density is high. Much higher temperatures would be required 
to compensate for the lower densities at supercritical condi- 
tions. 

Keep in mind that the results in Figure 7 are for the specific 
case of the oxidation of a relatively dilute stream of phenol in 
SCW. Results for other streams in which two or more phases 
may be present at subcritical conditions may be different be- 
cause of the potential significance of interphase transport lim- 
itations on the oxidation kinetics. Note also that this section 
considered only the effects of temperature and pressure on the 
DRE of the POHC. Other issues (such as corrosion, formation 
of partial oxidation products, and formation of potentially 
hazardous products) would also have to be considered in the 
design and optimization of a commercial SCW oxidation proc- 
ess. 
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Notation 
A = Arrhenius pre-exponential factor 
a = reaction order for phenol 
b = reaction order for oxygen 
c reaction order for water 

E, = activation energy 
k = global reaction rate constant 

k' = rate constant defined as k,,, [H,O]' 
k, = mole-fraction-based reaction rate constant 
M = moles per liter 
P = pressure 

P, = critical pressure 
P, = reduced pressure 
R = gas constant 
T = temperature 
T, = critical temperature 
T, = reduced temperature 
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