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Abstract

Wet air oxidation (WAQ) and supercritical water oxidation (SCWO) processes have been studied by numerous researchers, proving the
effectiveness to treat a wide variety of wastes and presenting the kinetics involved in each case. As a result, a substantial amount of kine
information describing organic reactions in those environments has been accumulated. In most cases, predictions from kinetics mod
obtained below and above the critical point of water are completely different. Furthermore, predictions from kinetic expressions obtaine
in the same range of operating conditions vary considerably.

Phenol is a model pollutant that has been the subject of numerous studies both in subcritical and supercritical conditions. In this work, bo
batch and continuous flow reactors have been used to compare the kinetics obtained for phenol oxidation at subcritical and superecritic
conditions. Moreover, most of the rate expressions available in the literature have been compared in order to find the reasons for tl
discrepancies found. © 2001 Elsevier Science B.V. All rights reserved.

Keywords:Wet air oxidation; Supercritical water oxidation; Phenol and kinetics

1. Introduction environment, resulting in some cases a lack of agreement in
the parameters obtained for a given organic, i.e. phenol [7].
Hydrothermal oxidation processes have been widely SCWO is a promising emerging technology, not yet com-
studied and applied to an extensive variety of wastewaters.mercially established, useful to eliminate a wide range of
Agueous oxidation at high pressure and temperature canproblematic wastes from a broad variety of chemical indus-
be operated at conditions below or above the vapour—liquid tries. In this way, since the inception of the SCWO process
critical point of water (374.2C and 22.1 MPa). The former, [8], several researchers have proved its effectiveness and
known as wet air oxidation (WAO), is typically operated at have studied the reaction kinetics involved. As a result, a
temperatures and pressures ranging from 200 t6@G2Md substantial amount of kinetic information describing organic
from 2 to 20 MPa, respectively [1]. The latter, often referred reactions in this environment has been accumulated.
to as super critical water oxidation (SCWO), is carried out  Phenol and substituted phenols are commonly present in
at pressures and temperatures above the critical point forindustrial wastewaters, even in concentrations of 15,000 ppm
pure water, usually ranging from 400 to 6&Dand from [9], and are priority pollutants as they are extremely toxic,
25 to 35 MPa, respectively [2]. even in the parts per billion range [10]. For those reasons,
WAO was first developed and applied as a commer- phenol has been the subject of numerous studies both in sub-
cial process by Zimmerman [3,4]. Nowadays, WAO is a critical and supercritical conditions. Current state of knowl-
well-established technique of importance for wastewater edge has been condensed in Table 1. As can be seen, there is
treatment, especially when these are too dilute to incine- a considerable variation in the kinetic parameters obtained.
rate and too toxic to biotreat [5,6]. Since 1960, numerous However, it is important to point out that variation in global
researchers have studied the kinetics involved in the WAQ reaction orders can be expected when the reaction conditions
change. Moreover, Arrhenius parameters are very sensitive
to the reaction orders, experimentally obtained or assumed,
"+ Corresponding author. Tek+34-956-016378; fax+34-056-016411. 1N the rate law. For those reasons, since different authors
E-mail address: enrique.martinezdelaossa@uca.es (E. Mext de la have studied a different set of conditions, published kinetic
Ossa). for the same organic may be different.
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Nomenclature

A pre-exponential factor in Arrhenius
equation (#t0Tc—Imol-a—b-c/s)

[O2] concentration of oxygen (mol/l)

[Phenol] concentration of phenol (mol/l)

[H20] concentration of water (mol/l)

Ea activation energy (J/mol, unless stated
as kJ/mol)

K pseudo-first-order kinetic constant (I/s)

a reaction order with respect to phenol

b reaction order with respect to oxygen

c reaction order with respect to water

R gas constant (J/mol K)

T temperature (K, unless stated &)

t reaction time (s)

f induction time (s)

T reactor residence time (s)

X conversion (%)

TOC total organic carbon (mg/l)

Subscript

0 initial value

Table 1

Nevertheless, different global rate laws should predict
similar results (reaction rates or conversions) for a given set
of conditions, at least in the range where those studies were
carried out. We have found that global rate expressions are
often mainly suitable to describe those experiments that
were carried out to obtain the kinetic parameters, appearing
a lack of reproducibility from one study to another. There are
many aspects like non-isothermal operation, different geom-
etry and material of the reactor, operating procedures, dif-
ferent set of conditions, mathematical treatment of the data,
etc., that can lead to a disagreement in model predictions
[11].

Those variations in model predictions become even more
complex when comparing subcritical and supercritical re-
sults. Should the same kinetics be applicable when the
critical point of water is crossed? In order to clarify that
guestion, phenol has been chosen as a model pollutant
in this work, comparing both subcritical and supercritical
kinetics in both batch and continuous flow reactors.

In a previous work, we studied the oxidation of phenol
in the subcritical range [7]. In this work, a continuous flow
reactor has been used to obtain experimental data at super-
critical conditions, and to compare our results with those
that appear in the literature.

Kinetic data in the literature for non-catalytic aqueous oxidation of phenol. Paraneeterg, A and E; correspond to Eq. (3).

Phenol concen- Temperature Pressure Oxygen  Oxygen Reactor a b ¢ A(lotbre-l Ea (kJ/mol) Reference

tration (mg/1) range (C) (MPap Source Excess (%) Type moll—e—b—c/s)

WAO
1400-8900 180-210 0.5-35 () 20 NA batch 1 1 0 18% 107 [34]
NA 90-180 NA Q NA NA 1 05 0 NA 175 [33]
1400-3000 200-250 5.5-15 Air NA flow 1 1 0 4% 45 [25]
2500-10000  185-230 10.4-15.6 ()20 NA NA 1 01 0 NA 20 [38]
5000 204-260 2-25 (% [3) NA batch 1 NA O NA 33 [5]
10-100 175-220 9.3 (9 [9) NA NA 1 0 0 104 93 [30]
1000 140-180 2.6-5 0 NA NA 1 1 0 1% 56.6 [31]
140-154 130-200 13.8 Air NA NA 1 05 0 5 112 [35]
200 150-195 0.3-1.0 0 NA NA 1 05 0 169 93 [36]
200 150-180 03-11() O NA batch 1 1 0 1686 50 [32]
1000 170-230 2.9-3.9 O NA NA 1 1 0 1035 113.3 [29]
940 145-210 2-4.5 Air NA batch 1 1 0 % 92 [11]
340-1390 150-300 10-20 Air 750-1500  batch 1 0 0 15%0 34 71

SCWO
100-400 284-429 29-34 20 NA flow 1 1 0 104 63.8 [37]
3-37 420-480 27 9] >200 flow 0.85 0.5 0.42 #3* 51.8 [28]
3-37 420-480 27 9] 50-400 flow 1.09 1.23-0.05 1347 176.4 [27p
500-1000 380-450 23-26.5 28, 50-1000  flow 1 04 ¢ 10869 124.7 [21]
828 380-440 19-27 O 0-1750 batch 1 < 1.38 1¢% 99.6 [24]
0.5-12.2 370-430 25.6-33.7 ,0 200-900  flow 1 0.48-0.45 134 50.4 [23]
50-593 400-500 25 0 100-475  flow 1 0 0 1b® 39.2 This Work

aTotal pressure, unless marked with (“) for oxygen partial pressure.
bbased on an elementary reaction model.
¢Langmuir-type equation with the ratio of oxygen to phenol concentration was adopted.
dan equation considering reaction molar volume is included in the rate law.
NA not available.
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2. Experimental apparatus and procedure used for the oxidant feed stream: (1) by flowing through
3m coiled 1/8in. o.d. tubing electrically heated and (2) by
Oxidation reactions were accomplished in both batch and flowing through 5m of coiled 1/8in. o.d. tubing submerged
flow reactors. The batch reactor, only used in the subcritical in a fluidised sand bath (Techne Model SBL-2). Based on
range, was a 316 stainless steel 300 ml autoclave manufacthe studies of Croiset et al. [12], it has been evidenced
tured by Autoclave Engineers, fitted with a variable speed that H,O, completely decomposed in the preheaters even
‘Magnedrive’ stirrer and an electric furnace. The reactor was in those experiments carried out at high flow rate and low
initially charged with 100 ml of deionised water, pressurised temperature. Organic feed stream was preheated by flow-
with air and heated until desired reaction conditions. Aque- ing through 3m coiled 1/8in. o.d. tubing submerged in the
ous solutions of phenol were then injected into the reactor to fluidised sand bath.
start the oxidation process. Liquid samples were withdrawn  After preheating, the two lines were mixed at the reactor
periodically and analysed in order to follow the oxidation entrance. Thermocouples were installed at the joint between
progress. More specific details of the equipment and experi- the two coil sections, at the reactor inlet and outlet. Typically,
mental procedures are well described in a previous work [7]. the difference between the upstream and downstream fluid
The flow reactor operated both at sub- and super-critical temperatures wag3°C, and always<+5°C. The average of
conditions. Fig. 1 shows a schematic diagram of the these twotemperatures was used as the reaction temperature.
laboratory-scale, continuous flow reactor system. All wetted Upon exiting the reactor, the effluent was cooled rapidly in
parts, from the pumps to the back-pressure regulator, werea counter current heat exchanger and afterwards, the system
made of stainless steel 316. The reactor was constructedoressure was reduced by using a back-pressure regulator. The
from a 2.5m length of 1/4in. o.d. tubing. The oxidant product stream was then separated into liquid and vapour
feed stream was prepared by dissolving hydrogen perox-phases.
ide into deionised water in one feed tank. Another feed To start an experiment, both the organic and oxidant feed
tank was loaded with an aqueous solution of phenol. The pumps were started using distilled and deionised (DDI) wa-
two feed streams were pressurised in two different lines ter as feed. The fluidised sand bath was then heated up to the
by two high-pressure metering pumps and then separatelydesired temperature. After the pump flow rates, reactor pres-
preheated. In order to assure that afiQ] is decomposed  sure and temperature stabilised, the feed pump inlets were
to give HLO and Q, two in series preheating systems were switched to the feed solutions. In the hydrolysis/pyrolysis

' Oxidant Tank
Feed Tank (H,0,)
(Phenol Solution)
Check Valves High Pressure Pump Buble Flow Meter
e
T~
Pressure Oxidant|— Pressure Gas
! D Gauge Pressure Sampler
Gauge L »

=

®

Feed Preheater 1 fooling Water Cooling WateI' Gas-Liquid
L Separator
Filter Back
Pressure
Regulator
Sand Bath Coiled Reactor 9 Liquid
Oxidant line
Feed Preheater Preheater 2
-------- @ Temperature
Compressed Controller
Air

Fig. 1. Schematic diagram of the continuous-flow reactor system.
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experiments, the oxidant tank contained only DDI water 4.1. Reaction kinetics obtained in the subcritical range
and was purged with N Typically, the reactor system was

allowed to stabilise for about 15 min after that switch. Flow  From the experiments carried out in a batch reactor in our
rates for the oxidant and organic feed streams ranged fromprevious work [7], a kinetic equation was put forward for
10 to 30 ml/min and from 4 to 9 ml/min, respectively. The phenol wet air oxidation, covering the range of temperatures
flow rates were measured repeatedly using graduated vesselgl50-300C) and pressures (10-20 MPa). At those tempe-
and a stopwatch until a steady-state condition was reachedratures, the presence of an induction period, in which there
The duration of each flow measurement was typically about is very little or no measurable change in phenol concentra-
2min. The accuracy of the volumetric flow measurement tion, is well established. In this way, the kinetic equation
was within £2%. Pressure was fixed at 25 0.3 MPa. has a term for the induction period and another one for the
Temperatures ranged from 300 to 500 Reactor residence  oxidation phase. The oxidation term was found only tem-
times were calculated from the density of water at the ex- perature dependent but the induction term is pressure and
perimental conditions, reactor volume, and the total feed temperature dependent.

flow rate. The integrated form of the proposed pseudo-first-order
kinetic equation was
[Phenol]
3. Materials and analytical methods nm =k'(t—n) (1)

Phenol (Panreac, 99% pure) and hydrogen peroxide (Panfi‘nOI
reac, 30% w/v aqueous solution) were used. Dilutions of Eq
these feed stocks solutions for preparing feed solutions of " = A exp(—ﬁ_) )
required concentrations were made using DDI water.

A Perkin-Elmer (Autosystem) gas chromatograph equip- Where [Phenol] is phenol concentration (subscript ‘o’ de-
ped with a Flame lonisation Detector was used to analyse hotes ‘initial’), t andt, are reaction time and induction time
the phenol content. A 30m length and 0.25mm diameter (S), respectivelyk’ the pseudo-first-order rate constaAt,
capillary column Nukol (SUPELCO) was used, keeping the the pre-exponential factor (found as.88& 11.6/s), E, the
furnace temperature at 18D for phenol determination. activation energy (found as 34,46®900 J/mol) R the uni-

A five level calibration method (from 10 to 2000 ppm) Versal gas constant (8.314 J/mol K), ahi the temperature
with external standard was used to calibrate the phenol ana{(K).
lysis method, obtaining a correlation coefficient of 0.999. As can be seen in Fig. 2, the predicted curve from the

Gas samples were analysed on a Konik 2000 gas chro-batch model agrees with the experimental data obtained in
matograph with a Thermal Condutivity Detector and a 2m this work by using the continuous flow reactor and with
Carbosieves Il (SUPELCO) packed column. A temperature those data published by other researchers [14-17], within
ramp from 55 to 150C (at 30C/min) was used to separate the range of WAO operating conditions.
the @ from CQO,, and other possible gases (CO, NOThe
system was calibrated with a standard gas mixture contain-4.2. Reaction kinetics obtained in the supercritical range
ing Hz, N2, CO, and CH,.

Total organic carbon (TOC) contents of liquid samples  Experimental conditions, initial values of phenol and oxy-
were monitored. The analysis was performed according to gen concentrations, and phenol and TOC conversions of each
Standard Method 5310C [13] and using a TOC analyzer experiment are presented in Table 2. Phenol and TOC con-
Shimadzu, Model 5050. Multiple injections were made for centrations at the reactor inlet were calculated from the feed
all samples to establish the reproducibility of the results.  stock concentrations and pump flow rates.

The global rate for phenol destruction may be expressed
as

4. Results and discussion rate:d[sznOI]z Xp(—%_) (Phenolf [02]” [Ho0]°

In agreement with the literature, none of the pyrolysis/ 3)
hydrolysis experiments showed any degradation of phenol
in the conditions studied, so in oxygen absence, phenolwherea, b, andc are the reaction orders of phenol, oxy-
is not thermally destroyed. Therefore, in the oxidation gen, and water, respectively. The reaction rate coefficient is
experiments, there is no other competing reaction. In all expressed in Arrhenius form.
cases, oxygen was always in great excess in compari- EQq. (3) considers that water can actively participate in the
son to the stoichiometric oxygen concentration needed reactions implied and it is not merely an inert medium for
to the complete phenol oxidation to carbon dioxide and oxidation reactions, as was found by Helling and Tester [19]
water. and Rofer and Streit [20]. On the other hand, some authors
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o

Phenol 0,8 +
Conversion
0,6 +
— WAO Model [7]
0,4 + = o Batch results [7]
o Flow results [This Work]
0.2 + o Flow results [14-17]
0 + : t : t ; - ;
0 1 2 3 4 5 6

Reaction time (minutes)

Fig. 2. Comparison between predicted curve from WAO of phenol [7] and experimental date®@t 300 from batch reactor [7];[(J) from flow reactor
(this work) and @) from flow reactor in the literature [14-17].

Table 2

Summary of phenol oxidation experiments conducted in the flow reactor

T (°C) Reaction time (s) @excess (%) [Phenol] (mgf) Xpheno! (%) Final TOC (mg/l) Xroc (%)
300 24.6 74 593 15.7 b b
300 41.8 11 346 37.7 b b
300 67.7 172 565 82.9 350.2 39.7
380 14 40 400 26.4 b b
380 15.7 155 220 27.4 592.4 0
380 16.6 207 199 24.6 335.2 0
380 18.4 76 245 20.5 b b
380 22.4 159 221 40.9 567.2 0
380 22,5 190 201 32.2 323.2 6.9
380 35.7 193 200 59.5 278.7 18.1
380 38.3 153 345 82.3 383.0 34.7
380 49.4 204 199 82.7 215.7 36.4
400 8.4 96 86 15.8 381.5 1.6
400 9.6 258 88 22.7 361.4 5.9
400 11.1 147 82 24.1 b b
400 13.1 153 81 25.3 343.8 6.6
400 18.0 173 80 27.4 340.6 6.7
400 18.8 223 96 28.7 372.9 10.6
420 4.0 98 70 13.0 b b
420 6.0 141 33 14.2 b b
420 8.0 240 90 16.7 450 0
420 11.3 183 92 17.2 b b
425 13.0 327 91 25.5 536.3 1.7
420 13.2 315 79 19.0 448.7 3.2
420 21.1 240 92 25.1 514.7 4.7
425 23.4 257 103 31.5 613 1.4
450 7.0 335 63 23.2 386 1.7
450 11.6 473 60 34.4 321 14.4
450 16.5 476 60 43.2 301.5 19.0
475 5.8 415 61 13.8 478 0
475 10.3 341 68 35.6 480 9.9
475 16.5 318 71 46.2 410 26
500 5.3 465 50 17.9 452.3 8.6
500 9.5 395 56 37.6 4243 22.4
500 14.9 300 67 52.9 379.7 34.7

2|nitial phenol concentration at operating conditions.
b Not available.
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have assumed that water does not participate appreciably irunder 40 and 15%, respectively).

the oxidation reaction [21,37], in agreement with the latest

findings of Gopalan and Savage [22]. Furthermore, negative rate— 10726+222 gy <_ 55200+ 16900)

orders for water can also be found in the literature [23]. As RT

aresult, it can be concluded that the dependence on1@e H [Pheno)?95t041 [0,] ~0.03+0.26 (5)
concentration is not yet understood. The possible effects of

solvent on reaction rate has been extensively explained by Even though kinetic parameters obtained by multiple lin-
Koo et al. [24], concluding that it cannot be explained by €ar regression seem to be valid qualitatively, there is a big
phase behaviour, solvation, electrostatic or transition stateuncertainty associated with them, and Eq. (5) will not be
theory. Water seems to participate in the reaction as a reacused to describe the kinetics involved.

tant via a multi-step reaction mechanism. Since the reaction Since the overall reaction appears to be approximately
medium always consisted of more than 99% of water, we first-order, pseudo-first-order model have been performed.
consider that its impact on the phenol disappearance rate, ifAn Arrhenius plot for pseudo-first-order constants is shown
any, may be hidden. In other words, our set of experiments in Flg 3, and kinetic parameters obtained are presented in
were not designed to evaluate the effect of water concentra-Ed. (6).

tion. In this way, we considered zero the reaction order for

water. rate= 101'34i°'77exp(—w> [Pheno]  (6)
In order to determine the global kinetic parameters for RT

phenol oxidation in supercritical water, Eq. (3) has been  Similarly, as shown in Fig. 4, the predicted phenol con-

expressed as follows: versions compares favourably with the experimental data.

Only two data displayed a considerable discrepancy in phe-

In(rate) = In <_W) nol conversions. However, subtracting these data from the

dt regression did not show a significant effect on the modelling

. Ea results. In this way, Eq. (6) is a simple and valid expression
=lna- RT +aln[Phend] +5In{C,] “) to represent our experimental data.

A multiple linear regression (sum of squared differences o .
method) of experimental data to Eq. (4) was performed. 4.3. Kinetic comparison
Experimental values of rate of phenol destruction must be ) ) )
estimated before performing the regression. That estimation !N order to compare all rate law expressions available in
was made in two steps. (1) The evolution of the normalised the literature, Egs. (7) and (8) have been used to calculate
phenol concentration ([Phenol]/[Phengljversus reaction ~ the conversion predicted by different authors.
time was fitted by an exponential function. (2) Experimental
rate values were estimate by derivation of the expressionsX =1 — (1 -—1-a)A eXp<R—f1|_)
obtained in the first step. Table 3 shows fitted expressions
used to estimate experimental rate values.

Estimated kinetic parameters from multiple linear regres-
sion are given in Eqg. (5). As can be seen, phenol order was
found close to the unity, in agreement with the literature. E
No dependence of oxygen concentration was found, which X =1 — exp(—A exp(——a> r[Og]g [H20]6> ,
does not agree with those obtained in the literature (around RT
0.3-0.5) but makes sense due to the great oxygen excess [0 =1 (8)

present in all experiments (usually oxygen to phenol molar |, herex is the conversion of phenol, andthe reactor resi-
ratio >21, being, in most cases, phenol and TOC CONVErsIoNgance time. The concentration subscript O represents values

at the reactor entrance.
Egs. (7) and (8) are obtained by integration of the

1/(1-a)
r[PhenoIB_l[Oz]g[HZO]g> , fora#£1 (7)

Table 3 plug-flow reactor design equation using the global rate
Fitted expressions for normalised phenol concentration ([Phenol)/ law presented in Eq. (3) and the definition of conversion.
[Phenol}) vs. reaction time at different temperatures The oxygen and water concentrations are assumed constant
Temperature °C) Fitted equation for r? throughout the reaction.

[Phenol)/[Phenol vs. t All kinetic comparisons have been made by using re-
400 exp(0.0195) 0.96 ported kinetic parameters shown in Table 1 and a fixed set
420 exp-0.0241) 0.94 of operating conditions. In other words, for a given tempera-
450 exp-0.0353) 0.99 ture, pressure and phenol, oxygen and water concentrations,
475 exp(-0.0379) 0.98

Egs. (7) or (8) have been used to calculate predicted conver-

500 exp(-0.0492 0.99 . X
pe ) sions (calculated from the rate laws) from different authors.
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Fig. 3. Arrhenius plot for SCWO of phenol (pseudo-first-order model).

This type of comparison is valid, provided the oxygen con- 4.3.1. Subcritical region
centration can be considered constant, since Eqgs. (7) and (8) Generally, a great disagreement have been found among
are based on that assumption. Another test of consistencythe predictions made by different authors. Within the range
for different studies is to calculate predicted reaction rates of operating conditions typically used for WAO of phenol,
by Eq. (3), where there is no requirement for oxygen excess.different results have been obtained. (1) Considering an
So, in those cases where no oxygen excess is considerednitial phenol concentration of 500 mg/I, stoichiometric oxy-
Eq. (3) has been used to compare reaction rates predictedjen concentration and a temperature of°X80t is possible
by different authors. to find some agreement among reported rate laws. Fig. 5
Three different comparisons have been made in this work: shows the results obtained by using Eq. (3). (2) However,
(a) different studies in the subcritical region; (b) differ- if we consider an initial phenol concentration of 800 mg/l,
ent studies in the supercritical region and (c) differences three times the stoichiometric oxygen concentration and a

between subcritical and supercritical kinetics. temperature of 20, there is a great disagreement among
60
50 | o
9 o
5 40 + o o
[ (¢]
% o
30 (o) o
8 &2
% 20 | 0o 2 o
Y &
o.
10 | o
0 t t t t +
] 10 20 30 40 50 60

Experimental Conversion (%)

Fig. 4. Predicted vs. experimental conversions for phenol oxidation.
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Wilms etal, 1987 Auden &Le, 1876 Kolaczkow skiet Harris etal, 1883  Joglekar etal, Portela et al, 1997 Jaulin & Chornet, Mundale e al, Shivaevaetal., Changetal, 1895
38 125 al, 1997[11] 3o 1991 [32) m 1987 [31] 1991 [36] 1968 [34] 129

Author

Fig. 5. Predicted reaction rates from different WAO studies by using Eq. (3) and phenol concentration 500 mg/l, stoichometric oxygen and aetemperatur
of 180°C.

different studies. Fig. 6 shows different predicted conver- rate constants. (a) Global rate constants can change accord-
sions calculated by using Eg. (8). As can be seen, differenting to the mechanism of phenol destruction; therefore, de-
kinetic coefficients present in Table 1 can lead to an agree-pending on the reaction conditions, the relative contribution
ment or disagreement among different authors if operating of each of all elemental reactions among a number of differ-
conditions change slightly. ent species (e.g. oxygen, hydroxyl radical, etc.) can change.
As Kolaczkowski et al. [11] stated, the differences among (b) For WAO operation conditions, saturated oxygen con-
rate laws reported for WAO of phenol can be the result of centration varies considerably with both partial pressure and
some aspects of difficulty in the estimation of global WAO temperature. (¢) Geometry and nature of the reactor may
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Fig. 6. Predicted conversions from different WAO studies by using Eq. (8) and phenol concentration 800 mg/l, three times stoichiometric oxygen and :
temperature of 20CC.
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play a role in the oxidation rate, since phenol oxidation is 4.3.2. Supercritical region
assumed to follow a radical mechanism. (d) The repartioning  In this case, better agreement have been found among the
of volatile species between the vapour and liquid phases canpredictions made by different authors. However, within the
lead to errors in the results (however, this effect is minimal in range of operating conditions typically used for SCWO of
the case of phenol due to its low volatility). (e) Other sources phenol, two different situations can be observed. (1) Consi-
of errors are unpredictable (sampling procedures, impurities, dering an initial phenol concentration of 50 mg/l, three times
mathematical treatment, etc.). As an example, Tufano [18] stoichiometric oxygen concentration and a temperature of
reanalysed the data of Thornton and Savage [14] and found400°C, it is possible to find a very good agreement among
a quite lower value for the activation energy (12 kJ/mol), five different studies. Fig. 7 shows the results obtained by
although the partial orders were found only slightly different. using Eqgs. (7) or (8). (2) However, if we consider an initial

It is important to point out that even though variations in  phenol concentration of 100 mg/I, two times the stoichiomet-
E, are important, no value between 63 and 92 kJ/mol have ric oxygen concentration and a temperature of°42Qahere
been reported. Moreover, pre-exponential factors found by is a considerable disagreement among different rate laws.
different authors vary extremely contributing to the varia- Fig. 8 shows different predicted conversions calculated by
tions observed in Fig. 6. The existence of two groups of using Egs. (7) or (8).
Ea values, namely, 20-63 and 92-124 kJ/mol, suggests two Itis important to point out that power-law rate expressions
different behaviours for phenol oxidation under hydrother- can be only considered as equations that describe the general
mal conditions. Pruden and Le [25] proposed that shorter trend of experimental data, but they do not describe at all
activation energies could be characteristic of total oxidation any detail of the complex oxidation chemistry. In this way,
to carbon dioxide and water, while the greatest values arethe activation energy obtained is not the intrinsic one and
probably the result of polymerisation reactions under con- it can only be considered as a parameter that predicts the
ditions near the stoichiometric ratio of oxygen/phenol and temperature dependence of the phenol disappearance rate
under conditions of phenol excess. As Devlin and Harris in the range studied. Furthermore, global reaction orders
proposed [26], the mechanism of the oxidation of aqueous obtained are only suitable for the reaction conditions used
phenol with dissolved oxygen varies as the ratio of phe- in the kinetic study. Moreover, kinetic parameters obtained
nol/oxygen goes from excess oxygen to excess phenol. Sofrom power-rate law expressions have a bit of uncertainty
under conditions of oxygen excess, intermediate ring com- associated with them, and must be used with caution.
pounds, dihydric phenols and quinones were not observed. Within all fitting parameters in a power rate law, the
These explanations agree with the activation energy result-reaction orders have a critical importance, so the set of con-
ing from our experiments (around 30—40 kJ/mol), where no ditions selected in the kinetic study will limit the use of the

experiment was carried out under oxygen defect. expression obtained. In other words, if a set of experiments
100
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is carried out without oxygen excess, the resulting reaction by empty circles). In that range, due to the proximity of
order respect to oxygen (b) will be approximately 1. On the the critical point, water properties differ from the subcriti-
other hand, if a great oxygen excess is used, reaction brder cal and the supercritical range and are very sensible to small
will be nearly zero. Different experiments in both situations changes in the operation conditions, leading to a great scat-
will be probably well described if its appropriate reaction ter in experimental data. However, those experiments car-
order is used in the rate law expression. However, if the ried out at temperatures in the range 400-=488nd oxygen
kinetic study includes all oxygen concentrations, from defect excess (represented by filled circles) are better described by
to oxygen excess, probably the resulting reaction order for the rate law expression proposed in this work.
oxygen will be around 0.5 and the power law rate expression Similar tests of consistency have been tested by using
will not predict adequately those experiments with oxygen other reported rate laws expressions for SCWO of phenol.
concentrations in the extremes of the range used. As can be seen in Fig. 9b, a parity plot for experimental
As a result, it is obvious that the usefulness of a power rate conversions from University of Michigan and predicted con-
law expression is very limited, even in the range where it was versions from their own power rate law expression [28] lead
obtained. As an example, the rate law expression proposedo a good agreement. However, the use of other rate law ex-
in this work will only describe the SCWO of phenol under pressions lead to a general over-prediction of experimental
oxygen excess and its use in any other range will probably conversions, as shown in Fig. 9c, d and e.
lead to a disagreement with experimental observations. On the other hand, rate laws from different authors have
As a test of consistency, the rate law proposed in this been used to predict the results of our own experiments.
work from SCWO of phenol (Eg. (6)) has been used to pre- Again, a great disagreement has been found, resulting the
dict the results from the literature. Fig. 9a shows a com- best agreement when the rate law from Gopalan and Savage
parison between experimental data from the studies carried[28] is used. Fig. 10 shows this parity plot.
out in a continuous flow reactor at the University of Michi-
gan [14-17,28] and predicted conversions by our model. We 4.3.3. Differences between subcritical and supercritical
have chosen the data from the University of Michigan group kinetics
because of their thorough work on the kinetics of phenol ox-  Subcritical and supercritical water oxidation of phenol
idation in supercritical water and also because they publish can be considered, to a certain extent, as the same process.
all raw data needed. In both cases, water, oxygen and phenol are the chemicals
As can be seen in Fig. 9a, our model predictions gener- present, and a free radical mechanism is accepted. The main
ally underestimate the experimental data, mainly for high difference is the existence of two phases in the subcriti-
conversions. Most of the data in disagreement correspondcal range and only one phase at supercritical conditions.
to experiments in near critical region (38D) (represented  However, if operating conditions in the subcritical range
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Fig. 9. Comparison between experimental conversions from different studies at the University of Michigan [14-17,28] and predicted conversions by
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are selected in order to eliminate mass transfer limitations, range of operating conditions. Reported kinetic parameters
that difference becomes minimal. Furthermore, the effect of (Table 1) for subcritical and supercritical water oxidation of
pressure itself can be considered insignificant in the rangesphenol have been compared each other by using Eq. (3). We
typically used [24]. have found that whatever the phenol, oxygen and water con-
If the reasoning outlined above can be considered valid, centrations used, predicted reaction rates from WAO studies
the same kinetic model should be applicable in the whole are always in disagreement with those predicted by SCWO
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100 Global rate laws obtained in WAO and SCWO environ-
ments are mainly useful for the operating conditions where
they were obtained, and many times only applicable to the
reactor system in which experimental data were obtained.
o At near critical operating conditions, experimental data are
° scattered and difficult to predict from WAO or SCWO rate
o law expressions. Furthermore, predicted reaction rates from
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