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Kinetic modeling of solid-catalyzed deep oxidation of pollutants
in water is crucial to the design and scale-up of wastewater wet
oxidation treatment. Due to their simplicity, the overall kinetics
using power-law rates are often unable to capture the important
features in such oxidation systems. However, detailed mechanis-
tic approaches aimed at establishing complex reaction networks
where several species and intermediates need to be identified be-
come quickly cumbersome and costly. Lumped kinetic approaches
offer a balanced trade-off between sophistication and simplicity.
A versatile “three-lump” triangular kinetic model was proposed
for the description of solid-catalyzed wet oxidation of various pol-
lutants in wastewater effluents. The model is an offshoot of the
well-known “generalized lumped kinetic model” introduced for
homogeneous wet oxidation. This model was extended, using the
Langmuir–Hinshelwood–Hougen–Watson framework, to describe
the evolution of heterogeneous catalytic wet oxidation reactions.
The model, in the form of a set of three implicit nonlinear differen-
tial equations, was validated using literature data obtained under a
variety of experimental conditions, such as subcritical or supercrit-
ical water conditions, batch and continuous reactors, a multitude of
organic loads in the form of carbon-, nitrogen-, and oxygen-bearing
compounds, and using different kinetic variables such as TOC and
COD. In all cases, this strategy led to calculated parameters that
met the thermodynamic, kinetic, and statistical criteria. The uncer-
tainty and confidence joint regions were estimated using bootstrap
“Monte Carlo” techniques. c© 2000 Academic Press
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INTRODUCTION

Water is an increasingly coveted commodity. As a result,
regional and planetary policies are being implemented for
the effective and parsimonious exploitation of water re-
sources. Nevertheless, the management of toxic and haz-
ardous wastewater streams is still a perennial problem fac-
ing industries, governments, and environmental and health
protection agencies. Due to the increasingly rigorous qual-
ity control of effluents, the manufacturing industries have
to minimize waste in the first place using efficient routes
via the so-called “atom economy” concept, i.e., maximiza-
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tion of atom utilization, from raw materials to final prod-
ucts (1, 2). In addition, it is vital to develop highly efficient
processes capable of destroying hazardous xenobiotic pol-
lutants in “end-of-pipe” waste effluents.

Wastewater effluents that are too dilute to incinerate
and yet too toxic to bio-treat can suitably be dealt with
by (solid-) catalyzed wet oxidation (CWO). The recourse
to solid catalysts offers a suitable technological alternative
to the conventional noncatalytic or homogeneously cata-
lyzed routes not only because the treatment takes place
under much milder conditions but also because the cata-
lyst may be easily recovered and reused. Hence CWO is
so versatile that wastewaters containing a range of organic
and/or inorganic pollutants, including carbon (C)-, oxygen
(O)-, nitrogen (N)-, halogen (X)-, sulfur (S)-, and phos-
phorus (P)-bearing molecules, are being tackled efficiently.
Oxidative degradation of such compounds involves a myr-
iad of successive and simultaneous reactions. This makes it
unrealistic to envisage comprehensive CWO kinetic stud-
ies based on exhaustive mechanistic considerations. At the
other extreme, overall power-law kinetic rate approaches
are often too simple to adequately describe the CWO of
complex mixtures. The lumped kinetics approach (LKA),
which is widely used in petrochemistry (3), often offers a
suitable trade-off between tedious mechanistic/kinetic for-
malisms and oversimplified power-law representations. For
reactor design and scale-up considerations, the LKA is by
far the most useful strategy when dealing with the kinetics of
reactions with complex mixtures such as waste-waters (4).

Thus far, the phenomenological taxonomy of LKA pro-
posed through the so-called “generalized lumped kinetic
model” (GLKM) (5) appears to be the most successful ap-
proach to the noncatalytic wet oxidation of pure or mixed
organic species (3). The “three-lump” GLKM simplified
scheme, shown below, postulates that as the reaction pro-
ceeds, all the species can be pruned within three character-
istic lumps, namely,

• lump A for parent compounds and unstable organic
intermediates, except acetic acid,
• lump B for refractory intermediates, acetic acid being

a typical representative, and
• lump C for oxidation end-products.
4



-
LUMPED KINETICS FOR SOLID

Other LKA taxonomies akin to the GKLM were also
successfully applied in several earlier studies on noncata-
lytic wet oxidation (6–8).

Since kinetic rate equations for heterogeneously cata-
lyzed reactions are based on the same laws of chemical
kinetics as those applied to homogeneous processes, at-
tempts were made to use the GLKM in the context of CWO
(9, 10). Unfortunately, the specificity of solid-catalyzed re-
actions reflected in the surface reaction and the adsorp-
tion and desorption of lumps has been overlooked. This
resulted in kinetic constants violating the Arrhenius equa-
tion, while sometimes negative activation energies were ob-
tained. To address these shortcomings, Zhang and Chuang
(11) reduced the GLKM structure to a three-lump “two-
parallel” scheme, called the lumped kinetic model (LKM),
in which no further transformations of B-type lumps take
place.

Note that though referred to as intermediates, the B-type
lump represents “partial-oxidation” end products. Here
again, specific features of solid-catalyzed reactions were
not incorporated in the model. Furthermore, this pic-
ture may not be realistic since the occurrence of infinitely
refractory (or anti-oxidative) B-lump molecules has not yet
been proven experimentally.

The objective of this article is to provide a rigorous
lumped kinetics framework for solid-catalyzed wet oxida-
tion reactions and to introduce statistical techniques for the
estimation of parameter confidence intervals. The model
recasts the GLKM (5) within the framework of Langmuir–
Hinshelwood–Hougen–Watson (LHHW) wherein surface
reactions, adsorption, and desorption steps for each lump
are accounted for. The versatility of the model is illustrated
using literature data dealing with a large variety of pollu-
tants and a wide range of conditions, e.g., sub- and supercrit-
ical wet oxidation, batch and flow-through kinetic reactors,
and single- and multiple-pollutant effluents. The selected
examples also use different properties such as TOC, COD,
or TN to monitor the evolution of CWO.

A LUMPED KINETIC MODEL FOR CWO
The LHHW approach is proposed to circumvent the set-
backs encountered when reaction kinetic schemes devised
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FIG. 1. Network reaction pathway for heterogeneously catalyzed wet
oxidation.

for homogeneous reactions are applied to heterogeneous
processes. To extend the reaction pathway governing the
GLKM (5) to solid-catalyzed wet oxidation, it is required
that we include additional physical and chemical steps to
describe reactant and/or product adsorption/desorption as
well as surface reactions. The reaction pathway may be en-
visioned as follows: lump A species adsorb on the catalyst
surface, undergo surface reactions into adsorbed interme-
diate (lump B), then into end product (lump C); both may
desorb and leave the catalyst surface. The general reac-
tion scheme, depicted by a sequence of elementary steps
according to the LHHW approach, is illustrated in Fig. 1.
Hereafter, the GLKM model extended to CWO will be re-
ferred to as the “extended lumped kinetic model” or the
ELKM. Also, for the ELKM to be applicable to waste-
waters containing hetero-atom compounds, the three lumps
were defined in very general terms as follows:

• lump A designates the parent water-dissolved com-
pounds;
• lump B encompasses all soluble intermediates pro-

duced by CWO, including the stable ones;
• lump C represents all gaseous and solid end products.

The following assumptions were made to establish the
ELKM set of equations:

(i) Surface reactions of chemisorbed pseudo-species
(A∗), intermediate (B∗), and product (C∗) are rate con-
trolling compared to the adsorption/desorption steps. This
can be stated in terms of relative magnitudes of the rate
constants:

kAB, kAC, kBC ¿ kA, k−A, kB, k−B, kC, k−C. [1]

(ii) All sites (∗) whereon surface reactions occur are
identical.

(iii) All elementary steps involve partial first order rela-
tive to their respective reactants.

(iv) Usually far in excess of the stoichiometric ratio, O2

concentration is assumed constant.
(v) Mass transfer interfacial limitations and intra-
particle resistance are neglected.
(vi) No irreversible loss of active sites occurs.
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Let X0, X, X∗A, X∗B, X∗C be the concentrations of initial
active sites, actual free active sites, and sites occupied by A,
B, and C lumps, respectively. The overall reaction pathway,
shown in Fig. 1, can be broken down into the following
series of elementary steps.

I. A+ ∗ KA←→A∗ ⇒ Adsorption of A

II. B∗
KB←→B+ ∗ ⇒ Desorption of B

III. C∗
KC←→C+ ∗ ⇒ Desorption of C

IV. A∗
kAB−→B∗ ⇒ Surface reaction

V. A∗
kAC−→C∗ ⇒ Surface reaction

VI. B∗
kBC−→C∗ ⇒ Surface reaction

From steps I–III, we have

X∗A = KA XCA [2]

X∗B = KB XCB [3]

X∗C = KC XCC. [4]

Assumption (i) leads to

RA
∼= −(kAB + kAC)X

∗
A [5]

RB
∼= kAB X∗A − kBC X∗B [6]

RC
∼= kAC X∗A + kBC X∗B. [7]

From assumption (vi) the site balance is

X0 = X + X∗A + X∗B + X∗C. [8]

Combination of Eqs. [2]–[4] and [8] leads to

X = X0

1+ KACA + KBCB + KCCC
. [9]
Combining and rear
sumption of A lump

e lumps depends on
ig. 2). For example,
ranging Eqs. [2]–[9], the rate of con-
s (RA), evolution of B lumps (RB), and

istic at a time. The way of defining th
the characteristics being monitored (F
FIG. 2. Taxonomy of lumped kinetics and ELK
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formation of C lumps (RC) can be written as

RA
∼= − (k̃AB + k̃AC)KACA

1+ KACA + KBCB + KCCC
[10]

RB
∼= k̃ABKACA − k̃BCKBCB

1+ KACA + KBCB + KCCC
[11]

RC
∼= k̃ACKACA + k̃BCKBCB

1+ KACA + KBCB + KCCC
, [12]

where the total active site concentration X0, being nonmea-
surable, was embedded into the rate constants of elemen-
tary steps IV–VI:

k̃AB = kAB X0; k̃AC = kAC X0; k̃BC = kBC X0. [13]

For either a perfectly stirred liquid-batch transient reac-
tor or a steady-state liquid-plug flow continuous fixed-bed
reactor with a constant fluid streamwise velocity, the ELKM
writes

dCA

dt(or dτ)
= − mcat(k̃AB + k̃AC)KACA

1+ KACA + KBCB + KCCC
[14]

dCB

dt(or dτ)
= mcat(k̃ABKACA − k̃BCKBCB)

1+ KACA + KBCB + KCCC
[15]

dCC

dt(or dτ)
= mcat(k̃ACKACA + k̃BCKBCB)

1+ KACA + KBCB + KCCC
[16]

subject to the initial/boundary conditions

CA = CAo, CB = 0, Cc = 0 @ t (or τ = z/UL) = 0. [17]

ELKM LUMPS, SELECTION AND PARAMETERS

Often, only one characteristic of the reaction system is
monitored as a function of (residence) time. This charac-
teristic may be “chemical oxygen demand” (COD), “total
organic carbon” (TOC), “total nitrogen” (TN), and so forth.
Accordingly, the ELKM will use only one such character-
M species into the CWO monitored variables.
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when using TOC, A, B, and C are expressed as

TOC = CA + CB, and CC = TOC0 − TOC. [18]

For the proposed ELKM, the parameters vector to be
determined is θ = [k̃AB, k̃BC, k̃AC, KA, KB, KC]. Parameter
identification rests on solving the least-squares problem
U by minimizing the “unweighted least-squares” criterion
χ2(θ),

U

{
χ2(θ) =∑n

i=1

∑m
j=1(Ȳi j − Yi j )

2

[19]
k̃AB, k̃AC, k̃BC, KA, KB, KC ≥ 0,

where Yij is the jth ELKM state variable from the ith experi-
mental run in the kinetic data set P={Pi , i = 1, n; Pi ∈<n}.
The bar stands for the model-predicted quantities. The θ
vector was estimated by combining a Runge–Kutta inte-
gration algorithm RKS4 (12) with the quasi-Newton con-
strained optimization method using a mixed quadratic
and cubic line search procedure (Matlab Software from
MathWorks Inc.)

BOOTSTRAP ESTIMATION OF CONFIDENCE INTERVALS

Direct evaluation of ELKM parameter confidence inter-
vals is impossible due to the implicit and nonlinear nature of
the model. In addition, the kinetic data reported in the lit-
erature are seldom replicated. This usually impedes direct
estimation of parameter confidence intervals. Nonetheless,
it is still possible to perform confidence interval assessments
using the so-called “bootstrap” Monte Carlo method (13).
Hence, B bootstrap sets P∗b 1≤ b≤B, of the same size n,
are randomly and equiprobably generated from the orig-
inal experimental kinetic data set P. Each set P∗b is a re-
sampled version of set P such that P∗b may contain some
repetitive elements from P. From each set P∗b , an estimate
θ̃∗ is evaluated as a bootstrap replication of θ̃ by solving the
least-squares problem U. With a reasonably high number
of bootstrap replications, a bootstrap estimate of the stan-
dard deviation, σ(θ̃ i ); i = 1, p, for each ELKM parameter
can be evaluated (14),

σ(θ̃ i ) = lim
B→∞

√√√√( B∑
b=1

(θ̃∗ib − 〈θ̃ i 〉)2
/
(B− 1)

)
, [20]

where

〈θ̃∗i 〉 =
(

B∑
b=1

θ̃∗ib/B

)
. [21]

Based on the normality assumption, the confidence limits
on ELKM parameters are
θ̃ i ± σ(θ̃ i )tB−1,α/2, [22]
CATALYZED WET OXIDATION 227

where tB−1,α/2 is the upper α/2 percentile for the student-t
variable with (B− 1) degrees of freedom.

In addition to parameter standard deviations, complete
information on parameter estimation includes evaluation
of parameter cross-correlations and determination of joint-
confidence regions. Joint-confidence regions are calculated
by means of the covariance matrix of θ̃∗

M
¯̄
= 1

B− 1

B∑
b=1

(θ̃∗b − 〈θ̃〉)(θ̃∗b − 〈θ̃〉)t , [23]

from which the correlation matrix can be computed:

Ä =
{
Äi i = 1

Äi j = cov(θ̃ i , θ̃ j )

σ (θ̃ i )σ (θ̃ j )
if i 6= j .

[24]

THERMODYNAMIC CONSTRAINTS

The ELKM parameter vector θ estimated by the least-
squares problem U consists of three rate constants, k̃AB,

k̃BC, k̃AC, and three adsorption equilibrium constants,
KA, KB, KC. Each rate constant must be consistent with
the Arrhenius law,

ln k̃i = ln k̃i o − E

RT
, [25]

where k̃i o and E should be positive. Also, each adsorption
equilibrium constant must be consistent with Van’t Hoff
relationship

ln Ki = 1Si

R
− 1Hi

RT
. [26]

To be thermodynamically consistent, the derived kinetic
adsorption coefficients in terms of adsorption enthalpy1H
and entropy1S have to meet the Boudart–Mears–Vannice
chemical-kinetic criteria (15)

1S< 0

10 < −1S< 12.2− 0.00141H.
[27]

Since the adsorption equilibrium constant decreases as tem-
perature is increased for exothermic chemisorption pro-
cesses, this requires

1H < 0. [28]

χ2 FIT OF ARRHENIUS AND VAN’T HOFF RELATIONSHIPS

The χ2 fits of Eqs. [25] and [26] give the values of

1H,1S, k̃i o, and E from the estimated parameters vector
θ . For the adsorption equilibrium constant KA this can be
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written as

χ2(1SA,1HA; KA)

=
L∑

l=1

(
ln KAl −1SAl R−1 +1HA R−1T−1

l

)2

σ 2
ln KA l

. [29]

Similar equations hold for the other rate and equilibrium
constants.

The standard deviations in estimated frequency factors,
activation energies, and enthalpies and entropies of ad-
sorption for the six steps, i.e., σEi, σk̃oi, σ1Hi, σ1Si, are ob-
tained using the bootstrap standard deviations of k̃i and Ki

(Eq. [20]).

DISCUSSION

Curve Fitting and ELKM Goodness of Fit

At this stage, it may be argued that the current six-
parameter ELKM is an “over-parameterized” representa-
tion of CWO kinetic data. In other words, there may be
other, simpler models requiring fewer kinetic parameters
that could account for the experimental data as accurately
as the ELKM. To assess this contention, we defined five

classes of scenarios corresponding to CWO kinetic models
with fi
For d

5) for
[28]).
tting parameters ranging from 2 (class I) to 6 (class V).
iscrimination of the best model, it would be red-

TABLE 1

Discrimination of Five Classes of CWO Kinetic Scenarios: Only Models with Chemical-Reaction Controlling Steps

Number of adjustable
Reaction scheme Rate equations and candidate kinetic model parameters

Class I
homogeneous (LKM, Ref. (11)) 2
dCA/dt=−(kAB+ kAC)CA

dCB/dt= kABCA; dCC/dt= kACCA

Class II
homogeneous (GLKM, Ref. (5)) 3
dCA/dt=−(kAB+ kAC)CA

dCB/dt= kABCA − kBCCB; dCC/dt= kACCA + kBCCB

Class III
mixed (homo) heterogeneous 4
dCA/dt=−mcat(k̃AB+ k̃AC)KACA(1+ KACA)

−1

dCB/dt=mcatk̃AB KACA(1+ KACA)
−1− kBCCB

dCC/dt=mcatk̃AC KACA(1+ KACA)
−1+ kBCCB

Class IV
heterogeneous 5
dCA/dt=−mcat(k̃AB+ k̃AC)KACA(1+ KACA+ KBCB)

−1

dCB/dt=mcat(k̃AB KACA− k̃BC KBCB)(1+ KACA+ KBCB)
−1

dCC/dt=mcat(k̃AC KACA+ k̃BC KBCB)(1+ KACA+ KBCB)
−1

Class V
heterogeneous (ELKM, this work) 6
Eqs. [14]–[16]

evaluated using the Boudart–Mears–Vannice rules (1
the adsorption and activation parameters (Eqs. [25]–
CHI, AND SAYARI

hibitory to track down scrupulously the formidable num-
ber of models arising from the numerous combinations
of controlling steps in a six-species scheme, i.e., A, B, C,
A∗, B∗, and C∗. Rather, we made the arbitrary but rea-
sonable choice that within each class, we retain for testing
only one representative candidate scenario wherein all sur-
face and (fluid) bulk chemical reactions are the sole rate-
determining steps. Listed in Table 1 are these representative
models with two to six parameters:

• Class I models: With the assumption KA= KB= KC=
k̃BC= 0, the ELKM degenerates to the two-parameter
LKM (11).
• Class II models: With KA= KB= KC= 0, the ELKM

becomes a three-parameter GLKM (5).
• Class III models: Considering KB= KC= 0 leads to a

four-parameter CWO model (Table 1).
• Class IV models: If KC= 0, the ELKM degenerates to

a five-parameter model (Table 1).
• Class V models: These models are represented by the

six-parameter ELKM, Eqs. [14]–[16].

Likewise, a least-squares problem U similar to that
given by Eq. [19] can be performed for each one of the
above classes of models. The likeliness of the physical steps
involved in the assumed pathway for each model was
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Hence, a likely model must be associated with positive val-
ues of activation energies, and as for thermodynamic con-
sistency, negative values for the enthalpy and entropy of
adsorption are to be expected.

Concomitantly, the quality of the curve fitting for each
model must be judged from the values of χ2(θ) and
Q(χ2 | ν= n×m− p) functions, where n is the number of
runs, m is the number of monitored observable variables,
p is the number of fitted parameters, and ν is the number
of degrees of freedom. The use of these statistical crite-
ria is discussed in details in Refs. (16) and (17). The min-
imum values of χ2

min(θ) for the fits corresponding to the
aforementioned classes of models are expected to follow
a χ2 distribution with ν degrees of freedom (16). Here,
Q(τ | ν) designates the probability of obtaining a fit with
a value χ2

min(θ) greater than τ purely by chance (17). The
two-standard deviation confidence limits for the χ2 distri-
bution correspond to Q values of 0.5 and 99.5%. An excel-
lent fit is expected when χ2

min(θ)≈ ν and for Q(χ2 | ν)≈ 0.5,
whereas Q(χ2 | ν) outside the [0.005–0.995] range means
that the “fitting model” is not statistically believable.

It is worth mentioning here that there are other statistical
 min

tests of “goodness-of-fit.” For example, Zhang and Chuang
(11), instead of using Q, preferred a test based on the “vari-

Ei ,1Hi , and1Si versus the incremental number of param-
eters from class I–V models in the curve fitting of TOC and
FIG. 3. The χ2
min, Q(χ2 | ν), Ei,1Hi, and1Si versus number of paramete

on statistical “figure of merit” and physical likeliness.
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ance inflation factor” (VIF) to detect if “excess” parame-
ters are involved in a model. The VIF should be less than
five for a model to be free of “faked” parameters. Carley
and Morgan (18) described a different “goodness of fit”
test based on the sign of successive residuals by quantify-
ing the probability of occurrence of strings of residuals of
identical signs. The three tests are tantamount for normally
distributed errors, which we assume here.

No matter how successful a statistical test is for a given
model, if at least one chemical-kinetic criterion is vio-
lated then the legitimacy of the scenario put forth becomes
suspect (19). Common sense dictates, therefore, that the
decision-making process regarding the number of param-
eters to be used in a model for data representation must
include both physical likeliness and statistical goodness-of-
fit criteria. Hence, the ultimate model to be retained must
fulfill simultaneously the conditions{

Goodness of fit:χ2
min ≈ ν; Q(χ2 | ν) ≈ 0.5

Physical likeliness: Ei > 0;1Hi < 0; Si < 0.
[30]

Figures 3a–3c are typical plots of χ2 and Q(χ2 | ν),
rs used in curve fitting various kinetic models. Model discrimination based
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phenol abatement data of Maugans and Akgerman (20) ob-
tained at 175◦C. Similar trends were also observed for all
other temperatures and for other data borrowed from the
literature and tested in this work (see next section). As can
be seen, χ2

min and Q(χ2 | ν) exhibit bell-shaped variations
with increasing numbers of fitted parameters.

Definitely, class III and IV models failed the statistical
tests as their Q values fell in the exclusion domain, and also
due to their highest χ2

min. From Fig. 3a, the Q values for the
LKM (two parameters), GLKM (three parameters), and
ELKM (six parameters) fell inside the statistical acceptance
range, with the GLKM slightly disadvantaged with respect
to LKM and ELKM. The LKM Q-value was 0.62, that of
the GLKM was 0.09, and that of the ELKM was 0.57, the
closest to the 0.5 value for an ideal fit. On an exclusive sta-
tistical basis, one would obviously choose the LKM, due
to its simplicity, for CWO kinetic data representation. Vi-
sual inspection of the fits of TOC and phenol carbon, as
illustrated in Figs. 4a and 4b, indeed does not permit one
to distinguish between the three models, and one would
adopt, based on statistical arguments, the simplest class I
(or LKM) formulation.

From the physical likeliness standpoint, class III models
are to be discarded because of a fitted negative activation
energy (Fig. 3b) and an excessively high value for the en-
thalpy of adsorption (Fig. 3c). Class IV models have some
values for the activation energy, the adsorption entropy and
enthalpy falling within the exclusion domains. Therefore,
class III and IV models should be dismissed because of vio-
lation of both criteria in Eq. [30]. The LKM (class I model),
the second best choice based on Q statistics, is still unsat-
isfactory as it provides unlikely negative activation energy
EAB=−42.4 kJ/mol (Fig. 3b). Similarly, the GLKM (class

II model) leads to E =−2.0 kJ/mol, suggesting another stirred reactor. In this example, Maugans and Akgerman
AC

form of LKM, i.e., A→B→C. Interestingly, only the six- (20) investigated phenol CWO over Pt/TiO2 catalyst in a
FIG. 4. Prediction by the LKM, GLKM, and ELKM of the TOC
CHI, AND SAYARI

parameter ELKM provided physically consistent values for
adsorption and activation energy parameters (Figs. 2b and
2c) within a range of accepted orders of magnitude for sim-
ilar reactions reported in the literature.

In summary, this exercise concerning model discrimina-
tion emphasizes that selection of kinetic models depends on
the nature of the criteria used. Based solely on statistical
“figure of merit” criteria, the LKM with the least number
of parameters would have been the best choice. Using the
more complete set of physical and statistical assessment
criteria (Eq. [30]) leads to a different choice, i.e., ELKM.
Moreover, it is also possible that by probing a broader pop-
ulation of alternate models, instead of the five outlined in
Table 1, could have led to an even different model. How-
ever, as shown in the following examples, since EKLM was
found to provide physically and statistically sound solutions
for a variety of CWO contexts, it would not be justified at
this time to develop alternative models.

Illustrative Examples

Selected literature data were used to illustrate the use of
ELKM in the CWO of pollutants in wastewaters. The choice
of these examples was guided by the need to show that the
proposed model and parameter estimation methodology
is very general and may be applied to CWO wastewater
treatment under a wide variety of conditions (e.g., sub- and
supercritical wet oxidation, batch and through-flow kinetic
reactors, single- and multiple-pollutant effluents), while
monitoring different properties (e.g., TOC, COD, TN). Five
scenarios were selected to cover almost all typical contexts
that may be encountered.

Example 1—subcritical CWO of phenol in liquid-batch
and phenolic carbon time decline. Kinetic data from Ref. (20).
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FIG. 5. Predicted and experimental (20) lumped species time profiles
of phenol CWO at T= 165◦C. Symbols: m, TOC; u, lump A; d, lump B;
4, lump C. Lines show ELKM predicted profiles.

batch stirred reactor in the temperature range 423–473 K
using an air pressure and catalyst loading of 4.8 MPa and
2 g/L, respectively. The phenol concentration (A) and TOC
(A+B) were the monitored variables.

Typical time-evolution profiles at T= 438 K are shown in
Fig. 5 in terms of lump A (phenol), B (TOC-A), mineralized
carbon (C), and TOC. As seen, the experimental and pre-
dicted profiles based on ELKM are in excellent agreement.
The Arrhenius and Van’t Hoff plots of the obtained control-
ling step rate constants, k̃AB, k̃BC, and k̃AC, and adsorption
equilibrium constants, KA, KB, and KC, are shown in Fig. 6.
The vertical bars correspond to the 65% confidence-limit
intervals evaluated by the bootstrap method. The apparent
activation energies and enthalpies and entropies of adsorp-
tion are reported in Table 2 along with their respective stan-
dard deviations and the number of experimental data used
in the ELKM fit. The values of the obtained apparent acti-
vation energies are within the expected range reported in
the literature for phenol CWO (20–22). Also the adsorption

enthalpies and e
kinetic criteria

Kraft pulp mill
n this example,
ntropies were found to fulfill the chemical
(15). Finally, the Q values were all within

TABLE 2

ELKM Kinetic Parameters for Example 1

1S × 103 1H σ1S × 103 σ1H

Constant (kJ mol−1 K−1) (kJ mol−1) (kJ mol−1 K−1) (kJ mol−1) χ2 Q

KA −56.5 −34.1 2.8 1.3 3.1 0.59
KB −55.8 −32.9 3.3 1.5 4.9 0.31
KC −65.2 −39.0 1.6 0.7 0.03 0.99

E σE

k̃io (kJ mol−1) σ k̃i o (kJ mol−1) χ2 Q

k̃AB 5.96E+07 67.5 13.4 6.0 3.7 0.49
k̃BC 2.84E+11 97.5 14.7 6.7 4.4 0.39
˜

Example 2—subcritical CWO of softwood
effluent in liquid-batch stirred reactor. I
kAC 1.22E+09 73.5

n × m 7[(TOC data)+ (A data)] ×
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FIG. 6. Van’t Hoff and Arrhenius plots for estimated ELKM param-
eters in Example 1. Symbols: e, k̃AB, KA; m, k̃BC, KB; j, k̃AC, KC. Experi-
mental data from (20).

the (0.5–99.5%) acceptance region, confirming that the es-
timated parameters are highly reliable.
32.4 14.6 3.7 0.50

5(temperature)= 70 experimental data
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FIG. 7. Predicted and experimental (10) lumped carbon species pro-
files of the CWO of softwood Kraft pulp mill effluent. Symbols: m, TOC;
d, lump C. Lines show ELKM predicted profiles of A, B, C, TOC.

Zhang and Chuang (10, 11) monitored TOC during the
CWO of a softwood Kraft pulp mill effluent. The black
liquor was contacted with Pt–Pd–Ce/alumina catalyst in a
batch slurry reactor in the temperature range 433–463 K,
with O2 pressure of 1.5 MPa, catalyst loading of 8.3 g/L,
and initial liquor TOC 1500 mg/L. Application of GLKM
by Zhang and Chuang (10) to their own data led to com-
puted activation energies of 66.1, 160.8, and 981.5 kJ/mol
for k1, k2, and k3, respectively. Visibly, the activation energy
associated with k3 is unrealistically high.

Figure 7 shows ELKM predictions versus measured TOC
(A+B lumps), deduced off-liquor lump C, and simulated
A and B lump profiles at 463 K. Similar good quality fits
were obtained for data at different temperatures. The ap-
parent activation energies and enthalpies and entropies of
adsorption are tabulated in Table 3, and the Arrhenius and
Van’t Hoff plots are shown in Fig. 8. The Q values of the
fitted parameters were in excess of the 0.5% threshold.
Example 3—s
ent in liquid-bat

s an overall vari-
f organic and/or
ubcritical CWO of a petrochemical efflu-
ch stirred reactor. This example dealing

TABLE 3

ELKM Kinetic Parameters for Example 2

1S × 103 1H σ1S × 103 σ1H

Constant (kJ mol−1 K−1) (kJ mol−1) (kJ mol−1 K−1) (kJ mol−1) χ2 Q

KA −27.5 −12.3 0.8 0.3 0.2 0.98
KB −10.7 −4.8 1.2 0.5 1.2 0.81
KC −26.0 −11.6 5.4 2.4 2.2 0.59

E σE

k̃io (kJ mol−1) σ k̃i o (kJ mol−1) χ2 Q

k̃AB 462.48 28.1 8.1 3.6 0.7 0.90
k̃BC 5.97E+06 69.1 14.9 6.8 1.0 0.84
˜

posed ELKM to industrial effluents. COD i
able which reflects all chemical entities o
kAC 1.17E+09 84.6

n × m 8(TOC data) × 4(tem
CHI, AND SAYARI

FIG. 8. Van’t Hoff and Arrhenius plots for estimated ELKM param-
eters in example 2. Symbols: e, k̃AB, KA; m, k̃BC, KB; j, k̃AC, KC. Experi-
mental data from (10).

with the disappearance of polluting species as monitored
by COD was selected with the aim of generalizing the pro-
19.1 8.4 2.0 0.63

perature)= 32 experimental data
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FIG. 9. Predicted and experimental (9) COD profile of the CWO of a
petrochemical effluent. Symbols: m, COD; d, lump C. Lines show ELKM
predicted profiles of A, B, C, and COD.

inorganic nature, susceptible to oxidization. Being a lumped
variable, COD is an indirect descriptor of soluble pollutants
when complex heteroatom-containing wastewaters have to
be treated by CWO, and hence it can be suitable for the
proposed lumping strategy. A representative example is
borrowed from Lin et al. (9), who studied the kinetics and
performance of the CWO of highly polluted petrochemical
plant wastewater. The treatment was conducted using ZnO
catalyst loaded at 500 mg/L in a liquid-batch stirred reactor
supplied with air at temperatures 473, 498, and 513 K. Here
also, Lin et al. (9) reported an abnormal behavior of GLKM
despite the excellent fit of their COD data. Indeed, the rate
constant k3 exhibited unrealistic temperature dependence
with negative activation energy.

Figures 9 and 10 and Table 4 summarize the ELKM fit
performance, the kinetic parameter values, and confidence
intervals using Lin et al.’s (9) kinetic data. All of the fitted
constants fulfilled the chemical kinetic (15) and statistical
(Q test) criteria.
Example 4—s
line in liquid-ba

2, NO2, NO−3 ).
g 4-nitrophenol
ubcritical CWO of β-alanine and ani-
tch stirred reactor. Deiber et al. (23)

TABLE 4

ELKM Kinetic Parameters for Example 3

1S × 103 1H σ1S × 103 σ1H

Constant (kJ mol−1 K−1) (kJ mol−1) (kJ mol−1 K−1) (kJ mol−1) χ2 Q

KA −23.9 −17.6 7.1 3.6 2.3 0.33
KB −38.6 −27.2 4.4 2.2 0.2 0.93
KC −17.2 −16.9 5.3 2.6 0.2 0.95

E σE

k̃io (kJ mol−1) σ k̃i o (kJ mol−1) χ2 Q

k̃AB 76.5 10.1 6.4 3.2 1.4 0.56
k̃BC 301.0 28.0 7.6 3.8 0.2 0.96
˜

other nitrogen-bearing end-products (N
Different substrates were used, includin
kAC 5593.5 28.2

n × m 9(TOC data) × 3(tem
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FIG. 10. Van’t Hoff and Arrhenius plots for estimated ELKM
parameters in Example 3. Symbols: e, k̃AB, KA; m, k̃BC, KB; j, k̃AC, KC.
Experimental data from (9).

investigated the CWO conversion of organic nitrogen-
containing aqueous wastes (N-Org) into ammonia and
4.3 2.1 0.1 0.98

perature)= 27 experimental data
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(nitro-compound), β-alanine (amino acid), aniline (amino-
aromatics), and ammonia (inorganic compound). The ex-
amples given below were limited to the CWO of β-alanine
and aniline aqueous solutions over Mn/Ce mixed oxide
catalyst (2–8 g/L) at 533 K. Deiber et al. (23) modified the
GLKM (5) by including a step for the interactions between
N-Org species and the catalyst. The derived model led to
unrealistic fractional orders for catalyst concentrations and
rate constant functions of catalyst concentration.

To validate the ELKM on nitrogenous wastewater ef-
fluents, only the fate of nitrogen was described kinetically
using three lumps: A for the parent compounds (N-Org:
β-alanine or aniline), B for ammonia (N–NH3, the recalci-
trant species, (24)), and C for end products such as N2 and
other unidentified species. Typical results of predicted pro-
files along with experimental values of the nitrogen lumps
for aniline and β-alanine are shown in Figs. 11a and 11b.
Table 5 summarizes the estimated parameters for β-alanine
and aniline CWO treatment. In the case of aniline, kinetic
tests were available for two different catalyst loadings. The
ELKM kinetic parameters obtained using the two data sets
separately compare very well, showing that they are indeed
independent from the catalyst loading.

Example 5—supercritical CWO of phenol in a fixed
bed reactor. This example deals with experimental data
on supercritical wet oxidation (SCWO) of phenol over
a transition-metal oxide catalyst in an integral fixed-bed
reactor (25). Three initial phenol concentrations ranging
from 3.76× 10−4 to 1.18× 10−3 mol/L were used at 673 K
under a total pressure of 240 bar and an initial molar ra-
tio O2/phenol= 56. Phenol concentration and TOC in the
exit stream were monitored under steady-state conditions
for different phenol inlet molar rates. The difference be-
tween TOC and phenol concentration was due to the oc-
currence of water-dissolved intermediate products formed
during the reaction. Earlier attempts to describe the kinet-

ics of phenol degradation under supercritical conditions in
a continuous reactor failed to offer a complete picture of
the p

evaluated by integrating, with respect to residence time, the
actual
rocess. Krajnc and Levec (25) used power-law expres-

TABLE 5

ELKM Kinetic Parameters for Example 4

Pollutant Observation k̃AB k̃BC k̃AC KA KB KC

Aniline [Cat]= 2 g/L 0.13 0.0067 0.014 0.29 2.14 0.43
[Cat]= 8 g/L 0.14 0.0078 0.013 0.29 2.14 0.43
average 0.13 0.0073 0.014 0.29 2.14 0.43
σ 0.005 0.0004 0.002 0.01 0.01 0.01

n × m [6(N-NH3 data)+ 6(N-organic data)] × 2([catalyst loading])= 24 experimental data per temperature

β-Aniline [Cat]= 4 g/L 0.47 0.037 0.017 0.41 2.06 0.40

ODE system Eqs. [14]–[16] and were compared with
σ 0.01 0.00

n × m 8(N-NH3 data)+ 8(N-organic
CHI, AND SAYARI

FIG. 11. Predicted and experimental (23) profiles of lumped nitroge-
nous species, (a) aniline and (b)β-alanine CWO. Symbols: r, N-Org (lump
A); d, N-NH3 (lump B); u, lump C; 4, TN. Lines show ELKM predicted
profiles of A, B, C, TN.

sions and treated separately and independently the TOC
and the phenol degradation kinetics. A LHHW approach
was also attempted (25), but with little success.

By means of the proposed ELKM, the TOC and phe-
nol concentrations downstream of the SCWO reactor were
1 0.001 0.01 0.01 0.01

data)= 16 experimental data per temperature
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FIG. 12. Predicted and experimental time-on-stream profiles of phe-
nol SCWO. Symbols: m, lump A; n, TOC; d, lump B; h, lump C. Lines
show ELKM predicted profiles. Experimental data from (25).

measurements at the reactor outlet. The lumps were defined
in the same manner as in example 1. Comparison between
predictions and experimental data is shown in Fig. 12 for an
inlet phenol concentration of 7.9× 10−4 mol/L. Table 6 is
a summary of the estimated parameters for the three inlet
phenol concentrations. It is worth mentioning that ELKM is
the first model capable of describing simultaneously the fate
of phenol, its break-down water-dissolved organic inter-
mediates (TOC—residual phenol), and the end products
generated under catalytic SCWO conditions. As in exam-
ple 4, the kinetic parameters were calculated for each phe-
nol inlet concentration; it is comforting to notice the param-
eter consistency for each inlet concentration, indicating that
as expected, these are independent from the phenol inlet
concentration. Moreover, the standard deviations of fitted
parameters calculated from either the three replicated ex-
periments or the “bootstrap” method are essentially coin-
cident. This provides strong support for using the bootstrap
method to assess the confidence intervals of parameters for
unreplicated kinetic experiments. This is also indicative of

the robustness of ELKM by providing highly reliable k̃i and
Ki

with a mean zero and variance σ 2, and they tend to fall
ast,
constants.

TABLE 6

ELKM Kinetic Parameters for Example 5

Observations k̃AB k̃BC k̃AC KA KB KC

Cphenol,o= 3.76 × 10−4 mol/L 0.21 0.29 0.84 1.11 1.00 0.98
Cphenol,o= 7.84 × 10−4 mol/L 0.18 0.36 0.88 1.20 1.00 1.00
Cphenol,o= 1.18 × 10−4 mol/L 0.27 0.36 0.93 1.25 1.00 1.01
Average 0.22 0.36 0.90 1.22 1.00 1.01
σi

a 0.05 0.043 0.046 0.068 0.01 0.014
σ 0.03 0.029 0.036 0.043 0.01 0.02

along a straight line. The dominant effects, in contr
n × m [8(TOC data)+ 8(phenol d

a Standard deviation between kinetic constants for the three differ
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FIG. 13. Full 26 factorial design for parameter effects.

ELKM “Proof-of-Concept”

Despite the encouraging results in the five previous ex-
amples corresponding to a wide selection of experimental
conditions, the above-fitted parameters and the conclusions
drawn are valid only if the proposed model is shown to
be statistically robust and reasonably sensitive to all of its
fitted kinetic parameters. To this end, a series of simula-
tions was carried out with the model in which each para-
meter in the set k̃AB, k̃BC, k̃AC, KA, KB, and KC was per-
turbed within ±20% around the optimized set θ . For each
combination of “perturbed” parameters, the quadratic cri-
terion, χ2(θ), was re-evaluated. A two-level unreplicated
26 factorial design (26) was then established to analyze
the ELKM sensitivity to the six fitted parameters. The nor-
mal probability plot of ordered effects calculated using the
data of example 2 is illustrated in Fig. 13. It is seen that
the statistically negligible effects are normally distributed
ata)]× 3(initial [phenol])= 48 experimental data per temperature

ent initial concentrations of phenol.
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exhibit non-zero means and do not lie along that line.
This proves that their contribution impacts significantly
the kinetic model response in the quadratic criterion
χ2(θ). This was the case for the main effects of k̃AC, k̃AB,

and k̃BC and the second-order effects of k̃ABk̃AC, KCk̃AC,

k̃ABk̃BC, KBk̃AB, KAk̃AC, and k̃ACk̃BC. The third- fourth-
order effects were found to be marginal. Based on Fig. 13,
it may be concluded that the effects of all six fitted kinetic
and equilibrium parameters are statistically significant.
The same conclusions apply for the other four illustrative
examples.

ELKM Parameters Joint-Confidence Region Analysis

To evaluate the uncertainty on the kinetic parameters,
the bootstrap method described earlier can also be used to
estimate the joint-confidence regions. For illustration, the
joint-confidence regions for example 4 will be discussed.
The B= 50 bootstrap sets P∗b were re-sampled from the
measured data of aniline wet oxidation. The covariance ma-
trix calculated by Eq. [23] is

M
¯̄
× 104

=


0.5604 0.0446 −0.0206 0.2763 0.0155 −0.0049
0.0446 0.0433 0.0074 0.0342 0.0012 −0.0270
−0.0206 0.0074 0.1833 −0.0513 0.0015 0.0094

0.2763 0.0342 −0.0513 0.2481 0.0181 −0.0063
0.0155 0.0012 0.0015 0.0181 0.0023 0.0055
−0.0049 0.0270 0.0094 −0.0063 0.0055 0.0576

.

[31]

The diagonal elements are the estimated bootstrap vari-
ances of vector θ reported in Table 5. The off-diagonal ele-
ments designate the various two-parameter covariances. In
this example, the size of the confidence region 5p

1

√
λi was

equal to 4× 10−17, where λi are the eigenvalues associated
to with matrix M. This confirms the good precision in the
estimated vector θ . For the same example, the correlation
matrix, Eq. [24],

KA KB KC k̃AB k̃BC k̃AC

Ä =


1.0
0.3 1.0
−0.1 0.1 1.0

0.7 0.3 −0.2 1.0
0.4 0.1 0.1 0.7 1.0
0.0 −0.5 0.1 −0.1 0.5 1.0


KA

KB

KC

k̃AB

k̃BC

k̃AC

[32]

indicates that the estimated parameters are weakly cross-
correlated to each other. Therefore, the significance of the

fitted parameters does not deteriorate when the ELKM
adsorption and kinetic constants are evaluated simultane-
ously.
CHI, AND SAYARI

CONCLUSION

Direct use of the generalized lumped kinetic model of
Li et al. (5) for solid-catalyzed wet oxidation (CWO) of-
ten leads to kinetic parameters with no physical mean-
ing. Instead, a versatile extended lumped kinetic model
(ELKM) involving characteristic features of heterogeneous
processes, i.e., adsorption/desorption and surface reac-
tions, was proposed within the Langmuir–Hinshelwood–
Hougen–Watson framework. ELKM uses a three-lump tri-
angular scheme. For the proposed ELKM to be as widely
applicable as possible, the lumps were defined in very gen-
eral terms as follows: (i) a lump for parent compounds,
(ii) a lump for the water-dissolved breakdown intermedi-
ate compounds, (iii) and a lump for off-solution gas and
solid end products. The ELKM’s versatility was illustrated
using five different contexts of CWO operations. This in-
cluded CWO of single contaminants and complex broths
as well as batch and through-flow reactors in sub- and
supercritical conditions. The model was shown to be statis-
tically robust and capable of predicting the time profiles of
the various lumps involved in heterogeneous CWO as well
as the kinetic and the adsorption/desorption equilibrium
parameters.

APPENDIX: NOMENCLATURE

B bootstrap replication number
C concentration (mol/m3

)or (g/L)
E activation energy (kJ/mol)
k controlling-step rate constant (min−1

)

k̃ embedded rate constant (mol kg−1 cat min−1 for
concentrations in mol/m3)

k̃i o Arrhenius pre-exponential factor (mol kg−1

cat min−1; concentrations in mol/m3)

K adsorption equilibrium constant (m3/mol for
concentrations in mol/m3)

mcat catalyst loading (kg cat/m3
)

m number of monitored state variables
M
¯̄

covariance matrix
n number of runs in P set
p dimension of vector θ
P kinetic data set
R catalytic reaction rate (mol g−1 cat min−1 for

concentrations in mol/m3)

Q goodness-of-fit probability function
t time (min)
T temperature (K)
U least-squares problem
UL liquid superficial velocity (m/min)
X active site concentration (mol/kg cat)

Y ELKM state variable, CA,CB,TOC, etc.
z catalyst bed length (m)
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Greek Letters

τ residence time (min)
1H adsorption enthalpy (kJ/mol)
1S adsorption entropy (kJ mol−1 K−1)

θ ELKM parameters vector
θ̃ estimated parameters vector in bootstrap

replication
χ2(θ) “unweighted least-squares” criterion, Eq. [19]
σ standard error
Ä correlation matrix
χ2 chi-square merit function
λ eigenvalue

Sub- and Superscripts

A, B, C chemical lumps
b bootstrap
cat catalyst
i index of experimental run
∗ catalyst site; bootstrap replication
o initial
— predicted by model
〈 〉 ensemble-average operator

Abbreviations

cov covariance
CWO (solid-) catalyzed wet oxidation
ELKM extended lumped kinetic model
GLKM generalized lumped kinetic model
LHHW Langmuir–Hinshelwood–Hougen–Watson
LKA lumped kinetic approach
LKM lumped kinetic model
SCWO supercritical wet oxidation
TOC total organic carbon
COD chemical oxygen demand
TN total nitrogen
TX total halogen

TP total phosphorus
TS total sulfur
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