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Abstract

In the present study, the wet oxidation (WO) of a debarking evaporation concentrate was studied at a temperature range of 383–473 K.
To improve the oxidative process, the pH level of the wastewater was in some experiments set to 13 using a sodium hydroxide solution.
Additionally, in some experiments H2O2, in amounts of 0.2 g per 1 g of COD was introduced into the reaction system as a promoter. All three
cases, unpromoted WO, hydrogen peroxide promoted WO and WO in alkaline media, were modeled. In order to explain the experimental data,
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he model by Verenich and Kallas [S. Verenich, J. Kallas, Wet oxidation of concentrated wastewaters: the kinetic modelling, in: Proc
he IWA 2nd International Conference on Oxidation Technologies for Water and Wastewater Treatment, Clausthal-Zellerfeld, Germ
as modified and the kinetic parameters, the activation energies and frequency factors, were estimated along with the sensitiv
study on the cross-correlation and identification of the parameters. The recast model explains the experimental data well. The

ydrogen peroxide reduced the activation energies of the oxidative reactions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Industrial activity has been recognized as causing water
ollution through atmospheric depositions and wastewater
ischarge. The pulp and paper industry is the world’s sixth

argest polluter (after the oil, cement, leather, textile, and steel
ndustries), as it discharges a variety of liquid wastes into
he environment[2]. The primary wood treatment process
r wood debarking is almost totally ignored in environmen-

al studies. However, the effluent produced in this process is
urrently one of the most toxic wastewaters in the papermak-
ng industry. The wastewaters from the debarking process
re heavily contaminated by fatty and resin acids, tannins,

ignins and their derivatives. The presence of lignins and their
erivatives, as well as of polymerized tannins, causes these

∗ Corresponding author. Tel.: +1 919 513 4778; fax: +1 919 515 4556.
E-mail address:svetlanaverenich@ncsu.edu (S. Verenich).

wastewaters to be also highly colored. Tannins are h
toxic polar phenolic polymers, which contribute as muc
up to 50% of the chemical oxygen demand (COD) of
wastewater[3]. Previously, the treatment of debarking p
cess water using ozone[4] and a combination of chemic
flocculation and activated sludge[5] led to a large dose o
the oxidant being consumed or to a decrease in the effic
of the treatment with the increase in the concentration o
organic matter. Oxidative polymerization is a way of neu
izing the toxicity of the debarking effluent constitutes, bu
does not, however, eliminate the pollutants from the aqu
solution. In this work, wet oxidation (WO) is considered
a suitable method for the elimination of contaminants f
such effluents.

WO is a well-established method for the purification of
dustrial wastewaters that cannot be treated using tradit
purification processes because of their high concentr
of organic matter and/or their toxicity[6,7]. The WO pro
cess involves the use of oxygen as the oxidizing agen
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Nomenclature

Biodegradability BOD/COD× 100 (%)
cA concentration of organics in lump A (mol/m3)
cA,e concentration of unoxidized organics in lump

A at 383–473 K (mol/m3)
cA,o initial concentration of organics in lump A

(mol/m3)
cB concentration of organics in lump B (mol/m3)
cB,e concentration of unoxidized organics in lump

B at 383–473 K (mol/m3)
cB,o initial concentration of organics in lump B

(mol/m3)
cH2O2 concentration of hydrogen peroxide in solution

(mol/m3)
cO2 concentration of oxygen in solution (mol/m3)
cOH concentration of hydroxyl ions in solution

(mol/m3)
Ea activation energy (kJ/mol)
k reaction rate constant (min−1)
k0 frequency factor (min−1)
K0 frequency factor defined in Eq.(6) (min−1)
K0

mean frequency factor defined by Eq.(8) (min−1)
R gas constant (8.314 J mol−1 K−1)
t reaction time (min)
T temperature (K)
Tmean mean temperature between the lowest and the

highest temperatures used in the estimation (K)

Subscripts
i reaction pathways, 1, 2 or 3

Superscripts
n oxygen reaction order for the reaction path-

ways of 1, 2 or 3

the removal of pollutants in the liquid phase under elevated
conditions (0.5–20 MPa and 398–573 K). WO is, however,
a complex process, especially if it involves the oxidation
of industrial streams that contain large numbers of organic
compounds. The oxidative process proceeds along complex
reaction pathways and leads to the formation of different in-
termediates. It is impossible to trace all the chemical transfor-
mations that take place in industrial wastewaters. However,
merging different compounds, which have similar proper-
ties or structures, into certain lumps allows for the oxidation
process of multicomponent systems to be described. Taka-
matsu et al.[8], Foussard et al.[9], Li et al. [10], Donlagic
and Levec[11], Verenich and Kallas[12], etc. have lumped
organic compounds according to their solubility and evapo-
rative properties, biodegradability, ability to be oxidized to
carboxylic acids that are the most resistant to oxidation sub-
stances. Since WO requires rather high temperatures, the ad

dition of a catalyst to mitigate the operating conditions and
attempts to simulate this process have been also undertaken.
Belkacemi et al.[13] and Zhang and Chuang[14] have pro-
posed models that could fairly describe catalytic WO.

The present study focuses on the modeling of the hydro-
gen peroxide promoted and unpromoted WO of a debarking
concentrate. Hydrogen peroxide decomposes in aqueous so-
lution with the formation of hydroxyl radicals that, in turn,
react with organic substances, catalyzing or promoting the
WO process. Moreover, some reactions were conducted un-
der alkaline conditions, as the phenolic compounds present in
the studied wastewater in large amounts are oxidized much
faster at high pH values than at neutral (original) pH[15].
The lumped model developed by Verenich and Kallas[1]
was applied and recast for this particular case.

2. Kinetic model

In the model developed by Verenich and Kallas[1], the
reaction system was divided into lumps with respect to the
biodegradability of the organic substances. The first lump,
A, includes the compounds that are difficult to oxidize bi-
ologically and was obtained by subtracting the biochemi-
cal oxygen demand (BOD5) from the COD. As can be seen
from Fig. 1, the further oxidation of A leads to the formation
o end-
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f a biodegradable compound, B, and to the reaction
roducts. Lump B is characterized via BOD analysis
sually incorporates the products of partial oxidation, s
s carboxylic acids, aldehydes, alcohols or other substa

hat can be utilized by microorganisms. The latter (lump
lso undergoes further oxidation into carbon dioxide and

er.
This reaction system is expressed mathematically a

ows:

dcA

dt
= (k1 + k2)cA (1)

dcB

dt
= −k2cA + k3cB (2)

here

i = k0
i exp

(
−Eai

RT

)
cni
O2

(3)

At “zero” time, the concentrations of lumps A and
re the concentrations ofcA,0 = [COD minus BOD5]0 and
B,0 = [BOD5]0, respectively.

Due to the recalcitrant properties of the studied wastew
as can be seen further from experimental results), Eq(1)

Fig. 1. The wet oxidation reaction network[1].
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and(2) can be rewritten, according to Foussard et al.[9], as
Eqs.(4) and(5)

−dcA

dt
= (k1 + k2)(cA − cA,e) (4)

−dcB

dt
= −k2(cA − cA,e) + k3(cB − cB,e) (5)

where cA,e and cB,e are quantities of organic com-
pounds that cannot be oxidized at given temperature
range.

The activation energies and frequency factors for the above
model were obtained using a parameter estimation procedure.
The computations were performed using the MODEST soft-
ware package[16] that is designed for various tasks of model
building such as simulation, parameter estimation, sensitivity
analysis and optimization. The software consists of a FOR-
TRAN 95/90 library of objective functions, solvers and opti-
mizers that are linked to model problem-dependent routines
and the objective function.

The parameters were estimated from the systems of dif-
ferential equations using the least squares method. The dif-
ferential equations were solved by means of linear multistep
m the
L

sion
c rix,
Ω The
t nd-
s tion
o ore
c rs are
i

3. Experimental

3.1. Materials

For the present research, an evaporation concentrate of
debarking process water was obtained from a Finnish paper
mill. It had a very dark brown color and the dry-solid content
was about 20–25%. More than half (61–62%) of the solid
matter present in the concentrate consisted of organic com-
pounds. The obtained concentrate had the following charac-
teristics: 47–60 g/L of COD; 15–25 g/L of dissolved organic
carbon (DOC); 30–40% of biodegradability; 30–55 Pt–Co
color unit of color; 5.5–9 g/L of soluble tannin/lignin, and
pH of 5.5–7.0.

3.2. Experimental procedure

The experimental runs were conducted in a 300-ml high-
pressure autoclave (Parr Instrument Co., Moline, IL) made
of a nickel–chromium–molybdenum alloy. The reactor was
equipped with a gas inlet and a liquid sampling tube, a gas re-
lease valve and a four-bladed turbine type impeller. A rotation
speed of 900 min−1 was maintained to ensure proper inter-
facial oxygen transfer. An external heating jacket, thermal
sensors and a cooling loop implemented inside the reactor
p ithin
±
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ethods implemented in ODESSA that is based is on
SODE software[17].

Along with common indicators, such as the regres
oefficient,R2, the standard error and correlation mat
, a graphical sensitivity analysis was performed.

wo-dimensional sensitivity contour plots produce a “la
cape” of the regression coefficient for the identifica
f the probable region of the optimum values. The m
entered the contours are, the better the paramete
dentified.

able 1
elative concentration of organic material (CODt/CODo) observed during

ime (min) CODt/COD0: experimenta

383 K

npromoted wet oxidation
0 1.0/1.0

60 0.94/0.97
20 0.89/0.93

383 K

et oxidation in alkaline media
0 1.0/1.0

60 0.82/0.88
20 0.81/0.80

383 K

2O2 promoted wet oxidation in alkaline media
0 1.0/1.0

60 0.78/0.80
20 0.75/0.76
ermitted the reaction temperature to be maintained w
1 K from a set value.
Debarking concentrate (175 ml) at a pre-adjusted p

ecessary, was placed in the reactor. After the reacto
ealed, it was heated to the desired reaction temper
hen the set temperature was achieved, pure oxygen w

roduced into the reactor via the gas inlet line. For hydro
eroxide promoted wet oxidation (PWO), oxygen inlet
as opened immediately after the injection of hydrogen
xide by nitrogen gas via a liquid-charging pipette. Six liq

perimental runs and predicted by the models

ted

423 K 453 K

1.0/1.0 1.0/1.0
0.87/0.86 0.80/0.81
0.81/0.80 0.74/0.79

423 K 443 K

1.0/1.0 1.0/1.0
0.74/0.68 0.66/0.66
0.72/0.65 0.61/0.66

423 K 443 K

1.0/1.0 1.0/1.0
0.72/0.71 0.70/0.69
0.70/0.67 0.66/0.69
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samples were extracted periodically during the 2-h reaction
period and analyzed for their COD and BOD5 characteristics,
color and pH. After 2 h, the oxidative reaction was stopped
by closing the oxygen inlet line and cooling the autoclave
rapidly with chilled water.

The COD analysis was performed by means of the closed
reflux dichromate method[18] using a COD reactor (Hach
Company, Loveland, CO) and a direct-reading spectropho-
tometer DR/2000. The BOD analysis was assessed with
the help of a SensorBOD device developed by Dr. Lange
& Co. (Germany), which allows for BOD values identi-
cal to BOD5 to be obtained. A more detailed procedure
of the analysis can be obtained elsewhere[12]. The appar-
ent color of the samples was measured using the HACH
direct-reading spectrophotometer DR/2000 at a wavelength
of 455 nm.

4. Results

4.1. Unpromoted WO

The WO experiments were conducted at a temperature
range of 383–473 K and oxygen partial pressure of 1 MPa
for 2 h. The measurement of COD indicated the resistant na-
ture of the organic material present in the wastewater (see
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Fig. 2. The effect of temperature on the color of the debarking concentrate
during the 2-h reaction time.

The activation energies,Eai, and frequency factors,K0
i ,

were estimated from the Arrhenius equation(6), wherek0
i

was merged withcni
O2

to giveK0
i .

ki = K0
i exp

(
−Eai

RT

)
(6)

However, the Arrhenius equation, in its traditional form
(Eq. (6)), has two strongly correlating parameters,Eai and
K0

i . By suitably increasing the values of bothK0
i , andEai, ki

could remain virtually unchanged. Therefore, a new param-
eterization of Eq.(6) should be performed, and this can be
written in the following form[16]:

ki = Kmean,i exp

(
−Eai

R

(
1

T
− 1

Tmean

))
(7)

where

Kmean,i = K0
i exp

(
− Eai

RTmean

)
(8)

andTmean is the mean temperature between the lowest and
the highest temperatures used in the estimation. Later on,
Kmean,i have to be recalculated from Eq.(8) to receive the
values of the original frequency factors,K0

i . The estimated
a
n n
u .
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able 1). At 443 K, the amount of organics (COD) remain
t as constant value of about 74.6% of the initial COD

er a reaction time of 2 h. These results prompted us to
loy the approach by Foussard et al.[9] in order to simu

ate the experimental data using the model by Verenich
allas [1]. It was observed that the unoxidized fraction

ump A, or cA,e, is temperature-independent and equa
bout 0.72 ofcA,o or, in other words, is 72% of the initi
oncentration of lump A (see the kinetic model descripti
eanwhile,cB,e, which could be interpreted as the accum

ation of partially oxidized compounds in lump B, was
endent on the reaction temperature. Its minimum valu
.93cB,o was observed at 473 K and, afterwards, this v
as inserted into the model ascB,e for the temperature rang
f 383–473 K.

Since lump A consists of large and toxic compounds[12],
annins, which are present in large quantities in the deb
ng concentrate, can be attributed to this group. A stud
he results of the color measurements, inFig. 2, shows tha
he color increased with the increase in temperature;
ver, at higher temperatures the color intensity lessene
ther words, these observations can be explained by the
erization of tannins to a higher degree where they be

nsoluble and precipitate causing a reduction in colora
19,20]. At initial stage, oxidative process causes polym
zation rather promotes the formation of the end-produc
ump E. Hence, the pathway “one” from the reaction netw
n Fig. 1was eliminated and the frequency factors and ac
ion energies were estimated for reactions “two” and “th
nly.
ctivation energies are presented inTable 2. It is also worth
oting that the regression coefficient,R2, of the estimatio
sing a simplified reaction network was high, up to 99%

A sensitivity analysis was performed by presentin
lobal picture of the identifiability of the parameters in

orm of contour plot ofR2 for the pairsKmean2–Ea2 and
mean3–Ea3. Fig. 3 illustrates the typical shape of the co

our lines observed during the estimation of the kinetic
ameters. As can be seen, the contour lines are well
ered around the most probable minimum point. Furtherm
he correlation matrix,Ω1 (9), confirms that the estimat
arameters are not strongly cross-correlated. Its elem
ere far from the values of−0.9 or 0.9, which would in
icate a strong interdependency between the two param
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Table 2
Evaluated kinetic parameters for conventional, alkaline media and promoted wet oxidation processes

Reaction pathways Frequency factor,
Kmean(min−1)

95% Confidence interval
for Kmean(min−1)

Activation energy,
Ea (kJ/mol)

95% Confidence
interval forEa (kJ/mol)

Regression
coefficientR2 (%)

Unpromoted wet oxidation
2 0.0225 ±0.0066 33.6 ±13 99
3 0.0871 ±0.0570 65.1 ±26

Wet oxidation in alkaline media
1 0.0173 ±0.0031 53.8 ±12 95
2 0.0088 ±0.0024 41.6 ±18

Promoted wet oxidation in alkaline media
1 0.0399 ±0.0071 24.3 ±11 97
2 0.0158 ±0.0039 9.1 ±15

4.2. WO in alkaline media

Alkaline media are used in industry, particularly in the
pulp and paper industry, to remove unwanted phenolic com-
pounds such as lignin and its derivatives. High pHs are able
to increase the rate of phenol oxidation by up to 107 times
[15]. The studied debarking concentrate is an example of
wastewater enriched with phenolic (polymeric) substances.

F
E

Therefore, it was found that expediently treating the debark-
ing concentrate in an alkaline media lessened the concentra-
tion of major toxic compounds such as tannin. The WO runs
in alkaline media were conducted at a pH level pre-adjusted
to 13 using a sodium hydroxide solution, operation tempera-
tures of 383–443 K and an oxygen partial pressure of 1 MPa.

To model the process, the reaction network onFig. 1was
recast again for the considered conditions. Due to the rela-
tive stability of the aliphatic compounds in the alkaline media,
which mostly incorporated in lump B, it is expected that there
would be no, or very slow, conversion to carbon dioxide, i.e.
to lump E. Then, reaction pathway “three” can be excluded
from the reaction scheme (Fig. 1) and all the products of par-
tial oxidation then accumulate in lump B. Thus, the reaction
network is simplified and the oxidation proceeds according to
the model by Zhang and Chuang[14]. However, the products
of partial oxidation (lump B) were characterized with BOD5.
Such an oxidative process can be described using the system
of ODEs as follows:

−dcA

dt
= (k1 + k2)(cA − cA,e) (10)

−dcB

dt
= −k2(cA − cA,e) (11)

w of
c
p d
w

T
a ell-
i
(

2
ig. 3. The sensitivity contour plot ofR for the pairsEa2–Kmean2 and

a3–Kmean3of the kinetic model for unprompted wet oxidation.
herecA,e was found experimentally and is equal to 0.25
A,o for a temperature interval of 383–443 K andki is ex-
ressed via Eq.(6); however,K0

i now is additionally merge
ith a concentration of OH ions.
The result of the modeling is presented inTables 1 and 2.

he sensitivity analysis for the parameter pairsEa1–Kmean1
nd Ea2–Kmean2 suggests that the parameters are w

dentified (Fig. 4) and only weakly correlated,Ω2
12).
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Fig. 4. The sensitivity contour plot ofR2 for the pairsEa1–Kmean1 and
Ea2–Kmean2of the kinetic model for wet oxidation process in alkaline media.

4.3. Hydrogen peroxide promoted WO in alkaline media

Hydrogen peroxide decomposes in aqueous solution pro-
ducing two hydroxyl radicals, which have a strong oxidative
capability. The OH radicals can be formed during the course
of oxidation[10] or can also be introduced with the addition
of a H2O2 solution, thus providing an additional source of OH
radicals and accelerating the oxidative process. To achieve a
promoting effect, 0.2 g of H2O2 per 1 g of COD was added
into the remaining alkaline solution in the same temperature
range of 383–443 K, at an oxygen partial pressure of 1 MPa
for a treatment time of 2 h.

The WO with the addition of H2O2 was modeled using
the same reaction network as in the previous chapter, i.e.
Eqs.(10) and(11). However, the frequency factors,K0

i (Eq.
(6)), combine not onlycO2 andcOH but also the concentration
of hydrogen peroxide in the aqueous solution,cH2O2.

The factor ofcA,e was observed to be 0.38 fromcA,o.
The apparent activation energies and frequency factors, as
well as some statistical parameters, such as the standard er-
ror and regression coefficient of estimation, are presented
in Table 2. The CODt/COD0 ratios obtained experimentally
and with the estimated kinetic parameters are depicted in
Table 1.

The contours of theR2 for the pairsEa1–Kmean1 and
E –K imply that the kinetic parameters are well-
i most
p

Fig. 5. The sensitivity contour plot ofR2 for the pairsEa1–Kmean1 and
Ea2–Kmean2of the kinetic model for hydrogen peroxide promoted wet oxi-
dation process in alkaline media.

firms that the estimated parameters are not strongly cross-
correlated.

5. Discussions

Many industrial processes, especially in pulp and paper
mills, deal with alkaline streams. Therefore, the recast model
is applicable for cases of the oxidative treatment of alkaline
effluents. The model uses characteristics such as COD and
BOD, which can be easily determined. Both parameters
are often used to determine the concentration of pollutants
in industrial effluents and the ability of microorganisms
to utilize organics during biological treatment, which is
commonly applied as a final treatment for wastewater.
Biodegradability, defined as the ratio of BOD to COD, is
an important parameter to be ascertained before feeding
the stream into bio-oxidation. The model used in this
work also permits the observation of the BOD/COD ratios
o
t ined
e

a2 mean2
dentified as the contour lines are centered around the
robable point (Fig. 5). The correlation matrix,Ω3 (15), con-
f the stream after the WO processes.Fig. 6 depicts
he results of modeling compared with those obta
xperimentally.
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Fig. 6. The performance of the model for the experimental data observed
under the following conditions: (A) conventional wet oxidation at 1 MPa
of oxygen partial pressure; (B) wet oxidation in alkaline media at 1 MPa of
oxygen partial pressure; (C) H2O2 promoted wet oxidation in alkaline media
at 1 MPa of oxygen partial pressure.

It is necessary to point out that each effluent considered
for WO treatment has to be carefully studied in terms of the
modeling procedure, because the lumped models published in
literature might be just a general description of the oxidative
process and not applicable for a particular case. Thus, two
different reaction pathways were eliminated from the model
by Verenich and Kallas[1] in order to obtain data (BOD
and COD) similar to that obtained experimentally during the
WO of the debarking evaporation concentrate at neutral and
alkaline pHs.

The addition of hydrogen peroxide injected in a dose of
0.2 g per 1 g of COD did reduce the energy barrier to the
production of oxidation products or, in other words, played
the role of reaction accelerator. The activation energy for the
formation of products of partial oxidation decreased by 4.6
times, while that for direct oxidation to carbon dioxide was
reduced by 2.2 times (Table 2).

6. Conclusions

In this work, a debarking concentrate was studied. The
results showed a recalcitrant nature of this wastewater. The
conventional and promoted oxidative processes resulted in
maximum 40% of removal of pollutants. However, WO in
alkaline media and hydrogen peroxide prompted WO con-
verted resistant wastewater to biodegradable by raising the
COD/BOD ratios from 0.32–0.34 to about 0.7–0.75.

To model the WO process for the debarking concentrate,
the general form of the model by Verenich and Kallas[1] had
to be recast. Firstly, the term of the unoxidizable fraction,cA,e
andcB,e, was introduced and, secondly, some reactions were
removed from the reaction network. These modifications re-
sulted in the high values—as high as 95–99%—of the re-
gression coefficient, and a sensitivity analysis confirmed that
the estimated kinetic parameters, activation energies and fre-
quency factors, are well-identified and not cross-correlated.
The promoting effect of hydrogen peroxide was evident, as
the activation energy,Ea2, for the formation of partially oxi-
dized compounds decreased from 41.6 to 9.1 kJ/mol and the
energy required for the formation of carbon dioxide,Ea1, fell
from 53.8 to 24.3 kJ/mol.
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