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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 experimentsj@,, 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,
the model by Verenich and Kallas [S. Verenich, J. Kallas, Wet oxidation of concentrated wastewaters: the kinetic modelling, in: Proceedings of
the IWA 2nd International Conference on Oxidation Technologies for Water and Wastewater Treatment, Clausthal-Zellerfeld, Germany, 2000]
was modified and the kinetic parameters, the activation energies and frequency factors, were estimated along with the sensitivity analysis,
a study on the cross-correlation and identification of the parameters. The recast model explains the experimental data well. The addition of
hydrogen peroxide reduced the activation energies of the oxidative reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction wastewaters to be also highly colored. Tannins are highly
toxic polar phenolic polymers, which contribute as much as
Industrial activity has been recognized as causing waterup to 50% of the chemical oxygen demand (COD) of the
pollution through atmospheric depositions and wastewater wastewatef3]. Previously, the treatment of debarking pro-
discharge. The pulp and paper industry is the world’s sixth cess water using ozorjé] and a combination of chemical
largest polluter (after the oil, cement, leather, textile, and steel flocculation and activated sludg®] led to a large dose of
industries), as it discharges a variety of liquid wastes into the oxidant being consumed or to a decrease in the efficiency
the environmenf2]. The primary wood treatment process of the treatment with the increase in the concentration of the
or wood debarking is almost totally ignored in environmen- organic matter. Oxidative polymerization is a way of neutral-
tal studies. However, the effluent produced in this process isizing the toxicity of the debarking effluent constitutes, but it
currently one of the most toxic wastewaters in the papermak- does not, however, eliminate the pollutants from the aqueous
ing industry. The wastewaters from the debarking processsolution. In this work, wet oxidation (WQO) is considered as
are heavily contaminated by fatty and resin acids, tannins, a suitable method for the elimination of contaminants from
lignins and their derivatives. The presence of lignins and their such effluents.
derivatives, as well as of polymerized tannins, causes these WO is a well-established method for the purification of in-
dustrial wastewaters that cannot be treated using traditional
purification processes because of their high concentration
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dition of a catalyst to mitigate the operating conditions and

Nomenclature attempts to simulate this process have been also undertaken.
Belkacemi et al[13] and Zhang and Chuarng4] have pro-
Biodegradability BOD/CODx« 100 (%) posed models that could fairly describe catalytic WO.
CA concentration of organics in lump A (molAn The present study focuses on the modeling of the hydro-
Cae concentration of unoxidized organics in lump gen peroxide promoted and unpromoted WO of a debarking
A at 383-473 K (mol/r) concentrate. Hydrogen peroxide decomposes in aqueous so-
Cao initial concentration of organics in lump A lution with the formation of hydroxyl radicals that, in turn,
(mol/m?) react with organic substances, catalyzing or promoting the
Cs concentration of organics in lump B (mof#n WO process. Moreover, some reactions were conducted un-
CBe concentration of unoxidized organics in lump der alkaline conditions, as the phenolic compounds presentin
B at 383-473 K (mol/rf) the studied wastewater in large amounts are oxidized much
Ceo initial concentration of organics in lump B faster at high pH values than at neutral (original) [i3].
(mol/m?) The lumped model developed by Verenich and Ka]tHs
cH,0,  concentration of hydrogen peroxide insolution  was applied and recast for this particular case.
(mol/m?)
co, concentration of oxygen in solution (mof#n
CoH concentration of hydroxyl ions in solution 2. Kinetic model
(mol/m?)
Ea activation energy (kJ/mol) In the model developed by Verenich and Kal[a§, the
k reaction rate constant (i) reaction system was divided into lumps with respect to the
K0 frequency factor (min') biodegradability of the organic substances. The first lump,
KO frequency factor defined in E¢6) (min~?) A, includes the compounds that are difficult to oxidize bi-
KQean frequency factor defined by E(B) (min—?) ologically and was obtained by subtracting the biochemi-
R gas constant (8.314 JmdiK ) cal oxygen demand (BOJ) from the COD. As can be seen
t reaction time (min) from Fig. 1, the further oxidation of A leads to the formation
T temperature (K) of a biodegradable compound, B, and to the reaction end-

Tmean ~Mean temperature between the lowest and the  products. Lump B is characterized via BOD analysis and
highest temperatures usedinthe estimation (K)  ysually incorporates the products of partial oxidation, such
as carboxylic acids, aldehydes, alcohols or other substances,

Subscripts that can be utilized by microorganisms. The latter (lump B)
' reaction pathways, 1, 2 or 3 also undergoes further oxidation into carbon dioxide and wa-
ter.
Superscripts _ ) This reaction system is expressed mathematically as fol-
n oxygen reaction order for the reaction path-  |ows:
ways of 1, 2 or 3
dea
- (k1 + k2)ca (1)
t
dc
B — —koca + kacs (2)

the removal of pollutants in the liquid phase under elevated  dr
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 ki = kiO exp(—ﬁ> Cgi (3)
compounds. The oxidative process proceeds along complex 2

reaction pathways and leads to the formation of different in-
termediates. Itisimpossible to trace all the chemical transfor-
mations th'at take place in mdustrlgl wastewaters. However, cg.0=[BODs]o, respectively.

merging different compounds, which have similar proper- “n6 1 the recalcitrant properties of the studied wastewater

ties or structures, into certain lumps allows for the oxidation (as can be seen further from experimental results), EJs.
process of multicomponent systems to be described. Taka- '

» where

At “zero” time, the concentrations of lumps A and B
are the concentrations a@f o =[COD minus BOR]o and

matsu et al[8], Foussard et a[9], Li et al. [10], Donlagic Ky

and Leved11], Verenich and Kalla§l2], etc. have lumped AT _E
organic compounds according to their solubility and evapo- R /;
rative properties, biodegradability, ability to be oxidized to B

carboxylic acids that are the most resistant to oxidation sub-
stances. Since WO requires rather high temperatures, the ad- Fig. 1. The wet oxidation reaction netwoft.
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and(2) can be rewritten, according to Foussard ef4l. as 3. Experimental
Eqgs.(4) and(5)
3.1. Materials

dca

= (k1 + k2)(ca — cae) 4) 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
_deg _ —ko(ca — ca ) + ka(cs — cB.o) ) was about 20-25%. More than half (61-62%) of the solid
dr | AAT Che 3B T Be matter present in the concentrate consisted of organic com-
pounds. The obtained concentrate had the following charac-
where cae and Cge are quantities of organic com- teristics: 47—60 g/L of COD; 1_5—25 g/L of_c_iissolved organic
pounds that cannot be oxidized at given temperature c@rbon (DOC); 30-40% of biodegradability; 30-55 Pt-Co
range. color unit of color; 5.5-9 g/L of soluble tannin/lignin, and

The activation energies and frequency factors for the abovePH of 5.5-7.0.
model were obtained using a parameter estimation procedure.

The computations were performed using the MODEST soft- 3.2. Experimental procedure

ware packaggl 6] that is designed for various tasks of model

building such as simulation, parameter estimation, sensitivity =~ The experimental runs were conducted in a 300-ml high-

analysis and optimization. The software consists of a FOR- pressure autoclave (Parr Instrument Co., Moline, IL) made
TRAN 95/90 library of objective functions, solvers and opti- of a nickel-chromium-molybdenum alloy. The reactor was

mizers that are linked to model problem-dependent routines equipped with a gas inlet and a liquid sampling tube, a gasre-
and the objective function. lease valve and a four-bladed turbine type impeller. Arotation

The parameters were estimated from the systems of dif- speed of 900 min! was maintained to ensure proper inter-
ferential equations using the least squares method. The dif-facial oxygen transfer. An external heating jacket, thermal
ferential equations were solved by means of linear multistep sensors and a cooling loop implemented inside the reactor
methods implemented in ODESSA that is based is on the permitted the reaction temperature to be maintained within
LSODE softward17]. +1K from a set value.

Along with common indicators, such as the regression  Debarking concentrate (175ml) at a pre-adjusted pH, if
coefficient, R?, the standard error and correlation matrix, necessary, was placed in the reactor. After the reactor was
£2, a graphical sensitivity analysis was performed. The sealed, it was heated to the desired reaction temperature.
two-dimensional sensitivity contour plots produce a “land- When the set temperature was achieved, pure oxygen was in-
scape” of the regression coefficient for the identification troduced into the reactor via the gas inlet line. For hydrogen
of the probable region of the optimum values. The more peroxide promoted wet oxidation (PWO), oxygen inlet line
centered the contours are, the better the parameters arevas opened immediately after the injection of hydrogen per-

identified. oxide by nitrogen gas via a liquid-charging pipette. Six liquid
Table 1
Relative concentration of organic material (CQODOD,) observed during the experimental runs and predicted by the models
Time (min) CORL/CODy: experimental/predicted
383K 423K 453K
Unpromoted wet oxidation
0 10/1.0 10/1.0 10/1.0
60 094/0.97 087/0.86 080/0.81
120 089/0.93 081/0.80 074/0.79
383K 423K 443K
Wet oxidation in alkaline media
0 10/1.0 10/1.0 10/1.0
60 082/0.88 074/0.68 066/0.66
120 081/0.80 072/0.65 061/0.66
383K 423K 443K
H20, promoted wet oxidation in alkaline media
0 10/1.0 10/1.0 10/1.0
60 078/0.80 072/0.71 070/0.69

120 Q75/0.76 070/0.67 066/0.69
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samples were extracted periodically during the 2-h reaction 5.2

period and analyzed for their COD and B@Eharacteristics, 4,6 -

color and pH. After 2 h, the oxidative reaction was stopped 40 -

by closing the oxygen inlet line and cooling the autoclave o ——423K

rapidly with chilled water. S —W—443K
The COD analysis was performed by means of the closed ~ § 2.8 —A—463K

reflux dichromate methofl8] using a COD reactor (Hach = 22

Company, Loveland, CO) and a direct-reading spectropho- © 16

tometer DR/2000. The BOD analysis was assessed with ’

the help of a SensorBOD device developed by Dr. Lange 1,0 {

& Co. (Germany), which allows for BOD values identi- 0,4 . . ; : .

cal to BOD; to be obtained. A more detailed procedure 0 20 40 60 80 100 120

of the analysis can be obtained elsewhd®. The appar- Time, min

ent color of the samples was measured using the HACH

direct-reading spectrophotometer DR/2000 at a wavelength Fig. 2. The effect of temperature on the color of the debarking concentrate
of 455 nm during the 2-h reaction time.

The activation energieg,;, and frequency factorsKio,
4. Results were estimated from the Arrhenius equati@), Whereki0
was merged with to give K.
4.1. Unpromoted WO

0 ai

The WO experiments were conducted at a temperatureki = Ki exp(—ﬁ> (6)
range of 383-473K and oxygen partial pressure of 1 MPa
for 2 h. The measurement of COD indicated the resistant na- However, the Arrhenius equation, in its traditional form
ture of the organic material present in the wastewater (see(Eq. (6)), has two strongly correlating parametels; and
Table 1. At 443 K, the amount of organics (COD) remained Kio. By suitably increasing the values of bdﬁﬁ, andE;, ki
at as constant value of about 74.6% of the initial COD af- could remain virtually unchanged. Therefore, a new param-
ter a reaction time of 2 h. These results prompted us to em-eterization of Eq(6) should be performed, and this can be

ploy the approach by Foussard et @] in order to simu- written in the following form[16]:

late the experimental data using the model by Verenich and

Kallas [1]. It was observed that the unoxidized fraction of ki = Kmeani exp<—@ (l 1 )) Ko
lump A, or cae, is temperature-independent and equals to R \T  Tmean

about 0.72 ofca o or, in other words, is 72% of the initial
concentration of lump A (see the kinetic model description);
meanwhile cg e, which could be interpreted as the accumu- 0 ai
lation of partially oxidized compounds in lump B, was de- Kmeani = Kj exp(—F) (8)
pendent on the reaction temperature. Its minimum value of mean
0.93cg o was observed at 473K and, afterwards, this value and Tmeanis the mean temperature between the lowest and
was inserted into the model eg for the temperature range  the highest temperatures used in the estimation. Later on,
of 383—-473 K. Kmean,i have to be recalculated from E(g) to receive the
Since lump A consists of large and toxic compoufidy, values of the original frequency factoﬁio. The estimated
tannins, which are present in large quantities in the debark- activation energies are presentediable 2 It is also worth
ing concentrate, can be attributed to this group. A study of noting that the regression coefficieR, of the estimation
the results of the color measurementsfkig. 2, shows that using a simplified reaction network was high, up to 99%.
the color increased with the increase in temperature; how- A sensitivity analysis was performed by presenting a
ever, at higher temperatures the color intensity lessened. Inglobal picture of the identifiability of the parameters in the
other words, these observations can be explained by the polyform of contour plot ofR? for the pairsKmean2>-Ea2 and
merization of tannins to a higher degree where they becameKmeans-Eas. Fig. 3illustrates the typical shape of the con-
insoluble and precipitate causing a reduction in coloration tour lines observed during the estimation of the kinetic pa-
[19,20] At initial stage, oxidative process causes polymer- rameters. As can be seen, the contour lines are well cen-
ization rather promotes the formation of the end-products or tered around the most probable minimum point. Furthermore,
lump E. Hence, the pathway “one” from the reaction network the correlation matrix{2; (9), confirms that the estimated
in Fig. 1was eliminated and the frequency factors and activa- parameters are not strongly cross-correlated. Its elements
tion energies were estimated for reactions “two” and “three” were far from the values of£0.9 or 0.9, which would in-
only. dicate a strong interdependency between the two parameters.

where
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Evaluated kinetic parameters for conventional, alkaline media and promoted wet oxidation processes

105

Reaction pathways

Frequency factor,

95% Confidence interval

Activation energy,

95% Confidence

Regression

Kmean(min—1) for Kmean(min=1) Ea (kd/mol) interval forE, (kJ/mol) coefficientR? (%)
Unpromoted wet oxidation
2 0.0225 +0.0066 3% +13 99
3 0.0871 +0.0570 651 +26
Wet oxidation in alkaline media
1 0.0173 +0.0031 538 +12 95
2 0.0088 +0.0024 416 +18
Promoted wet oxidation in alkaline media
1 0.0399 +0.0071 243 +11 97
2 0.0158 +0.0039 a1 +15
K,o: Kopws E. E, Therefore, it was found that expediently treating the debark-
K,., 1 ing concentrate in an alkaline media lessened the concentra-
O K ~0.55 1 9) tion of major toxic compounds such as tannin. The WO runs
1= mean3 . . . . .
£ —034 —0.05 | in alkaline media were conducted at a pH level pre-adjusted
“ ! ' to 13 using a sodium hydroxide solution, operation tempera-
E. |-023 -062 -036 1

a3

4.2. WO in alkaline media

tures of 383—443 K and an oxygen partial pressure of 1 MPa.
To model the process, the reaction networkFém 1was

recast again for the considered conditions. Due to the rela-

tive stability of the aliphatic compounds in the alkaline media,

Alkaline media are used in industry, particularly in the which mostly incorporated in lump B, itis expected that there
pulp and paper industry, to remove unwanted phenolic com- would be no, or very slow, conversion to carbon dioxide, i.e.
pounds such as lignin and its derivatives. High pHs are ableto lump E. Then, reaction pathway “three” can be excluded

to increase the rate of phenol oxidation by up td fithes

from the reaction scheméig. 1) and all the products of par-

[15]. The studied debarking concentrate is an example of tial oxidation then accumulate in lump B. Thus, the reaction
wastewater enriched with phenolic (polymeric) substances. network is simplified and the oxidation proceeds according to
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Fig. 3. The sensitivity contour plot dR? for the pairsEa2Kmean2 and
Eaz—Kmean30f the kinetic model for unprompted wet oxidation.

T T LI
0.06 0.08
Ea3 x 1DE6

the model by Zhang and Chuafigt]. However, the products

of partial oxidation (lump B) were characterized with BQD
Such an oxidative process can be described using the system
of ODEs as follows:

d

—=2 = (fa+k2)(ca — cae) (10)
d

—% = —ka(ca — cace) 11)

whereca ¢ was found experimentally and is equal to 0.25 of
Cao for a temperature interval of 383-443 K akdis ex-
pressed via E(6); however,KiO now is additionally merged
with a concentration of OH ions.

The result of the modeling is presentediables 1 and 2
The sensitivity analysis for the parameter p&ts—Kmean1
and Eg>Kmean2 suggests that the parameters are well-
identified ¢ig. 4 and only weakly correlateds2,

(12).

| K ean ez Ea E,
meanl 1
Q,=K,,.,| 073 1 (12)
E, | 025 024 1
E, | 021 0 069 1

a3
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Fig. 5. The sensitivity contour plot dR? for the pairsEai—Kmean1 and
Eax-Kmean20f the kinetic model for hydrogen peroxide promoted wet oxi-

Fig. 4. The sensitivity contour plot dR? for the pairsEai—Kmean1 and - A ' ]
dation process in alkaline media.

Ea>-Kmean20f the kinetic model for wet oxidation process in alkaline media.

4.3. Hydrogen peroxide promoted WO in alkaline media firms that the estimated parameters are not strongly cross-

correlated.
Hydrogen peroxide decomposes in aqueous solution pro- | K . E, E,
ducing two hydroxyl radicals, which have a strong oxidative 1 -
. . . meanl
capability. The OH radicals can be formed during the course 0, =K, | 083 . (13)

of oxidation[10] or can also be introduced with the addition

of aHyOy solution, thus providing an additional source of OH Eo 0.19 016 !
radicals and accelerating the oxidative process. To achieve a Es | 016 020 083 1
promoting effect, 0.2 g of KD, per 1g 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 5. Discussions

for a treatment time of 2 h.

The WO with the addition of KO, was modeled using Many industrial processes, especially in pulp and paper
the same reaction network as in the previous chapter, i.e.mills, deal with alkaline streams. Therefore, the recast model
Egs.(10)and(11). However, the frequency factorK,-0 (Eq. is applicable for cases of the oxidative treatment of alkaline
(6)), combine not onlyo, andcon but also the concentration  effluents. The model uses characteristics such as COD and
of hydrogen peroxide in the aqueous solutic#,o, . BOD, which can be easily determined. Both parameters

The factor ofcae was observed to be 0.38 from o. are often used to determine the concentration of pollutants

The apparent activation energies and frequency factors, asn industrial effluents and the ability of microorganisms
well as some statistical parameters, such as the standard etto utilize organics during biological treatment, which is
ror and regression coefficient of estimation, are presentedcommonly applied as a final treatment for wastewater.
in Table 2 The COLQ/CODy ratios obtained experimentally Biodegradability, defined as the ratio of BOD to COD, is
and with the estimated kinetic parameters are depicted inan important parameter to be ascertained before feeding
Table 1 the stream into bio-oxidation. The model used in this

The contours of theR? for the pairs Eai—Kmeant and work also permits the observation of the BOD/COD ratios
Ea>Kmeanz imply that the kinetic parameters are well- of the stream after the WO processddg. 6 depicts
identified as the contour lines are centered around the mosthe results of modeling compared with those obtained
probable pointFig. 5). The correlation matrixs (15), con- experimentally.
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0.50 6. Conclusions
0.45
* oo In this work, a debarking concentrate was studied. The
8 " A A results showed a recalcitrant nature of this wastewater. The
g 035 A% 5 conventional and promoted oxidative processes resulted in
Q 030 Model maximum 40% of removal of pollutants. However, WO in
025 | A 453K alkaline media and hydrogen peroxide prompted WO con-
O 403K verted resistant wastewater to biodegradable by raising the
020 T T T COD/BOD ratios from 0.32—0.34 to about 0.7-0.75.
A) 0 20 40 60 80 100 120 To model the WO process for the debarking concentrate,
the general form of the model by Verenich and KaJHshad
to be recast. Firstly, the term of the unoxidizable fracte
andcg ¢, was introduced and, secondly, some reactions were
o removed from the reaction network. These modifications re-
S sulted in the high values—as high as 95-99%—of the re-
= gression coefficient, and a sensitivity analysis confirmed that
2 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
(B) the activation energ¥ap, for the formation of partially oxi-
dized compounds decreased from 41.6 to 9.1 kd/mol and the
0.80 energy required for the formation of carbon dioxilg;, fell
0.70 from 53.8 to 24.3 kJ/mol.
o 0.60 -
= I
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8 0.40 -
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Fig. 6. The performance of the model for the experimental data observed
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