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Abstract

The treatment of halogenated containing compounds is one of the more promising applications of catalytic wet oxidation (CWO) reaction.
The aim of this work is to compare the abatement of chemical oxygen demand (COD) and adsorbable organic halogen (AOX) parameter
in three halogenated liquid wastes: a landfill leachate, a pulp and paper bleaching liquor and a heavily organic halogen polluted industria
wastewater, treated at 430-500 K in a batch bench-top pressure vessel. Two catalysts based on ceria were used; ammieeSt@@oped
ceria characterized by different surface area and oxygen storage capacity. The efficiency of the catalytic process was examined controllin
COD and AOX parameters; the catalysts deactivation was observed by the measurement of the surface area and the increase of the cart
content of the catalysts after the reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inorganic substances by means of oxygen, at elevated tem-
perature (450-590 K) and pressure (2—15 MPa), assuring wet
In the last years, intensive research effort aimed at conditions of reaction. Under these conditions organic waste
the development of new technologies to remove organic streams too dilute to incinerate and too concentrated for bio-
pollution in wastewater, and particularly pollution related logical treatment can be degraded to simpler, frequently more
to the presence of organic halogens. The organic halogenbiodegradable, organic compounds or completely converted
content of a wastewater is characteristically related to to CO, and HO[2]. This process is widely used in treatment
refractivity, scarce biodegradation, bioaccumulation and of toxic or refractory substancé3] where biological treat-
health damages in the environmddi. It is well known ments are not applicable, both in pure compound solution
that a lot of wastewater containing high concentration of and in complex wastewatef4]. Further, in WO process it
organic halogens compounds or other organic chemicalsis possible to recover energy operating with highly organic
from industrial synthesis are scarcely treatable by traditional contaminated wastewater obtaining self-sustainability of the
biological technologies and need to be pre-treated by severesystem[5]. In usual WO applications temperature and pres-
actions to abate biological refractory and inhibitory effects. sure range, respectively, from 400to 590 K and 0.5to 20 MPa,
Wet oxidation (WO) is a useful treatment method for with most common applications and best efficiencies, in
reduction of aqueous pollution bound to heavily contam- 500-560 K temperature and 3.5-12.8 MPa pressure ranges.
inated wastewater, in particular when it is necessary to In order to achieve less severe condition of temperature and
treat low volumes. This process consists in the oxidation pressure the WO process can be enhanced by the use of cata-
of dissolved or suspended aqueous solution of organic andlysts, carrying out catalytic wet oxidation (CWO), which has
been presented as an optimal process in many agueous wastes
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the catalytic wet air oxidation appears as the most promising Gasoutlet o
wastewater treatment in a wide range of environmental appli-
cations. Particular effort was given to studies involving CWO

by cerium-based heterogeneous cataly8tsl1l] because

of their well known oxygen storage and exchanging capac-
ities which were widely studied, exploited and developed
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ters. At present time, there is no investigation reported on

. . . O
the efficiency of ceria-based catalysts on the abatement of S.WMAE
AOX parameter in industrial wastewaters; the present study

was carried out to investigate for the first time the behavior
of these oxides on the abatement of organic pollutants (mea-
sured as chemical oxygen demand (COD) and adsorbable
organic halogen (AOX)) in three different heavily polluted Fig. 1. Scheme of the CWO apparatus.
wastewaters.

Heating

One hundred and fifty milliliters of the composite wastewater
and 0.5g (10 mM as Cef of the catalyst was used for the
experimental procedure while pressure (ranging between 2
) ) and 3.5 MPa) was adapted to diverse temperatures to maintain
Cerium oxide (Ce@) catalyst (cat-A) was prepared \yet condition by oxygen pressure addition. The absence of

by precipitation with ammonia from a solution of iffysional effects were checked by running tests at different
Ce(NQGs)3-6H20. The resulting precipitate was washed stirring rates.

several times with water and with acetone/toluene/acetone

mixture and then dried at 373K for 15h followed by f standard Methods for the Examination of Water and
calcination under air flow at 723 K temperature for 2h. The Wastewater[15] and AOX parameter was evaluated fol-
resulting powder had a surface area of PIgras measured  |oping 1SO 9562 standard by an ECS1000 Euroglas AOX
by the B.E.T. method using Nadsorption at 77K with @ 5naiyzer. Respirometric oxygen uptake rate (OUR) measures
Sorptomatic 1990 apparatus (Carlo Erba). . were conducted utilizing a WTW 320 oxymeter on 11 open
‘The CeQ-Si0, (Si 6 wt.%) catalyst (cat-B) was obtained  regpirometer. The inoculated biomass was taken from an
mixing an aqueous solution of Ce(NJ3- 7HOwithanaque-  gctivated sludge reactor of a municipal wastewater treatment
ous solution of sodium silicate (containing a Si@nount of plant. The elemental analysis of C, H, N, S and O on the used
63 wt.%). After this, an ammonia concentrated solution was catalysts was performed with a Carlo Erba Automatic Ele-

slowly added to reach a pH of 11.5. Then, this solution is enta) Analyzer Model 1106. The study was carried outusing
stirred at 363K for 24 h in a Nalgene autoclave. The yellow ree halogenated liquid wastes: a landfill leachate (LL), a

precipitate is filtered, washed with water, acetone and Water,pu|p and paper bleaching liquor (BL) and a heavily organic

dried for 24 h at 333 K and calcined in a tubular furnace at halogen polluted industrial wastewater (I\Table 1shows
723K for 2h[14]. The resulting powder had a surface B.E.T. tha main characteristics of the different wastewaters used.
area of 166 rf/g.

Reaction tests were carried out in a 400 ml stainless steelTabl el

pressure vessel (Parr |n3t_rument5, Model 4562) with internal characterization parameters of landfill leachate (LL), pulp and paper bleach-
parts covered by Teflon liners. The autoclave was adapteding liquor (BL) and a heavily organic halogenated industrial wastewater (IW)

2. Experimental

COD was determined respecting colorimetric procedure

for batch working with inlet—outlet valves, mixer, cooling  parameter LL BL W
device and automatic control of temperature and pressure. s 5 a5
A schematic illustration of the CWO apparatus is shown in conductivityt 4500 800 350
Fig. 1 During the batch tests the pressure vessel was chargedton® 6750 1300 3250
with the waste solution and the catalyst, then the oxygen wasAOX” . 5.0 27 12
introduced at the required pressure. Finally the temperatureSuspended solids (S5) 9000 110 50
ised and the reaction was started while stirring all the 102 nitrogen (™ 1100 17 L
was raise c g "'~ Total phosphorous (TP) 35 02 01
mixture. The reaction time was 1 h for the general tests, while gg,2-b 700 400 <5
a range of reaction times was employed for kinetic study. ca* 2000 200 80
After reaction, the mixing was stopped and the mixture was CI~" 2500 90 <5

cooled to room temperature. At this point the liquid sample 2 ps/cm.
was drawn by the V3 valver{g. 1), decanted and analyzed. " mg/.



1138 D. Goi et al. / Journal of Alloys and Compounds 408—412 (2006) 11361140

100
BL [l 430K w [l | 460K L [l 460K
= 80 [] 460K O so0k [ so00k
3 60
z
<
= 40
fa)
&)
o 204
o | | — | ol | i_|i
blank cat-A cat-B blank cat-A cat-B blank cat-A cat-B
Fig. 2. COD removal (%) in BL, IW and LL sample.
3. Results and discussion Table 2

Carbon content and surface area in landfill leachate (LL), pulp and paper

. . bleaching liquor (BL) and halogenated industrial wastewater (IW) cat-
A series of prellmlnary tests were performed to assure alytic wet oxidation tests with cerium oxide (cat-A) and Ge®lO, (cat-B)

that in the absence of oxygen the organic compounds arecataiysts
not adsorbed on the high-surface area catalyst during expers

. ) Wastewater Reaction Cat-A Cat-B

imental runs. The results, not shown here, confirm that no temperature (K)

adsorption occurs on the catalyst surface at the reaction SA(nlg) %C SA(nflg) %C
temperature investigate#figs. 2—3show the results of the - 298 77 0 160 0
catalytic reactions carried out on the wastewater samples;g. 430 12 15 30 10
these are characterized by a different degree of refractivity 460 17 25 32 30
and therefore COD and AOX abatement strongly differinthe || 460 20 6 46 10
three cases. Pulp and paper bleaching liquor is the sample less 500 32 4 70 5
refractory to oxidative treatment; the results of a 1 h test per- |, 460 20 4 107 13
formed on this sample at 430 and 460K are reported. The 500 32 2 114 7

abatement of COD and AOX after oxidation is particularly =\wq reaction time: 1 h.
evident with the utilization of the catalyst. The performance
of the doped Ce®SiOs is better than that of pure ceria and organic halogen compounds could be proposed in this case
the removal of ca. 80% of COD and 90% of AOX are reached because of the very high concentration of chlorides in LL
at 460 in 1 h reaction. COD abatement is in agreement with wastewater (se€able J [16]. Table 2shows carbon content
previous results on similar effluer®]. A surface areadrop  and surface area of the catalysts after reactions. It is evident
caused by deposition of organics is observed in both catalyststhat there is a loss of surface area with a corresponding
(seeTable 9. increase of carbon content more relevant at lower temper-
The results obtained on halogenated industrial wastewaterature. Overall surface area drop and carbon deposition are
and on landfill leachate indicate the higher refractoriness lower than those observed after treatment of BL, which is
of these wastewaters. Tests were performed at 460 andconnected to the lower reactivity under these conditions. The
500K; in both cases the abatement of COD parameter isadsorption of reagents and/or intermediate products may
evident after 1 h treatment and reaches a maximum of ca.in fact result in the formation of heavy by-products, which
50 and 40%, respectively, with Ce&iO, catalyst. AOX form a carbonaceous deposit hampering the accessibility of
abatement is limited to 50% in IW whereas with LL there the reactants to the catalyst surface. This aspect has a key
is a slight increase of AOX during reaction. A mechanism role on catalyst practical importance since in a long-term
of reaction of organic pollutants with the chloride to form operation it would cause a loss of catalytic activity.
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Fig. 3. AOX removal (%) in BL, IW and LL sample.
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Table 3 Table 4

OUR measures (mg/l min) after 1 h reaction at 500 K (460 K) Activation energies for removal of COD and AOX in IW sample

Sample No reaction Cat-A Cat-B AE (KImol1)

LL 0.28 0.42 (0.36) 0.64 (0.50) 5 o4 7

BL 0.37 0.70 (0.51) 075057 O -9 34.5
AOX 12.9 10.4

@ For BL temperatures of 460 K (430 K) were used.

ceria due to the presence of defective difeq coupled with

Table 3shows for each wastewater the OUR before and the high surface area of the catalyst may contribute to the
after the catalytic tests. The OUR measure gives an indica-increased reactivity.
tion of the biodegradability of a wastewater. It can be seen A more detailed kinetic investigation has been carried out
that in all samples oxygen uptake is increased after CWO, for the IW sample in order to compare the mechanism of
with higher values obtained by using C£SiO, catalysts. removal of COD and AOX. It is known that the removal of
In particular with BL and LL wastewaters for treatmentof 1 h, organics in wastewaters occurs with a first order two-stage
respectively, at 460 K and 500 K with doped ceria catalysts, mechanisnj2]. According to previous reports on simulated
OUR values larger than 0.6 mg/l min are obtained indicating compositions, the reasons of this behavior is that the primary
a good biodegradability. IW wastewaters are the most refrac- pollutants are decomposed in the first stage into less oxidable
tory to biological treatment due most likely to the presence organic molecules that are further converted into,&G0d
of a higher AOX concentration. Also in this case however, H2O. Since in the present investigation the oxidation content
biodegradability is increased by CWO. in the liquid phase was maintained at an excess level for the

The use of ceria-based catalysts in environmental applica-complete oxidation of all organic compounds, the oxidation
tions is well known and is connected with both the redox and kinetic of the WAO process can be represented by:
morphological properties of these materfdlg]. As a matter
of fact, doping of ceria with a transition metal induces an — = —kC" (1)
enhancement of the redox properties mainly driven by struc-
tural modifications in the lattice that induce an increase of the whereC is either COD or AOX concentratio,the reaction
diffusion rate of oxygen; at the same time doping increases rate coefficients the time and: is the reaction order. A first
the surface area and the thermal stability under reaction con-order kinetic model was used to represent the experimental
ditions. Recently, gas-phase deep oxidation of chlorinated data.Fig. 4 displays the plot of In(/Cp) versust for either
hydrocarbons has been reported over ceria-zirconia-basedZOD and AOX parameter. In both cases a two-stage first
catalysts[17] and similar catalyst compositions were pre- order reaction kinetics has been used to describe the catalytic
viously shown to be active for oxidation of hydrocarbons behavior although it is evident that the slowdown of activity
[18,19] The mechanism of action has been ascribed to ais clearly observed in the removal of COD and not in AOX.
combination of surface acidity and availability of lattice oxy- Activation energies for COD removaléble 4are consistent
gen. Although the action of the catalyst in wet oxidation has with the elimination in the second step of the more refrac-
not been totally clarified, the principal role of ceria is likely tory pollutants derived from the primary pollutants. For the
to act as a good medium for oxygen activation and transport. AOX curve, the two steps are barely visible and in agreement
This characteristic is connected with the formation of oxy- with this the activation energies are comparable and lower
gen defect sites, and should contribute to oxygen activation bythan those observed for COD removal. The lower activation
promoting a mechanism for production of active radicals or energy is more likely related to the mechanism of removal of
by promoting direct redox reactid20]. In our preliminary chlorine from the organo halogenated molecules according
experiments, the higher oxygen storage of silica-modified to a mechanism were R—Cl is first transformed to RH and
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Fig. 4. Effect of temperature on first order kinetic plots of COD and AOX removal.
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Cl~ and then RH (now contributing to overall COD) is oxi-  [3] AK. Chowdhury, W.C. Copa, Ind. Chem. Eng. 28 (1986) 3.

dized to CQ and HO. [4] S. Verenich, J. Kallas, Environ. Technol. 23 (2002) 655.
[5] J.B. Joshi, Y.T. Shah, S.J. Parulekar, Indian Chem. Eng. 37 (1985)
3.
[6] J. Levec, Appl. Catal. 63 (1990) L1.
4. Conclusions [7] S.H. Lin, Y.F. Wu, Environ. Technol. 17 (1996) 175.
[8] C. de Leitenburg, D. Goi, A. Primavera, A. Trovarelli, G. Dolcetti,
Catalytic wet air oxidation of three high strength compos- Appl. Catal. B: Environ. 11 (1996) L29.

ite halogenated liquid wastes using Gefiased catalystwas L ;lggr;%ri,l\;éommura, T Nishio, K. Utani, Ind. Eng. Chem. Res.

inve_Stigated_a_nd in qomparison with WO, the CWO prOViqu [10] J. Barbier Jr., F. Delanoe, F. Jabouille, D. Duprez, G. Blanchard, P.
a higher efficiency in abatement of COD and AOX (with Isnard, J. Catal. 177 (1998) 378.
up to 90% AOX and 80% COD abatement), In addition it [11] S. Imamura, in: A. Trovarelli (Ed.), Catalysis by Ceria and Related
enhances the biodegradability of heavily polluted wastewa- XatTer'a'Sv I'I’_“Fg”ta'l C;”egg _PVESS' 23%02i9%64341§3
ters to a degree that allows wastewaters to be then treated ifi-2) A Trovarelli, Catal. Rev. Sci. Eng. 38 (1996) 493.
! . . . |13] S. Imamura, Ind. Eng. Chem. Res. 38 (1999) 1743.
ab|0|09|05_1| reactor. The comparison between pure and Slllca[14] E. Rocchini, A. Trovarelli, J. Llorca, G.W. Graham, W.H. Weber,
doped ceria catalysts evidences the importance of enhanced M. Maciejewski, A. Baiker, J. Catal. 194 (2000) 461.
oxygen storage capacity and increased surface area. Prelimi5] Standard Methods for the Examination of Water and Wastewater,
inary kinetic studies reveal that the oxidation can be well ~ 20th ed., published jointly by American Public Health Association,
represented by a first-order kinetics for both COD and AOX CJ;;:';Z?OY]V""I?rCW(ig(gsgAssoc'a“on’ Water Environment Federation,
removal. In 'the 'forr'ner, in agreement with previous reports,'a [16] I. Arslan, I. Akmehmet Balcioglu, D.W. Bahnemannb, Appl. Catal.
two-stage kinetics is observed, with the second stage reaction  B: Environ. 26 (2000) 193.
being much slower than the first. [17] J.I. Gutierrez-Ortiz, B. de Rivas, R. Lopez-Fonseca, J.R. Gonzales-
Velasco, Appl. Catal. A: Gen. 269 (2004) 147.
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