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ABSTRACT

Fly ash catalyzed oxidation of phenol in the presenca ol hydrochlonc acid at 150 - 450 °C resulted in the
formation of chlorinated phenols. Above 350 °C (chlorinated) phenol(s) were converted. mainly into CO, but
chlorinated benzenes, monobenzofurans and dibenzo-p-dioxins were also lormed. In contrast, under simiar
conditions, (chlorinated) benzenes are inent with respect 1o both oxidation and oxychlorination,
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INTRODUCTION

In recent years evidence has been gathered that fly ash promotes the formation of PCDDs/PCDFs in the
effluent stack gas of Municipal Wasle Incinerators (Goldfarb, 1989). Not only has been proven that ty ash
can act as a polent oxychlorination catalyst (Eiceman and Rghei, 1982; Rghei and Eiceman, 1984, 1985),
MWI fly ash can also engender PCDD tormation de novo (Stieghtz of al., 1989; De Leer af al, 1989), or
from (polychloro)phenol (Dickson and Karasek, 1987; Karasek and Dickson, 1987, Born ot al, 1989),
(de)chlorination reactions (Stieglitz and Vogg, 1987; Hagenmaier et al, 1987a, 1987b: Vogg and Stieghitz,
1986) ara readily accelerated as well.

In a previous paper (Born et al., 1989) we reported on the fly ash catalyzed combustion of o-chlorophenol. It
was shown that at relatively low temperalures of around 350 °C a large part ot o-chlerophenol 15
translormed into typical combustion products like CO, This process also results in the formation of
polychlorinated products, showing that the liberated chlarine (whether Ci, or HCl was used m a
simultaneous (oxy)chlorination of remaining aromalic struciures.

In order to gain more insight in the competition between oxidalion and oxychlorinalion. we embarked on a
study of the roaction system phenol - O, {- HCY) - lly ash.

EXPERIMENTAL SECTION

The axidalion and oxychlorination of phenol was conducted using a computer-controlled microrgactor flow
systern, schematically shown in Fig. 1.

Utitizing mass flow controllers (Brooks 5850 TR Series) a constant nitrogen (Hoekloos: S-80-V) intiow was
achicved, resulting in accurately known residence limes. Gaseous phenol was introduced in 1he reactor by
purging a melered nitrogen flow through a stainless steel impinger filled with liquid phenol. Employing a
temperature controlled ail bath (Tamson TC 9/250) at 74.3 °C, evaporalion ol phenol was maintained at a
well dofined rate. HCl was made in sitv by combustion of gaseous 1,4-dichioiobutane {evaporaled in
analogy with phenol, using a waler bath) in an oxygen-nitrogen atmosphere at 720 °C.

A two-way swilching valve, triggered by a pressurized air driven valve actuator (Whstey Model 151 DA).
directed the oblained gas mixiure either directly, or via the reactor, towards the on-line gas chromatograph
(Hewlett Packard 5890A), which subsequently analyzed the nibal reactant concentration, or the product
distribution upon reaction.
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Fig. ¥ Schematc representation ol the experimental set-up.
A quarz microreactor (1D, 4 mm, length 48 mm, effective volume 0.6 ml), filled with 0.40 g ol MWI fly ash
was mounled horizontally in an electrically heated tubular oven (Heraeus Modet VP), provided with a RKC
Rex F-100 programmabie temperature regulator. Temperalure was measured by chromel-alumel thermo-
coupres nserted in the oven, and displayed on a digital thermometer {Therma 1, type ST-861-107),
equpped with amtxent temperature compensation. Both ends of the oven were insulated by quarnz wool.
Al tung consisied of glass-lined 1/4° slainless steel or 1/16° pure nickel, maintained at approximately 200
*C by heaung tape to prevent condensation of less volatile reactants and produclts.
Prod to quantitative analysis the product gas mixture was blended with a calibrated amaunt ot CH,, to serve
as an internal slandard  Alternatively two pneumatic six-port sampling valves {Valco DC6WT-H1), equipped
with 1 ml sample-loops. njected the effluent flow lor sither packed., or capillary, gas chromatographic
analysis. Permanent C,-C,-gases were quanlified on a packed carbowax (1/8” x 2m) column connected to a
flame sonization detector by means of a Chrompack methanizer. Absolute amounls were based on peak
suface areas relative to that of the internal standard. Analysis of the aromatic compounds and permanent
gases such as oxygen and nilrogen was performed simultaneously. Hereto both a CP-Sil-5-C8 (25 m)
capllary column and a 25 m capillary molsieve (5 A) were inserted in Lhe injection port. Analysis was
accomplished by a flame ionization and a thermal conductivily delector respeclively. In the latier case
orygen quantiication was based on its peak surface area relative to that of nitrogen.

HESULTS

Fgure 2 represents the diflerence 1n stabilty between chlorobenzene and phenol with respect to fly ash
catalyzed oxdanon The experimental conditions are: N, 90.6 vol%, O, 9.1 vol%, chiorobanzene 0.13 vol%
(43 umoln), and phenal 0.17 voi% (55 umolM), the residence time ranged from 0.83 s (at 260 °C) to 0.53
5 {al 450 °C) Above 350 °C phenol is lully converled, into mainly GO,, clearly by catalytic combustion (In
corrast. the prcipal product in homogeneous phenol oxidation is CO, which is stable under the present
comcdons} Chlorobenzene, however, passes the fly ash bed unatected.

In order 10 uncover the oxidation turn-over capacity of fly ash lor phenol axidation under the conditions
used, the nhal phenol concenvration was varied (Fig. 3). Experimental conditions: N, 87.5 vol%, O, 121
volI%, and phenol 0.26-0.52 vol% or 60-180 pmolh; Temperature 395 °C, residence ume 0.58 seconds.
Agan pheno! 15 converted neally into maily CO, (and H,0) with only minor CO-production, without
detactable wxermedhate products Fly ash catalyzed combustion appears 10 be zero order in phenol. With the
amoent of fiy ash employed. orly a maximum of about 110 pmolh phenol per hour can be converted.
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Theretore at 395 °C 27 mg phenot per hour per gram of lly ash will be wrned over.

In a third saries of expoeriments HC! has been added. The conditions were: N, 83.7 voi%, O, 16.3 vol%. and
phenol 0.22-0.33 vol% (111-137 pmolh); Temparalure 150 - 470 °C, residence time 1.1 - 0.72 sec.

Even at 150 °C noticeablo amounts of o- and p-chlorophenol are produced. The degree of chiorination
increases progressively with temperature. However, the stabilities of the chiorinated phenols formed (2-, 4-,
2,4-di-, 2,6-di- and 2,4,6-trichlorophenol) do not differ prominently from that of phenot itsell {above 350 °C
they are oxidized as wall).

At these temperatures the product pattern shilts from chlorinated phenols towards apparently more stable
compounds such as chlorinated benzenes, monobenzofurans and dibenzo-p dioxins.
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In total 3.75 ymolm of chlorinated phenols are observed at 150 °C, (1.08 pmoth 2.; 2.28 umolh 4-; 0.196
pmolh 2,4-di-; 0.0711 pumolh 2,6-di- and 0.125 pmolh 2,4,6-lrichiorophenol) compasing a selectivity of the
phenol converied of at least 97 %. Interestingly, this result entails that 11 % ol the monochlorophenots
produced are further chlorinated, whereas only ca. 3 % of the original phenol 15 converted. As a resull ol
consecutive chlorination, at higher temperatures more heavily chlorinated phenols emerge. For example al
470 °C the sum of chlorophenols measures 2.56 umolh (now meaning 18 % selectivity only) consisting of
2- (0.0084), 4- (0.292), 2,4-di- (0.0287), 2,6-di- (0.620), 2,4,6-iri- (0.807), 2.3.4.6-tetra- (0.331) and
pentachlorophenol (0.470 pumoVh). Apart from CO,, other importanml producls now emerging are: PCDDs
{4.4), chlorobenzenes (3.7) and chlorinated monobenzofurans (0.43 pmol/h). Inlerestingly the T,CODs are
dominated by the 1,3,6,8- and the 1,3,7,9-subslituted isomers (1:1), indicaling that the TCDD isomer
distribution is kinetically governed by condensation of two 2,4.6-trichlorophenotic entities.
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Fig. 4 Fig.
This oxychlorination behaviour could be imitated by using a slandard commercial oxychlorination catalyst
{basically §% CuCl, on y-Alumina), diluted 300 lfold (wiw) by puritied sea sand. Inler alla, reaction ol
othylene (Ahonkhai et al., 1990} rather than phenol revealed 1,2-dichloroglhane {and chioroethylene) as the
major products, again substantiating the typical oxychiorination behaviour of fly ash (or its CuCl, contenis).
Our observed ratio of o/p monochlorophenol is 39/61 at 150 *C; this ratio 15 unaffected whan counting al o
and p-chlorine substituents in the product mixture above. This result is surprisingly close to that reported lor
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Iquud phase clecwoptihe chlannatan of phenol, using t-butylhypochlocite at pH = 4, viz. 39/61 {Ogala or al.,
1984) Passing chlonne gas through liquid phenot at 50 °C gave essentially the same result (40/60).
(Harvey and Norman, 1961) With increasing temperature the {overall} o-Cl content varies as shown in Fig.
5 *Fyil® chionnaton. of course. will yield ¢o/p = 2. The maximum ratio - ca. 75/25 at 350 °C - is higher than
that; the werease in the 150 - 350 °C range may be kinetically significant and therefore suggest a chango
©n mechanism. Whether (chloro)phenoxyls as radicals and/or anionic ligands play a part Is as yet unknawqn.
Hole that f-butythypochlorite and phenoxyl anions (at pH = 4) yield o/p chlorophenol = 81/19 (Ogata et af.,
1984). The decrease in oCl content observed mbove 350 °C points at relatively Jarger rates of
decemposition 1or o-chlorinated phenols. Under these rather drastic conditions, polvchiorebenzenes are also
tormed, presumably by chloro dehydroxylation, together with condensation products like PCDDs. Mechanistic
nisght 1S equatly poor as that for chlorinanon \

The deep oxdaion of (chioro)phenol - to give CO, H,O (and HCI) - contrasts wilh the stability of this
tompound wxker comparable  homogeneous feaction  conditions. For comparison, the homogeneous
asowdanon of phenol sets n above 550 °C. Due o its radical chain {self}inhibition properties, the thermal
stabubty of phencl 1s even higher than that of chiorobenzene.

The, aeady teporled (Born ef al. 1989). remarkable difference in stability between chlorobenzenes and
chiorophenols 1s confumed in this study. As (chloro)benzene is far less susceptible to oxychlorination on fly
ash oo, we believe thal the hydroxy group is a prerequisite for both activation of the aromalic ring and
20s01ption at the Ry ash swiiace, 1o enable oxychloringlion and oxidation.

As (chlorojbenzene nsell 1s inert with respect to fly ash mediated oxychlorination (see also De Leer et af,
1989), chloroberzenes lormed upon phenol oxychlorination result from ipso-substitution of chlorophenols
rather than chlofination ol (chlorinated) benzene(s). |
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