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AQSTRACT 

Fly ash catalyzed oxidation of phenol in the presence ol hydrocWonc acid at ITO - "tSO °C resulted in the 
formation of chlorinated phenols. Above 350 "C (chlorinated) phenol(s) were convened, mainly mlo CO, Out 
chlorinated benzenes, monobenzofurans and dibenzo-p-dioxins were also lormed. In contrasi, under simKar 
conditions, (chlorinatod) benzenes are inert with respect to both oxidation and oxychlorinalion. 
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INTRODUCTION 

In recent years evidence has been gathered that lly ash promotes the formation of PCDDs/PCDFs in the 
effluent stack gas of Municipal Waste Incinerators (GokJIaib. 1989). Not only has been proven thai tly ash 
can act as a potent oxychlorination catalyst (Eicoman and Rghei. 1982; Rghei and Eiceman. 1984, 1985). 
MWl lly ash can also engender PCDD formation de novo (Sticglitz ol al., 1980; Do Leer e l al., 1989), or 
Irom (polychloro)phenol (Dickson and Karasek, 1987; Karasek and Dickson, 1987; Born e l a l , 1989), 
{de)chlorinalion reactions (Stieglltz and Vogg, 1987; Hagenmaler et al.. 1987a. 1987b: Vogg and StiegliU. 
1986) arc readily accelerated as well. 
In a previous paper (Born ef al.. 1989) we reported on Ihe lly ash catalyzed combustion ol o-cbtorophenol. It 
was shown that at relatively low temporaturos ol around 350 °C a large part ot o-chlotophenol is 
transformed into typical combustion products like CO,. This process also results m ihe lormation ot 
polychlorlnated products, stiowing that the liberated chlorine (whether CI, or HCI) was used in a 
simultaneous (oxy)chlorination of remaining aromatic sifuclures. 
In order to gain more insight in the competition between oxidaiion and oxychlorinalion. we embarked on a 
study of the reaction system phenol • O, (- HCI) - fly ash. 

EXPERIMENTAL SECTION 

The oxidation and oxychlorinatlon of phenol was conducted using a compulercontrolled microreactor tlow 
system, scfiomatically shown in Fig. 1. 
Utilizing mass How controllers (Brooks 5850 TR Series) a constant nitrogen (HoeWoos: S-80-V) inflow was 
achieved, resulting in accurately known residence limes. Gaseous phenol was introduced in Ihe reactor by 
purging a metered nitrogen How through a stainless steel impingor filled with liquid phenol. Emptoyiog a 
temperature conirolled oil bath (Tamson TC 9/250) at T't.S "C. evaporation of phenol was maintained at a 
well defined rate. HCI was made in situ by combuslion of gaseous l,4.dichlo<obcfiane (ovaporalod in 
analogy with phenol, using a water bath) In an oxygen-nitrogen atmosphere at 720 °C. 
A two-way switching valve, triggered by a pressurized air driven valve actuator (Whitey Model 151 DA), 
directed the obtained gas mixture either directly, or via Ihe reactor, towards Ihe on.line gas chromato^aph 
(Hewlett Packard 5890A). whicti subsequently analyzed Ihe inilial reactani concentration, or the product 
distribution upon reaction. 
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Fig. 1 Schemaic represantalkm ot the experimental set-up. 
A Q'jartz mic'oreactor (I D. 4 mm. length 48 mm, elleclive volume 0.6 ml), filled wilh 0.40 g of fvlWI fly ash 
was mounied horizontally m an electrkatly heated tubular oven (Heraeus Model VP), provided with a RKC 
Re-x F 100 programmable temperature regulator. Temperature was measured by chromel-alumel Ihermo-
coKXes nserted m the oven, arxi displayed on a digital thermometer (Therma 1, type ST-861-107). 
e<>iH)p«! vftth ambient temperature compensation. Both ends ol Ihe oven were insulated by quartz wool. 
Ail njbmg consisted ol glass-lined 1/4" stainless steel or 1/16" pure nickel, maintained at approximately 200 
"C by heating tape to prevent condensation ol less volatile reactants and products. 
Pnor to quantitative aralysis the product gas mixture was blended wilh a calibrated amount of CH„ to serve 
as ari internal standard Alternatively two pneumatic six-port sampling valves (Vaico DC6WT-H1). equipped 
wilh 1 ml sample-toops. injected the etffueni fkw lor either packed, or capillary, gas chromatographic 
analysis Permanent C,-C,-gases were quantified on a packed carbowax (1/8" x 2m) column connected to a 
flame ionization detector by means of a Chrompack methanizer. /yjsolute amounts were based on peak 
surface areas relative to that ol the internal standard. Analysis ol the aromatic compounds and permanent 
gases such as oxygen and nitrogen was performed simultaneously. Hereto both a CP-Sil-5-CB (25 m) 
capMary column and a 25 m capillary molsieve (5 A) were inserted in Ihe injection port. Anal/sis was 
accomptisheo by a flame ionization and a thermal corxluctivity detector respectively. In Ihe latter case 
oiygen qoantitication was based on its peak surface area relative to that ol nitrogen. 

RESULTS 

Fijure 2 represents Ihe difierenco in stability between chtorobenzene and phenol wilh respect to fly ash 
catalyzed oxrtation The expenmental condilkxis are: N, 90.6 vol%, O, 9.1 vol%. chlorobenzene 0.13 vol% 
(43- iimolm), arm phend 0.17 vot% (55 pmoWi). the tesklence time ranged from 0.83 s (al 260 "C) lo 0.53 
s (at 450 ' O Above 350 'C phenol is lully converted, into mainly CO,, clearly by catalytic combustion (In 
contrast. Ihe pricipal product in homogeneous phenol oxidation is CO. which is stable under Ihe present 
conditions) Chtorobenzene. however, passes the lly ash bed unaffected 
In order to uncover the oxidation turnover capacity of lly ash lor phenol oxkJalion under Ihe conditions 
usexJ. the imtial pherwl concentration was varied (Fig. 3). Experimental conditions: N, 87.5 vol%. O, 12 i 
vont. and phenol O 26 O 52 volll ot 60-180 pmol/h: Temperature 395 °C. residence time 0.58 seconds. 
A^ain pheno! is convened neatly into mainly CO, (and H,0) wilh only minor CO-produclion. without 
deiactawe »i!erme<*ate p<ciducts Fly ash catalyzed combustion appears to be zeio order in phenol With the 
amount ol ny ash employed, orly a maximum o! about 110 Mmol/h phenol per hour can bo converted 
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Therelore a( 395 °C 27 mg phenol per hour per gram of lly ash will t>o turned over. 
In a third series ol oxporiments HCf has been added. The conditions were: N, 83.7 vol%. O, 16.3 vol%. and 
phenol 0.220.33 vol% (111-137 pmol/h); Temperature 150 - 470 "C, rcskicnce time 1.1 • 0.72 sec. 
Even at 150 °C noticeable amounts ot o- and p-chlorophenol are produced. The degree ol chlorination 
increases progressively with temperature. However, the stabilities of the chlorinatod pherwls lormed (2 . 4-, 
2.4-di-. 2.6-di- and 2,4,6-lrichlorophenol) do not differ prominently Irom that ol phenol itself (above 350 ' 0 
they are oxidized as well). 
At these temperatures the product pattern shilts from chlorinated phenols towards apparently more stable 

compounds such as chlorinated benzenes, monobenzofurans and dibenzo-pdioxins. 
COMBINED PhOU - PbCI OXIDATION 

CONVERSION O F REACTTANTS 
PHENOL TURNOVER ON FLY ASH 

COMBUSTION AT ABOITT J H C 

300 400 
TEMPERATURE (C) 

40 60 10 100 110 I M 
PHENOL irf l-AKEfuMoMi) 

Flfl. 2 ''111- 3 
In total 3.75 pmol/h of chlorinated phenols are obsen/ed at 150 "C, (1.08 pmol/h 2-; 2.28 pntoVh 4-; 0.196 

jimol/h 2,4-di-; 0.0711 pmol/h 2,6-dl- and 0.125 pmol/h 2.4,6-lrichloropbenoi) comprising a seleettvity ol the 
phenol converted of at least 97 %. Inlorestlngly, this result entails that n % o( the monochlorophor>ols 
produced are further chlorinated, whereas only ca. 3 % ol Ihe original phenol is convened. As a resun ol 
consecutive chlorination, at higher temperatures more heavily chkirinated phenols emerge. For example al 
470 °C the sum of chlorophenols measures 2.56 pmol/h (now meaning 1 8 % selectivity only) consisting ol 
2 (0.0084), 4- (0.292), 2,4-di- (0.0287), 2,6-di- (0.620). 2,4.6-lri- (0.807), 2.3.4.6-letra- (0.331) and 
ponlachlorophanol (0.470 pmoWi). Apan irom CO,, olhor importani products now emofging are: F 'CODS 
(4.4), chlorobenzenes (3.7) and chlorinated monobenzofurans (0.43 pmol/h). Interestingly the T.CODs are 
dominated by the 1.3,6,8- and the 1,3,7,9-substituted isomers (1:1), indicating that the TCDD isomer 
distribution Is kinetically governed by condensation of two 2,4.6lrichlorophenolk; entities. 

OXYCHLORINATION O F PHENOL OXYCHLORINATION OFPIICMOL 
USING FLY ASH . HCL - 0 2 . USING FLY ASH. H O - 0 1 

4-CIPIiOIi 

140 180 120 2(0 JOO 340 380 411 
TEMPERATURE (C) 

140 IM 120 I U JOO >4« 3 U 41t 44* 
TEMPERATURE (C) 

Flg. 4 '''O- 5 
This oxychlorination behaviour could be imitated by using a standard commercial oxychkMlnation catalysl 
(basically 5% CuCI, on y-Alumlna), diluted 300 fold (wAv) by purified sea sand. I tmr aHa, reaction ol 
ethylene (Ahonkhai s i al., 1990) rather than phenol revealed 1,2-dichtoroelhane (and chtoroethylene) as the 
major products, again sutistantiating the typical oxycttlorination liehaviaur ol lly ash (or its CuCI, contents). 
Our obsen/ed ratio of d p monochlorophenol Is 39/61 at ISO *C; this ratk) is unaffected when counting a i o-
and p-chlorlne subslituenis in Ihe product mixture above. This result is surprisingly ctose to ttial reported lor 
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1<J\K) phase ctcctioptvi.c chionnation ol phenol, using (•butylhypochlorite at pH = 4, viz. 39/61 (Ogata ot al., 
1994) Passing ctitorino gas through liquid phenol al 50 °C gave essentially Ihe same result (40/GO) 
(Har/cy arx) Norman. 1961) With increasing temperature the (overall) o-CI contenl varies as shown in Fig 
i "Fu;!' chtonnaiion. ol course, will yieW o/p » 2. The maximum ratio - ca. 75/25 at 350 'C - is higher than 
tnai; the ir)crease in ttie 150 • 350 "C range may be kinetically significant and therefore suggest a change 
m mechanism Whether (chlo;o)phenoxyts as radicals and/or anionic ligands play a part Is as yet unknown. 
Note that f txjtyihypochlorite arxl plienoxyl anions (at pH = 4) yield olp chlorophenol = 01/19 (Ogata ct al.. 
1984). The decrease m o-Cl content observed above 350 "C points at relatively larger rates of 
dcccmposition lor o-chkxinated phenols Under these rather drastic conditions, polychlorobenzenes are also 
lormml. presomatdy by chloro dehydroxylation, logether with condensation products like PCDDs. Mechanistic 
ins>3iht IS ecjua'ly poor as that lor ctilortnation , 
The deep oxidation ol (cnioro)phenol • to give CO,. H,0 (and HCI) - contrasts with the stability of tfiis 
conxxuxYl under comparable homogeneous reaction conditions. For comparison, the homogeneous 
ai/;o»dat>on ol phenol sets in at>ove 550 °C. Duo to its radical chain (sell)inhibition properties, the thermal 
stability ol phenol is even higher than that ol ctnorobenzene. 
The. already reponcO (Born et a l . 1989). remarkatjfe difference in slabifity between chlorobenzenes and 
cniorophenols is confirmed in this study. >̂ s (chloro)bcnzcne is far less susceptible to oxychlorinalion on fly 
ash too. we believe ttiat the hydroxy group is a prerequisite (or both activation of the aromatic ring and 
adsorption al the Hy ash suitace. to enable oxycnlorinalron and oxidation. 
As ((;htoro)benzene nsell is men with respect 10 lly ash mediated oxychlorination (see also De Leer ef al., 
1989). chlorot>enzenes lormed upon phenol oxychlorination result from /pscj-substitution of cfilorophenols 
rather than chlorination of (chlorinated) l)en2ene(s). 
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