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ABSTRACT 

The lly asti catalyzed oxychlorinalion of elhylene. using hydrogen chlondc .md mo;ecoiaf oxyge.T 
produced a wide range ol chlorinated C, and C, compounds in the lompcraluro range 250-500 'C Apan 
from chlorination, oxidation is an imponant pathway as well, especially above 350 "C The laitw process 
primarily produces carbon monoxide. 
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INTRODUCTION 

It has been recognized that lly ash is a potent catalyst for the (ormalion ol hazardous compcurxis Irom 
residual organic manor in the flue gas ol a municipal waste incinerator, txperimenially il has been 
demonstrated that a variety ol organic compounds can act as precursors lor Ihe formation ol polycniorinated 
dibenzolurans (PCDFs) and dibenzo-p-dioxins (PCDDs). Laboratory studies revealed thai, under aporopnait 
reaction conditions, aromatic structures like toluene (De Leer el a l . 1989) and phcno' (Horn c! a i . 1990) 
can lead to considerable amounts of PCDDs. 

Our studies (Bom ol al., 1989, 1990) on the Ixjhavior ol (ly ash have shown itiai (suOshtuiod) phenol • m 
the presence of this catalyst, hydrogen chloride and air • can be oxidized almosi completely wiinin a lew 
seconds at 350 °C. However, besides phenol oxidation, chlonnation was obsen/od as well Already at ISO 
°C, (his reaction primarily loads (o o- and p.ch(orophcnol. By consecutive cnlormation higfrer chtormaiM 
phenols were formed witli increasing temperatures. Under comparable conditions cycluiiexeno (ValK and 
Mulder, 1990) yielded an array o( reaction products. Chlorination. deliydrogenalion. aromatizalion aiid 
combustion of this substrate produced inlet alia letra- and pontachlorobonzenc. 

In order to disentangle this complex reaction pattern, a more systematic invesiigaiion of ihe conversion ol 
nonaromalic model compounds is necessary. In Iho present paper tlio behavior of ethylene is dead w.in 
Industrially (Woissermel and Arpe, 1988) ethylene is converted into the bulk chomlcal 1.2 dicNofoelhylene 
(EDO) both by direct chlorination with CI,, and by oxychlorination, using hydrogen chioiido ano oxygon by 
moans of a Cu(ll)-conlaining catalyst. Since copper is one ol the reactive components m (ly ash we have 
investigated ihe oxychlorinalion of ethylene using (ly ash as the catalyst in tf.e presiMicft ot hydrogen 
chk5ride. oxygen arxj water over a lomperaturc range ol 250-5IX) °C. 

EXPERIMENTAL SECTION 

The title reaction was studied in a How system. The experimental setup has been described in detail 
elsewhere (Born e l al., 1989). Reactions were conducted in a tubular quariz reactor (length 20 cm. internal 
diameter 8 mm) packed with lly ash obtained from a Dutch municipal solid waste incinerator. A fixed t5«l ot 
lly ash (length 9 cm) was placed in ihe center ol the reactor The reactor was mounted horizontally in an 
electrically heated tubular oven. 

Once installed, the (ly ash bed (weight 2 5 g) was pretreated at 550 °C in a stream ol air for 24 hours to 
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remove an o'ganiC compounds and paniculate organic carbon initially present. Residence times of the 
rcJa^'^'^ under trj j reaction conditions varied tiietween 1.4 and 0.9 seconds based on the remaining free 
'C-aclc space 

clfi^.ono \.^i dv.- purity] and air (tectvitcal grade) were used as such. Flows were regulated and metered 
u'.:'-7ir-g mass 'low controllers. Using a plasl-c 50 ml syringe driven by a motorized syringe pump, 
c;.-iccn;ia;ed nyorogen chlorkJo was introduced via a gas-tight rubber septum in the ethylono-air gas flow 
a'-d .apc'i.'ed befoie entering the reactor. The cfllucnt flow was maintained at 150°C by heating tspo to 
pre-,'.-t ;h t c»>Tae.nsa|ion of less volatile product:;. 

A.Tj.,siS ol reaction gas mixtures was performed by collection of 0.50 ml samples o( exit gas - gathered 
l'(-5-.,Ln;;,- i'lve :-.rr\csi following wet HCI scrubbing - via a gas tight syringe. Ethylene. CO and CO, were 
dr.ar,; id br GC using a Cartioplol ( t o m x 0.53 mm ID) wide t)oro column equipped with a melhanizcr and 
a Hairc kin.r.i;..Dn detector. Absolute amounts were based on peak surface areas relative to those given by 
!^,^!Cf:^. oi ca i i a t i on gas mixtures. Chlorinalet' compounds were analyzed using GC-FID with a CPSii-S-
CB i50 r-.] cap. ary column (lemp. program: 40 °C (5 min). 8 °C/min 80 °C. 20 °C/min 250 °C (3.5 min)). 
AbsoluX' amounts wore based on peak surface areas relative to that ol ethylene. Finally, oxygen 
cc.TSumption was measured by GC-TCO with a packed Molsieve 5 A (2 m x 1/8') column, using nitrogen as 
an interpdl starvJard. 

Frnp'o,'-*; a rrass selective detector products were positively identified. In addition, less volatile products. 
;( ar".,. were* e I'̂ -r collected in lutjes filled with Thormolrap. and consequently analyzed in a Ciirompack 
Cjrg-D i r ] irap .r.,t!c;or. or trapped in an ice/salt-cooled two layer system, consisting of aqueous alkali (in 
c-.;ir ;-o '...-jVai.ze H C I . and eventually free nlorine) and pentane (to dissolve possible products). The 
c<)td;''c<3 [!•:'• :3".e soiuiion was analyzed by GC.t.4S0. 

flES'JLTS AND DISCUSSION 

Ti-e reactivity of Cy ash towards ethylene was followed over a temperature range of 250-500°C. 
According ;o common practice in heterogenous catalysis both the degree ot conversion and the product 
solcctiv'iies were determined in two series ot experiments. Employing one sample of fly ash the temperature 
raryjo was scanned from 250 to 500 °C and back again lo 250 °C in order lo verify if any activity loss of 
t-.e catai>s! had occurred: this was not Ihe case. The results are presented in table 1. 

As eipectc-d. in the low temperature range 1,2 dichloroethylene (EDC) is the main, 11 not exclusive, 
product iVitn .ncreasirig temperature several changes occur. Approacliing 350 °C. oxidation sets in; at 500 
•C a rca iy c j 70 % ol the ca-lxm in decomposed ethylene is convened into CO and CO,. Moreover, the 
produce:'- c' vinyicfilonde (VC). logether with C, and C, chlorinated compounds, increases substantially with 
3 rr!u=tjr-j,io-.is dcacasc m EDC formation. TypK.jlly, CH,C!, > CHCI, > CCI, > CH,CI. In a separate blank 
c>per..-r;c-i. mincut My ash, even al 500 'C no oxidation/chlorination products could be detected. 

The (csu :s m lafc'.e i allow a kinetic analysis of the major reaction routes. At first approximation the 
corr.on-on o! ethylene can be modeled by two distinct pathways: ethylene is either converted into 
chlorinated p-cducls o-' completely oxidized (Gel'iJOrin ef al.. 1979). 

HCI 
» C,CI. / C,CI, 

» CO / CO, 

'•'•'.th s^ e>cc-3s ot hydrogen chloride and oxygen the two processes can be assumed to be first order in 
e*j\y.t:'--'j .JS'-^ irw? tubular flow kinetic equations the irxjividual rate constants ( k, = overall conversion, k, = 
ct-'o.-ii.j'-r- «̂  - oi'dation) can be denvej. In an Airhenius plot the calculated values show excellent linear 
c:::-c"3:c- A'!- ' 7 I r > 0.99). leading lo the following Arrhenius parameters : k, - 1.5'lxlO'exp(.l2.9/'T), k, 

•: 7;.ii:••'"•';•.: 9 6.Tj and k, - 3.16xiO'"e>p(-20.*T) s (note thai the catalyst function is incorporated in the 
c.j'cj'a:c-o p'e exponential factors). We also found that, under our expcrimontal conditions, rates were 
[vopcr: t fM !o it^e i-Jliai ethylene concentration ,-irKf the amount o( lly ash. 

A i.irrjo c terencc i3 rvjiicud when ethylene is replaced by phenol: at 350 °C ca. 99% of the latter 
cwTT.i'ir-^ I'J si;^|cct \r. deep oxidaiion. This process is about 3000 times faster tlian ethylene oxidation, 
' i j - j ^ " ; . ; •\-, np.t a plionolic OH group has a much higher affinity towards the fly ash suilaco. Under 
';."T',"i'jr. 1- cc :M0. i5 b'';'nzoni,' is almoil complfitely inert. 

v . " . ' -'-r-v'•^: I'l'j r i i i . c 'n r i i i r s nl to'matiori ol C. and C, chlorinated compounds, general trcndii can 
: -. : . - . . - , • •:••':.•/ i •< r -ntia: prc-Juct t - jm etliyler:e is EDC. Tlieriiial uniiiioleculair ducoMiposil'on 
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yiekJing VC under homogenous gas phase conditions is only to bo oxpociod above 550 'C (Benson and 
O'Noil, 19/0). l-fowever, gas phase pyroiysis of fc'QC lo VC al -)50 "C norni.-iHy p r o t o o l i vi,i a radical cfmn 
process with chlorine atoms as the cliain carrier. This may be valid, tjut actual r.iles suongly sug-ge/ i;.at a 
contribution from some surface-catalyzed HCI elimination is important, in oxyclilorin.it.on of olefins wiln 
copper(ll)chlorido up to 300 °C free moleculiir chlorine is not involved (Magiotro and Cowtc-r, 1986) At/Ove 
ca 300 °C the production of free molecular chlorine becomes imponant (according to tno Deacon pioce',.sj. 
as has boon exporinientally verified. 

2 HCI i 0.5 0 , = ^ H,0 * CI, 

The theoretical chlorine equilibrium concentration can be derived using ihermodynamK; values (StuH and 
Prophet, 1971) and, accepting that [H,0) and [OJ remain constant, - typica'ly, at SxiO'M and 2.6xto't,4 
respectively - al 600 K for example with an initial amount of 1.4xl0'M HCI. (HCIL, and [CI,]., wil; be 4x10'M 
and 5x10 M respectively. In separate experiments without elhylenu we observed a decrease in c n w n e 
concentration with temperature. However, the absolute amouiils (al 300 °C 7.6xlO'M) wore tower ihan ih f 
calculated equilibriurn concentrations. Piosumably ttio copper content of the fly ash is not high enough to 
ensure rapid equilibration (Valk and Mulder, 1990). 

Over the temperature range employed, oven above 300 "C, it seems u.ilikely, (or kinetic and 
thermodynamic reasons, that EDC is produced by homogenous radical irldilion of CI- to the double bono. 
The only alternative homogenous route available will bo direct (ormation of VC from ethylene • v i j h-
abstraction by Cl» (rom ethylene followed by chlorine transfer from CI,. Therefore we suggest ttiat £0C 
production will be largely fly ash catalyzed. From table 1 can he inferred that CDC formation decreases 
above 430 "C because free chlorine atoms will induce HCI elimination (rom EDC to give VC, Anaiogousf)'. 
VC can yield 1,1,2-trichloroothane which, in turn, can loose HCI. 

At low degrees of ethylene conversion, besides EDC only CH,Cl and CH.Cl, are loimed, which can serve 
to rationalize the C, formation. 
Presumably, these products stem from a common intermediate, such as a CICH,CH,(molai)-Cl entity. EDC 

v;ill result from reductive elimination, whereas isomerization to a ClCH,.(metal)(Cl)(CH,) configuration can 
give way to (ormation of the C.-chlorides, Analogous processes involving higher ctiiorinatcd C,-Oenvatrves 
can lead to CHCI, and CCI, as well. FunhoimoiD. gas phase free radical chlorination is also l.kely to occai 
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Table 1. Oxychlorination and oxidatio.-. of ethylene: conditions ar.d product pattern. 

Te.-np. !C) 2 52 
? (atin) 1 .036 
R e s . tiiTie ( s ) ^ 1.36 

InflowB (mMol/h)'' 
C,H. 3.61 
Total 205.03 

76 302 J2V 
1.038 1.0'i2 1.051 
1.30 1.24 1.18 

4.10 
205.53 

3.71 
205.14 

4.52 
205.98 

352 375 402 
1.043 1.C49 1.054 
1.14 I.IC 1.05 

4.05 
205.49 

4.00 
205.42 

4.89 
206.32 

427 
1.C56 
1.01 

5.04 
206.47 

1.059 
0.98 

4.16 
205.56 

477 
1.063 
0.95 

3.73 
205.16 

502 
1.066 
0.92 

4.36 
205.79 

E o 
O 

Outflows (niMol/h) 

C,H 2 4 

26.C8 
3.57 

26.08 
3.97 

26.05 
4.36 

25.93 
3.79 

25.97 
3.11 

25.68 
4.23 

25.35 24.80 
3.59 

23.91 
2.25 

22.36 

OutflowB (p«ol/h) 
CO 
CO, 
CH, 

cR,;i 
CH^Cl 
CHCI. 

'7 
C1HC-CH.,(VC) 
ClBC-CHCl(cisl 
ClHC-CHCl (trjr.s) 
C1,C-CHC1 
Cl'c-CClj 
CI'HC-CH^ 
C l l i , C - C H j C l l E D i : i 3 
C l , f i C - C H j C l 
C 1 " , C - C H 6 H 

: 2 . 5 0 m i n i * : 
( 2 . 6') n i r , : " ^ 
1 2 . 8 5 m m : 

ND 
ND 
ND 
ND 
KD 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
7.7 
.ND 

ND 

ND 

ND 

4 .4 

ND 

ND 

ND 

ND 

0.9 
ND 
ND 
ND 
ND 
ND 

ND 
ND 

1 5 . 0 
ND 
NU 

1.0 
0 . 5 

. 4 

NC 
ND 
ND 
ND 
ND 

3 . 1 
ND 
ND 
ND 
ND 
ND 
ND 
SD 
ND 
ND 

3 6 . 0 
ND 
ND 

3 . 6 
0 . 7 

ND 

5 . 0 
8 . 4 

ND 
ND 

2 . 7 
6 .2 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

5 4 . 0 

ND 
1 .4 
2 . 7 
; .3 

ND 

2 2 . 7 
3 . 4 
0 . 2 

ND 
4 . 9 
9 . 7 

ND 
ND 

4 . S 
ND 
ND 
ND 
ND 
ND 
ND 

7 0 . 6 
ND 

1 . 1 
0 . 7 
? . D 

ND 

2 1 3 . 9 
4 8 . 6 

2 . 3 
ND 

6 . 3 
2C.9 

2 . 8 
ND 

Nb 
ND 
KD 
ND 
ND 
ND 

! 3 4 . 8 

1.6 
4 . J 

4 . 5 
HD 

4 9 6 . 7 
8 9 . 6 

4 . 7 
ND 

17.3 
2 8 . 8 

8 . 7 

5 . 1 
. 3 9 4 . 

1.5 
0 . 9 
0 . 6 

NE 
NO 

0 . 7 
1 7 0 . 3 

3 . 3 
1.6 

ND 
5 . 7 

ND 

131 
114 

8 
0 

22 
39 
24 
15 

2098 . 
119. 

ND 

i . 5 

1 3 5 . 6 
8 . 0 
2 . 7 

ND 
' . 3 

ND 

3 
7 
4 
3 

3 
5 
0 
7 

3 
2 
3 

ND 

2 . 0 
5 7 . 3 

B.O 
1.4 

ND 
3 . 9 

ND 

16 
40 
38 
23 

296 
5 
4 
3 
1 

3909 
166 

3 
5 

20 
64 

104 
68 

493 . 
20, 
10, 

4 . 4 
1 . 5 
3 . 4 

3 8 . 3 
1 1 . 8 

1 .6 
ND 

3 . 2 
ND 

P r i s i d i ^ r i c e l i m . . . 
i l Ic-.ws • 0.. \26 , lOl . I 

. v . . ) y . ; . ; ( i , c i , . C-. , . :K 
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