
I 

Poraation of PIC• (Pr~ucta of 
Incomplete Collbuation) froa the 
Collbuation of Cblorinated Jlaterial.9 

(U.S.) Envlrormental Protection Agency 
Cincinnati, OB 

Apr 88 

PBll-195250 

1 



EPA/600/0-88/062 
April 1988 

THE FORMATION OF PICa FROM THE <X>PIBUSTIOlf CF OfLORIMTED MATERIALS 

by 

Laurel J. Staley 
Milrta ~. Richard• 
Ceorge L. Huff•n 

the .... l Proceeaee Reeearch Staff 
Thea.al Deetruct ion Branch 

Hazardou• Vaete Englneer1n~ Research Laboratory 
u.s. En•lronmental Pro~ectlon'~ency 

Clnctnnatl. Ohio 4S268 

Barry Del Unger 
Unl•eretty of Dayton Reeearch lnatttute 

Da~ton. Ohio 45469 

RAZAIDOUS 1iASTE ENCINEERINC IESEARQI IAJIOIATOKT 
OFFICE OF RESEARQI MD IEVELOPMEll'I' 

U.S. EMVIRONMEMTAL PROTEcrtOM ACEllCT 
CltClNMATl, OHIO 4S268 



,,,.. '-' '""""'*• - dw,.,... ~ .. _"-111...,, 
1. ft~~O .. T fllO. 12. 

:1. Wf'r-i952': t) 7AS EPA/600/t>-88/062 
•. Tf"Wi AND IUllTITM I. ll'EP'Of'T DATE 

E FORMATI Cit PIC. PIOI TH! cnllUSTIOlf April 1988 
" OP CU.OllllATED MATERIALS a. Nll'f09'Ml•G OltGAlllZATIOlt COM 

1.A~Of'l\I Ceorge L. Ruf fmn 
I. P"Rll'fOM&ING O"GAlllZATI09I R~T NO. 

1 • ure J. Staley, Marta l. lich•rd•, . 
I and larry Dellinger 

•. ~lRfOftMl .. G OROAN17&T1n. Na- ANn A~EIS 10. "'0G""*' .... ~ -u. 

Samll? as (U) 
11.--'"-'·--· -... 

12.. PONSOftlNG AGENCY NAMI A .. D AOORISS 1:1. TYn Of' M~'" A1110 f'UltOO CO~RED 
ilAZARDOUS WAS TE flfC I.NEERING RES. LAB • 

. OFFICE OF RESEARCH AND DEVELOPMENT t•. WOlillORING AGEtlCY COO. 

U.S. ENVIRONMENTAL PROTECTION AGENCY 
ClHCINNATI. OH 4S268 FJ'A/600/12 

1S. S~LEMINTAftY .. OTal 

16. AATMAc;;T 

·'11\e forutlon of unwanted Product• of Iacmplete C:O.bu•tloa (PlC•) fr• 
the indneration of hazardoa• -.tn under •ab-opt laal condition• llUSt be 
avoided if incineration 1a to be effectbely a•d to treat haurdoua wastes. 
Studies of the theraal behavior of chlorinated C1• (•thane•) and C2• (eth-
anes and ethene•) in non-fl._, flat-flame• and •hock tube devlcn haw 
yielded result• which of fer a plau•ible erplanation for the for.atioa of 
c2rtain PlCa. To deteraine whether the ... rnulu are obtained la a lar~r, 
•ore complicated de•ice. two lli:1tturn of chlorinated •thmnes and two llix-
turea of chlorinated ether.ea and etheaea wre burned mder 9htgh• aad , •• 
OKygen condi tlons in a Turbulent Flame leactor (Tri). la9Gl.ta of the• 
teeta indicate that the earlier tnt re.alt• predict •a. of the elllHioa• 
obeened frm the TPR. Soot for.atlon affect• the aiaatons of •olatUe 
organic chealcab in • .,.. not pt"edicted by the earlier "etadin hollewier • 

. 

-
"· llEY "°"OS AllO OOCUllENT W&."99S .. DeKttlP'TOfll ~ IDetllnFll"""°"" IN~D Tl- c. CD9ATI Flddl'GI ... 

ta. DIST"laUTIO-. ST•Tl .. INT 19. MCURITY ~ ,.._ • ...,, I~. lllU. Vt' .. _ta 

Dncla••if led 1q 
Release to Public a. acu,.1n ~ ~,,_., n. "''a 

Unclaaslfied Ali~ fj.Qs-' 
. . 

IPA ,_ 1229-1 (lte .. •-17) "9C•IOUS COl'ftOtl II 0-.0~Ktt i 



NOTICE 

This doc~t has been reviewed in accordance with 
U.S. Environ11ental Protection Age1.cy policy and 
approved for publication. Mer.tion of trade names 
or coasaercial products does not constitute endorse
•ent or recoaaendation for use. 

ii 



ntE PORMATI01' Cit PICS FROM TR! OOMIUSnOll Cit OfLOltIMT!D MATERIALS 
Laurel J. Staler', Mana ~. Richards, George L. Ruff•n, U.S. EPA and 

Berry Dellt~er, University of ?Myton 

Aln.RACT 
The fomatlon of unwanted Product• of Iacmplete C.0.buetloa (PIC•) frm 

the incineration of haurdou11 vaatee under aub-optiaal condition• 811at be 
avoided if 1nc1nerat1on le to be ef fectlwelr uaed to treat ha&ardoua vaetea. 
Studies ot the thermal behador of chlorinated C1• (•thanes) and c2e (eth
anes and ethenee) in non-fla11e, flat-fla.e, and emck tabe derlce. ba.e 
yielded result• which of fer a plausible .?Xplanation for the foraatloa of 
certain PICs. To detendne Mtaether the as. reeulta are obtained ta a larpr, 
•ore coaplicated deYlce, tvo ahturee of chlorinated •thanea and tvo aiz
turee of chlorinated ethanes and ethenea wre burned •der •htgh• and ·1ow• 
oxygen condittona in a Turbulent Fla11e Reactor (TFI). Rea.alt• of the11'! 
tests indicate that the earlier teat result• predict aome of the elllaeloa• 
observed frm the TFR. Soot for.atlon affect• the ,eataetone of •olatUe 
organic chemicals ln vaye not predicted by the earlier atudlee howftr• 

Introduction 
Public acceptance of huardou• ••te laciaeraUon la ca.pUcated by the 

fact that toxic byproduct• (also known aa Product• of lnca11plete C:O.baatlon 
or PICs) can eo•ti•• fon fro. •terlala fed to incinera:on. AltlDugh 
ther are fo1'11ed in saall quantltl~•. these aaterial• can •ometime• (th~ 
not alvaya) be •ore toxic than the original cheaicale fed to the incinerator 
for disposal. Thia le a cause for concera. To laddreea thla concern etadle• 
have been undertaken to determine hov beet to •inialze the foi.ation of 
these ca11pounde. 

The Proble• 
Studying the formatloa of PIC• t" hauldoua •ate ladneraton ta c-

plicated by three facton. Flnt, the ••te •tre• fed to -.t indneraton 
ls a aulti-c•ponent, and S:O•ti•• nea a 11altl-phue, ldJttare of o~anic 
and inorganic aaterlals. Second, the coabutloa chelliatry of each ca11poaent 
of the feed etre• consists of aulti-atep free radical chaln reaction 11echan
h• which can result in the forutlon of a ftrlety of reactloa products. 
The relatlft nounts of reaction product• which ultillatelJ fon depend• oa 
the conditions eldatlng vlthln the lnclnerat~r at the tllle tbe ... te l• 
incinerated. tbird, the conditions al•tlQC wt.thin t- lnclnerator are 
neither preciael7 bo• nor controlled. '11\at la, while laclaerator operatlag 
temperature and oxyge!l le•el aay be bOlfll well enough for proce8e control 
purposes, localized fluctuatloM in these and other par-ten vhlch _, 
result In PlC foraatlon .. , not be dlscemable aaing COGftDtional •Har'ement 
techniques. Sorting through these c•pllcatlons flnt reqalres aa ancler
•tandlng of the c•bustlon chnletry of the 110et UltelJ cmpoaeata of the 
haurdous wste feed atre- fed to Incinerators. 

Q,lorlnated organic ca.pounds are 110at often found la hazaldoa• wate 
strea11S fed to incln~rators. Shon chain chlorinated tr,drocarbona, epieclfl
call1 chlorinated •thanes and ethenes, hne been etadled met atensbely la 
non-flame thermal destruction units, flat-fla.e burnen and abodt tubes 
(1,2,l,4,5,6,7,8). Ea.::h of these three aper1.11ental -.ices ha• rather 
unifor• and predictable teaperature and o~ conc:eatratiOll profiles. Their 



predictability and controllability sakes these deTicett •fcnificar.tly differ
ent fro. fleld-ecale combustion device• for reasons 11ent.loned aboft. Reftr
thelese, result• from these studies prcwide a logical starting point for thi• 
effort. 

The Approach 
To eee how well the result• of etudiea of chlorinated ca.pound• uiag 

these ... u-acale deYice• c0111pared to a 80re realhtlc coebuetion enriron
•ent, four •ixturn of chlorinated methanes, ethanes and ethenes were burned 
in a Turbulent Flame Reactor (TFR) under ""high· and ·1ov· oxygen coad.ltlons. 
The gaseous etdeaiona vere collected and characterized. These data were then 
compared vlth the results of the ear lier etudlea to deteralne lf ta.perature 
and concentr&tion gradients and atao localized fluctuations affected the type 
and quantity of PIC. formed. 

Tables 1 and 2 Uet the nperi11ental abrtures ued and also the teet 
concfitiona evaluated. 1be larKe allOUftt of heptane ..Sded to each alnure •• 
required to eustatn coabuatton ln the TFL Althi>ugh the preeence of thi• 
aaterial undoubtedly affected the combuettoa of the, tnt chetdcal• fed• it 
does represent a 909evhat aore realhtic situation than in the ... uer de
vices. The •high• and .. lov• oxyge1·. le•ele were chosen bec•se they repre
sented the limits of fla~ etabllity for the de•lce. E•en though the ·1ow• 
oxygen condltt.on vu atUl on the awrage an oudatlw condltfon (115% theo
retical air), fuel/air •i•irw vaa ap.,.rently inefficient enough to result In 
excessive s~ot foraation. 

Table 1. Experimental Teet Hixturn and Coapoaition 

MaH Mole• 
Properties 

Mol l Cl/R vtZ Cl Moll Cl 
<lr"Us> (exeludi'W 

heptane) 

Mixture lA: al2Cl2 5.682 .0668 .25 6.4 6.65 .87 
QICl3 78.47 .66 2.49 
CC14 lll.642 .74 2.80 
C7H16 2500 25.00 94.46 

Mixture 18: CR2Cl2 55.05 .6476 2.42 2.0 6.0) .78 
QICl3 118.0 .9874 3.70 
CCl4 11.8 .07662 .)065 
C7H16 2500 25.00 91.57 

Mixture 2A: ~R2Cl4 8.)11 .04947 .18 6.4 6.18 .84 
C21El3 81.5 .615 2.41 
C2Cl4 107.7 .648 2.46 
C7H16 2500 25.00 94.95 

Mixture 2B: C2R2Cl4 7.R816 .0469 .10 12.48 6.40 .84 
C2HCl3 l9.0l .2966 l.n 
C2Cl4 1S7.6l .!l!:ct6 3.61 
C7H16 2500 25.(,0 95.08 

2. 



Table 2. Expe ri•ntal Te et Condi tione 

Temperature Awerage CO 
Teet Mixture. o, Le•el % (Exhaust) •r Le•el (pe-) 

1 1A' 18 6.0-6.l 910 550 

2 1A' 11 4.0 888 50 

l 2A' 21 6.6-6.8 940 450 

4 2A & 21 ).5 910 200 

Fi~ure 1 ehovs the TFR and Figures 2 and l show the Nllpli• train• 
employed. Limitations in both the TFR and in the ... pling trains affected 
the type and 8l!Ount of inforaation obtainable. The TFR.. which h described 
in detail elsewhere, w• designed to enhance the fonution and eal•don of 
C0111bustion byproducts (9). Turbulent di ffudon fl~• vi th luge foel • 
oxygen. and temperature gradients enhance the for•tion of eooc and other 
C011bust1on byproducts. The TFR'• water-cooled vall• cooled the post-
flame coabustion ga•e• inhibiting further breakdown of these byproduct•• 
While lov temperature and low oxygen concentrations represent conditions that 
are likel~ to enhance PIC foraation, the TFl eX41t~erate• theee conditions 
resultin« in hi~her levels of these eai••iona than ai~ht ordinarily occur. 

The TFR'• exhaust gases wre ••pled for CO, C02 and 02 using the 
continuous monitors described in Figure 2. Since the ... pllng w• done only 
at the exhaust duct, only concentratlona at this point were determined. The 
non-unifonnitie• in combu~tion ga• composition vithin the TFR., which aay be 
responsible for the fnnution and eaiHlon of o~anic -teriala, could not be 
measured using these de•icea. 

The Tenax sampling system described in Figure l could only reliably 
sample aaterials whose boiling point• ranged fr011 4o•c to t60•c. Other 
materials including .. ny polycyclic aromatic hydrocarbofta (PAiia) and aeal
volat Ue organic compounds could not be ••pied aslng thl• •thod. Soot •• 
not sampled. 

Results Observed 
Several qualitathe, Jet key, result• wre obtained fr• thia atady. 

These are as follows: 
1. The observed ealsslons could be aplained, In .-n. W., cciabini"I the 

results of the studier. •ntioned above. 
2. The fonatlon of eoot sittnificantly affected the fomatlon of qla

tile missions. 
). PlC fonat ion, and indeed, organic eat salons ln general, wre aot 

directly correlated vith exhaust te.perature or carbon mnod.de e11lseions. 

Characterization of Elllissions 
Figures 4 and S shov the aass ealssions for the chlorinated methanes 

under ·high• and ·1ov· oxygen conditions. Pf«ures 6 and 1 show the emission• 
for the chlorinated ethanes and ethenes under ai•ilar conditions. All four 
sets of results show s~me sl•llarities. First, the predoainant .olatile 
eaio~ion vaa the fully chlorinated derivative of the test chealcals fed. In 
the case of the chloro111ethanes, carbon tetrachloride t111s the .. in eaission. 

l. 
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In the caee uf the chlorinated C2s it vas tetrachloroethylene. hrchlortn
ated compound• are often observed as stable intermediates in the combustion 
of chlorinated hydrocarbons as indicated by the results of aa.e of the 
studies mentioned above (6,},8,10). 

The prevalence of perhalogenated organic compounds ta the exhaa•t re
•ults, in part, fro• hov chlorine atOllS affect the coebustioa of hydrocar
bons. Ollorine abstraction, followed by molecular fragmentation, i• an 
important pathway for the combustion of chlorinated hydrocarbons under odda
t ive conditions (11). E•en vhen preeent i~ relati•ely ... 11 ..aunts, chlor
ine, in the fora of Cl· and Cl<>- radicala, can becOllle the 809t abundant reac
tive species preeent in the combustion emrironment. nit. la true e.ea under 
oxidative conditions llhere OH would be expected to rredominate (l,12). nae 
presence of chlorine radicals further altera the combustion of chlorinated 
hydrocarbons by preferentially abstracting hydrogen froa chlorinated h,_tro
c:ubons. In the case of the chlorinated Ct and Cz cmpoands etudled here, 
these reactions result in the forution of fully chlorinated 1nterwediatea. 
If these chlorinated intermediates fail to react further it i• poasible 
that they will react vlth the abundant Cl•and ClO·~adlcal1 to ultt .. tely fora 
a fully chlorinated and quite •table lnter"llediate. 1'on-fl811e atudiea of 
chloro..ethanes aurport this theory (1). In these atudlea, carbon tetrachlor
ide appeared to be 11e>re thenul ly •table when treated in a abture than when 
treated separately, a result that vas attributed to carbon tetrachloride 
reforming frOlll the other •lxture c•ponenta. A at..Uar Ht of chedcal 
reactions aeeas to also be occurring when chlor!nated ~· are !turned under 
oxidative conditions. 

Under oxygen deficient condl tione the obaened aiHlons wre quite 
different and appeared to be Rreatly affected by the fonution of aoot. ,.. 
ment loned earlier, soot was the aajor eai•alon under these conditions. 
Although we did not quantify it, the 90ot formed ta such large 890Unt• that 
it rapidly coated all of the •levporu. Unexpectedl1, the _,....ta of •ola
tile et111Hions produced under theee condition were 11ach lea• than under 
oxidative conditions. Benzene, a aide product of 900t for.ation, -• ..,~ 
the aost abundant volatile enisaiona obaerYed. Chlorinated h7drocarbona tend 
to fona soot 110re readily than other organic cheaicala (ll). thl• ta be
cause, under oxygen def iclent conditions, chlorinated h,.Srocarbona tend to 
deca11pose via the eltlllnation of HCl fr• the parent 110lecule. ltepeated Rel 
elinination reaulta in the fonaation of unsaturated radical• vhich can con
dense into large polycyclic ar011Stic hydrocarbons and, altlaatel1, •oot (ll). 
Chlorocarbona vlth H:Cl ratioa of 1 fon soot the euiest (lbld). 

nte aooting tendency of these chlorocarbona waa omened cturi• the 
tests on •lxture 18 which contained a relativel1 high level of ~thylene 
chloride (CH2Cl2) for which R:Cl•l. Even under oitldati'ff conditions la~e 
quantltles of eoot were fonted aiailar to the cmygea deficient conditions. 
Results of the volatile organic ••pling •howed that benzene vu alao pro
duced in very large 8llOUnta. 

Vhen chlorinated C2s were tested In the TFR under ·1ow• GKJRen con
ditions, trichloroethylene vas observed in siltftlflcant aaounts. 'nils vas 
llkel7 caused by the eli•ination of HCl froa the 1,1,2,2-tetrachloroethane 
that vaa present in test •ixtures 2A and 2B. 

Under conditions leading to the foraation of large 81110aftts of soot, 
volatile ealasions decreased. This vas uneJtpected. Short chain pyrolysis 
products were expected to be obserwd. tt 1s m1clear at this point whether 
the feed uterlals fomed soot instead of short chain pyrolysis products or 
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whether the •hort chain product• that wre fomed adsorbed onto the aoot that 
vas fon.ed. There 1• eddence fra. other re•earchers that auggnts that 
soot does adsorb •olatile co.pound• present In the combustion emriron.ent 
(14 ,1 S). 

Finally, Figures 8 and 9 ehov the •olatlle eahslons obsened plotted 
against the carbon monoxide level and exhaust temperature respecti•ely. No 
correlations are •isually apparent. 'nlere are tvo explanations that account 
for this. ~irst, it 1• likely that a nuaber of factorw not necessarily 
related to either exhaust temperature or carbon monoxide leyel account for 
tht! eaJ.ssiona observed. Secondl1, fluctuations in tmperatare or in carbon 
11c>noxide le•el vhich would bear on the eeissioa of •pecific YOlatile organic 
cheaicah, are perhaps too transient and localized to be detected bf the 
measurement technique• eeployed in thh •tud1. 

Conclusions 
In •unt•fJ• thb •tudy supported eneral conclu•iona. First, the re

sult• of studies of the coebustion of chlorinated Ct• and C2• in non-flame, 
flatflame, and shock tube devices wre conshtent 'flth the e11bsiona fro11 the 
TFR. Second, the fonuation of large U10Unte of aoot affected the emiseions of 
volatile organic chealcala in unexpected va19 that are not fallJ understood. 
Third, the emissions observed dtd not seem to correlate with te.perature or 
carbon monoxide level in the exhaust. 

More research h needed in thh area. Further atw'iea of the c•buatloa 
chemistry of individual coapounda and elaple llixtures vould aid in the 
understanding of PIC formation. In addition, etudies of the effect of eoot 
fot"lllation on the emission of ~latile organic chemicals is net>ded in order to 
detemlne the fate and transport of these aaterlala. Pinal11, additional 
evaluations of temperature, carbon mnodde level• and other potential coe
buation indicators h needed to deten1ine 1f there la a pr.:Ucal vay to 
continuously monitor the combustion process. Talten together, these etudle• 
vil l help to evaluate the extent to vhich incineration can be applied a• a 
disposal technique for hazardous vaete. 
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