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ABSTRACT

The combustion of ammonium bisulfate and anmonium sulfate solutionsin hydrocarbon/air flameswas
studied under varied flame conditions. The objective of the study was to optimize the recovery of sulfur value
from agueous waste streams containing these salts. Combustion of ammonium sulfatesyielded different sulfur
species such as sulfur dioxide (SO,), hydrogen sulfide (H,S), and carbonyl sulfide (COS). The types of sulfur
species obtained and their yields were dependent on the flame stoichi ometry. When combustion was carried out
in stochiometric flames or in flames with excess oxygen, the sulfur present in the salts was quantitatively
converted to SO,. However, these flames al so produced nitrogen oxides (NO, ) above the 200ppm level. Combus-
tion of ammonium sulfatesin the sub-stoichiometric (oxygen-deficient) flamesresulted in the formation of
reduced sulfur species, particularly H_S. This species accounted for nearly 90% of the total sulfur present in the
salts. Introduction of a secondary air stream in cooler regions of the combustor |ed to quantitative oxidation of
H,S and other reduced species such as COS to SO,. The SO, obtained through the secondary oxidation con-
tained nitrogen oxides at comparably lower levels.
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INTRODUCTION
Severa milliontonsof ammonium sulfate ((NH,),SO,) and several thousand tons of ammo-

nium bisulfate (NH,HSO,) are produced annually during varied chemical manufacturing processes
such asthe production of lactam, methionine, and methionine hydroxy analog (HMB), ananimal
feed additive. A substantial portion of ammonium sulfate (AS) isused asfertilizer; however, dueto
concernsfor sulfate buildup thisuseiscoming under increased scrutiny, especialy in developed
countries. Asaresult, asignificant portion of theammonium sulfate productionisdisposed of as
waste. Thehigh acidity of theammonium bisulfate (ABS) limitsitsindustria application, and essen-
tialy al of thissalt isdisposed aswaste in deep wellsat considerable cost to industry. Furthermore,
thispracticemay lead to apotential long-term environmental problem. The problem can bereduced
or eiminated by converting theammonium bisulfate/sulfateinto feedstock chemicassuch assulfuric
acid and methanethiol. Both of these chemicalsare used in methionineand HM B synthesis. A few
processesfor the convers on of ammonium sulfate and ammonium bisulfate have been reportedin
theliterature.

A thermal processfor the degradation of ammonium sulfateto ammoniaand sulfur dioxidewas
first reported inthe mid 1940s (Dixon, 1944). Similar processes have been reported by other
researchers (Halstead, 1970; Kiyouraand Urano, 1970). The chemica transformationsthat occur
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during these processes are depi cted in Equations 1-3.

(NH,), SO, — NH,HSO, +NH, Eq.1
2 NH,HSO, - (NH,),S,0, +H,0 Eq. 2
3 (NH,),S,0;, » 2NH, +6S0, +9H,0+2N, Eq.3

Thermal degradation leadsto the decomposition of ASto ABSwith therelease of anmoniaat
temperaturesranging between 200 —-400°C. Subsequent thermal treatment of ABSresultsinthe
formation of anmonium pyrosulfate ((NH,),S,0,). Thedecomposition of ammonium pyrosulfate
leadsto therel ease of ammonia(NH,), sulfur dioxide (SO,), molecular nitrogen (N,,), and water
(H,0O). The conversion efficiencies of 15% and 45% have been reported for NH,, and SO,, respec-
tively (Montgomery, 1962). Enhanced recovery of NH, from (NH,),SO, hasbeen obtained inthe
presence of alkali sulfates (Bonfield and Bohn, 1966; Hiiter, 1963). In such treatments, aqueous
ASwasfirst dehydrated at 300°C and then converted to ABSwith therelease of NH,. The ABS
wastransferred to asecond chamber, mixed with alkali sulfates, and heated to 500°C. Thetreat-
ment resulted intheformation of alkai pyrosulfate and therelease of additional NH.. Themixed salt
melt wasthen transferred to athird chamber maintained at 900°C, wheretheakali pyrosulfatewas
decomposed to alkali oxide and SO,

A combustion-based thermal processfor generation of NH, and SO, from dry NH,HSO, has
been described (Hirabayashi et d., 1980). Theseresearchersintroduced finely divided ABSintoa
combustion chamber and reacted it with combustion gasesfrom an oxygen-deficient flame. The
reaction was carried out at temperatures ranging between 700 - 900°C. Approximately 82% of the
total ABSnitrogen was converted to NH3, while 90% of thetotal ABS sulfur wasconverted to
S0O,. A small portion (5%) of the ABS sulfur was converted to SO.,.

A processfor thetreatment of AS-containing wastewater wasreported ina1992 patent
(Becker, 1992). Inthisprocess, AS-containing wastewater wasintroduced directly into anatural
gad/air flamethrough acentrally located nozzle. It wasreported that essentially al of the ASsulfur
was converted to SO, whereasall of the ASnitrogen was convertedto N,. Combustionof AS
solution in an oxygen-deficient flamewas al so reported. In thiscase, A S-containing wastewater was
introduced into asub-stochiometric flame. Theterm “ sub-stochiometric” or * oxygen-deficient”
flamein present context refersto fuel-rich flames. Thetemperature of theflamewasreported to be
around 1000°C. H,Swasfound to be the principle sulfur species. Combustion of ABSin stoichio-
metric and sub-stoi chiometric flames has been model ed (Gill and Associates, 1996). Thismodel
suggested that awaste stream containing high concentrations (50 to 70%) of ABS (w/w basis) can
betreated efficiently and economicaly through combustion.
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Theobjective of the present study wasto experimentally examinethefeasibility of acombus-
tion-based processfor therecovery of ABS sulfur assulfur dioxideor hydrogen sulfide. Three sets
of experimentswere conducted to achievethisobjective. Theinitia experimentsinvolvedthe
conversion of ABSto SO, inflameswith stochiometric and excessair. The conversion of ABSto
H_Sin oxygen-deficient flamesand the generation of aNO, —free, SO, gas stream through atwo-
stage combustion processinvol ved production of H,Sin an oxygen-deficient flamefollowed by a
low-temperature oxidation of H,Sto SO.,.

EXPERIMENTAL
All combustion experimentswere carried out in acombustor designed and fabricated in
our laboratory.

Combustion setup

The combustor consisted of acommercia burner and arefractory-lined combustion tube.

Burner: A commercidly availablenozzle-mix burner (Eclipse ThermJet 150) wasusedindl
experiments. Theburner can ddliver up to 158 kJ of thermal energy per hour with agaseoushydro-
carbon fudl. Theburner assembly was mounted on a6mm-thick stainlesssteel plate placed at the
bottom of the combustion chamber.

Fuel: Liquefied propanegas (L PG) wasused asthefud inall but alimited number of experi-
ments, in which methanewas used asthefuel. L PG and methane were obtained from alocal
commercia supplier. Thefuel flow ratewasregul ated with acalibrated mass-flow controller.

Air: House compressed air was used asthe oxidant. Itsflow wasregulated withanin-line
pressureregulator in tandem with acalibrated, standard orifice plate and awater manometer. The
pressure difference acrossthe plate was measured and used for determining the air-volumeflow
rateinto theburner.

Combustion chamber: The combustion chamber consisted of astainless steel pipe (210 cm x
35cmi.d. withal.5mmwall thickness) lined with 7.5 cm-thick layer of Kaoliterefractory. The
inner dimensions of the combustion chamber were 210 cm x 20 cm. One side of the chamber wall
waslined with aset of 13, 12 mm ports; and another set of 13, 25 mm diameter portswas placed
on other side, perpendicular to the 12mm ports. The spacing between portsof both sizeswas
15.2cm. Thesmaller (12mm) portswere used for placement of thermocouples, whilethelarger
(25mm) portswere used for sampling theflue gas. Theflue gas sampleswere drawn through quartz
tubes(6mmo.d. X 2 mmi.d.) placed a ong the central axisof the combustion chamber. Thelarger
portswere also used for viewing the combustor operation. A cross-sectiona view of the combustor
isshowninFigurel.

Combustion of aqueous ABS and AS
The combustion of agueous ABSwas eval uated under varied flame stoi chiometry. For afuel
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flow ratefixed at 7.9 L min?, astableflamewas obtained with air flow between 130to 220 L min‘?,
corresponding to flame stoichiometry of 50% to 110%, respectively. For thetwo-stage operation,
aceramic restrictor with a10cm opening was placed 60cm abovetheflame, Figure 2.

The salt solutionswere pumped, at flow rates between 1 to 10mL min, into the combustion
chamber with amicroprocessor-controlled, dua-piston pump (Model LC-6A, Shimadzu). Pumps
with higher flow capacity, either adual-piston pump (Mode Series 3, Perkin-Elmer Instruments) or
adiaphragm pump (Moddl LM, Milton Roy), wereused for introducing larger volumesof salt
solutions. Themaximum ABS sol ution feed rate used in the present study was 50mL min,which
correspondsto theintroduction of 32g ABSmin™. The sdt solutionswere ddlivered into theflame
through acentrally located quartz tube and formed finemist withtheaid of asmall (5L min?)
auxiliary air stream.

Analysis of product gases

Determination of combustion gases: The combustion gases(H,, O,, N,, CO, CH, and
CO,) were sampled through quartz sampling tubes|ocated a different positionsaong thelength of
the chamber. The gas samplewas drawn through asix-port sampling valvewitha0.5mL loop. The
sampled gasfrom the valvewasintroduced into agas chromatograph (Model 8700, Perkin Elmer
| nstruments) equipped with athermal conductivity detector (TCD). Thefluegasconstituentswere
separated with acolumn consisting of astainlessstedl tube (2.4m x 2mmi.d.) packed with
Carbosieve S (100-120 mesh, Supelco Inc.) and monitored withthe TCD. Helium wasused asthe
carrier gas, and itsflow rate through the column was maintained at 25mL min'. The separation of
gaseswasfacilitated by temperature programming the GC column ovenlinearly from40°Cto
250°C at 20°C min™. The TCD wasoperated with thefilament current set at 150mA. The detector
signal was processed with aPC-based chromatography data system (Turbochrom, Perkin Elmer
I nstruments). I ndividual gascomponentswereidentified and quantitated with commercia reference
gas standard mixtures (Scotty |1 Mix 218, 234 and 237, Alltech Associates).

Determination of sulfur gases: Sulfur gasesformed during the combustion were determined
withaGC (Modd Autosystem, Perkin Elmer I nstruments) equipped with aflame photometric
detector (FPD). A rotary valvewith afixed volume (0.5mL ) loop was used for introducing the gas
sampleinto the GC. The sulfur gases present in the gas samplewere separated with acolumn
consisting of astainlessstedl tube (2.4m x 2mm. i.d.) packed with mixed Porapak stationary phase
(80% Porapak Q and 20% Porapak N, Alltech Associates). The separated gases were monitored
withthe FPD. Heliumwasused asthe carrier gas, and itsflow through the column was maintained
at 30mL min. The GC oventemperature waskept constant at 100°C during the separations. The
detector response was calibrated with sulfur gas standards obtained from M atheson Gas Products.

Determination of particulates: Theweight of particulate matter formed during combustion
wasdetermined gravimetrically by sampling aknown volume of fluegasfrom asdlected port
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through apre-weighed glassmicrofiber filter (Whatman GF/A, 3.7cm diameter). Thefilter was
dried to aconstant weight in ades ccator. Theweight difference of thefilter before and after sam-
pling wasused for estimating particul ate matter inthefluegas.

RESULTSAND DISCUSSION

Combustion of ABS and AS in oxidative flames

The oxidative combustion experimentswere carried out with afixed-fuel flow rate (7.9L min.
Y whilevaryingtheairflow ratefrom 188 - 207 L mint. Theseflow rates correspondtoflame
stoichiometriesof 100 - 110%. Thetemperaturesand flue gas composition weremonitored with
and without the agueous salt solutions at sel ected positionsaong the height of the combustor
chamber. Theflue gascompositionsobtained in the oxidativeregimesaresummarizedin Tablel.
Thefluegascompositioninthe absence of ABS conformed to the expected valuesand yielded a
good fit with estimated equilibrium vaues. Theintroduction of ABS sol utionsinto the combustor led
to the appearance of SO,;, however, it had little effect on the flametemperature or the concentra-
tionsof theother dry flue gas constituents. A dight increaseinthe NO, concentration was observed
inexperimentscarried out inflameswith 104 % and 110% stochiometricairflows. Thesmall in-
creaseindicated that only asmall fraction (<0.1 %) of ABSnitrogen was convertedtoNO,, while
most of the ABS nitrogen was converted to molecul ar nitrogen.

Thechangein SO, concentration observed with afixed ABSinput and varied air input is
shownin Figure3. Thesolid lineinthefigure depictsthe cal culated SO, concentration, assuming
100% conversion of ABSsulfur to SO,. A good agreement between the measured and the cal cu-
lated valueswas observed. The highest SO, concentration was obtained whenthe airflow ratewas
4% in excessof theamount required for complete combustion of fuel (propane). Thisobservation
can be attributed to the additional oxygen necessary for the degradation of ABS, Equation 4.

NH,HSO, +0.250, — SO, +0.5N, +2.5H,0 Eq.4

Thus, ~0.014 M 02 (0.34 L min.) will berequired for the combustion of 0.055M of ABS
(50% solution @ 10mL min-1), anincrease of 0.87% abovethe amount required for complete
combustion of thefuel. Further increasein oxygen (air) flow doesnot facilitate ABS combustion but
doesleadtodilution of SO, concentration inthefluegas. Theoxygen requirement will increasewith
anincreaseinthe ABSfeedrate.

Theeffect of achangeinthe ABSinput onthe operation and the efficiency of ABSto SO,
conversionwasmonitored. ABSinput wasvaried either by increasing theflow rate of afixed
concentration (50% w/w) solution or by changing the ABS concentration of solutionsand introduc-
ing these at afixed flow rate (10mL min-1). Inthefirst case, the ABSinput wasvaried from 6.4 -
32g mint (10to 50mL min't), whileinthe second casethe ABS amount wasvaried from 3.2 - 9.6g
min.’ (solution concentration of 25%to 75%).
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Anincreasein ABSsolutionflow rateinto the combustor resulted in anincreasein SO,
concentration. However, theincreasewaslinear only at flow rates<30mL min'. Further increasein
the solution flow ratedid not resultinacorresponding increasein the SO, concentration (Figure4).
Thisdeviationdid not result from insufficient energy for evaporation and decomposition. Combus-
tion of 0.323M of propaneyielded sufficient energy to vaporize water and decompose ABS. In
fact, combustion of ABSisdightly exothermic. Theenergy output of the combustor and energy
requirementsfor vaporization and decomposition of the ABS solutionsreveal ed that even at the high
ABSsolution feed rate of 50mL min?, therearenearly 200 kJmin' of excessenergy. An examina-
tion of the salt-sol ution feed tubereved ed that inefficient conversion at high flow resultsfromthe
nonuniformity of solution introduction by thediaphragm pump used in these experiments. Thispump
delivered salt solutionsin spurtsinstead of acontinuousand uniform stream. Animproved solution
introduction and atomi zation system woul d berequired to fully expl oit the combustion processat
higher flow rates. Despite somedifficultiesin pumping ahighly viscous solution of 75% ABS, a
quantitative conversion of ABSto SO, wasobtained inall experimentsduring whichthe ABSinput
wasVvaried by changing the solution concentration (25-75%) while maintaining aconstant flow rate
(10mL mint).

Theoptimization of the ABSfeed-to-fuel ratio wascarried out through experimentsinwhich
the ABSinput washeld constant (6.4g mint) whilethefue (propane) input wasvaried from 3.9to
8.4L min™. Theseexperimentswere carried out at aconstant flame stoichiometry by adjusting the
airflow ratewith thefuel flow rate. SO, concentrationsin theflue gaswere measured and plotted as
afunction of fuel input (Figure5). At thelowest fuel input, the ABSfeed-to-fuel (propane) ratiowas
1164g ABS/m® propane. Thisvalueis morethan an order of magnitude higher thanthefeed-(AS)
to-fuel (methane) ratio reported inthe BA SF patent (Becker, 1992).

The ASto SO, conversion efficiency wasalso monitored at different ASand propaneinpuits.
Dueto lower solubility of ASinwater, the maximum concentration of ASin solution usedinthese
experimentswas 25% (w/w). These experimentswere conducted with the AS solution flow rate of
10mL min, Theresultsobtained at two different propaneinputsare summarizedin Tablell. The
measured SO, concentrationin thetwo caseswasfoundto be 0.6 and 0.5 percent. Thesevaues
werenearly the sameasthe calculated va ues. Thisindicatesacomplete conversion of ASsulfur to
SO, during the combustion. It should be pointed out that compl ete conversonwasachieved at a
salt-to-fud ratio of nearly 770g AS/m? propane. Thisvalueaso comparesfavorably tothe 1509
AS/m? methaneratio reported in the BA SF patent (Becker, 1992).

Combustion of ABS and AS in oxygen-deficient flames

Combustion of ABSand ASin oxygen-deficient flameswas eva uated with intent to produce
hydrogen sulfide. Hydrocarbon flames sustained under sub-stoichiometric conditionsareknown to
yield fluegas speciessuch as CO, H,, methane, and other lower alkanes, aswell aselemental
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carbon. These species can facilitate the reduction of SO,to H,Sand COS(Kohl, 1983). The
formation of COSand H,Sfrom SO, involvesreduction of sulfur fromaS*toaS’ or aS? state.
Theextent of reductionisdependent on the availability of reducing species. The SO, canasobe
reduced to S by elementa carbon leading to theformation of CO. A secondary reaction involving
CO and elemental sulfur leadsto theformation of COS. Yet, another reaction between elemental
carbon and sulfur can alsoyield carbon disulfide (CS,). Thesereactions are depicted in Equations
5-9.

Primary reactions:

2H,+S0O, - S+2H,0 Eq.5
3H,+ SO, - H,S+2H,0 Eq. 6
2C+S0O, - S+2CO Eq. 7
Secondary reactions:

S+CO - COS Eq.8
2S+C - CS, Eq. 8

Anaysesof theflue gasobtained during ABS and AS combustion in oxygen-deficient flames
showed that the reacti ons depicted above occur to adegree under different flame conditions (Table
I11). SO, wasthe most abundant speciesin stoi chiometric flames and flameswith oxygen deficiency
lessthan 20%. When the oxygen deficiency was 30% or higher, the principal sulfur specieswere
COSand H,S. Thechangein the measured concentrations of sulfur speciesresulting fromachange
intheoxygeninputisshown graphicaly in Figure6. TheH,Sconcentrationincreasedinitialy witha
decreasein oxygeninput but remained constant thereafter. The concentration of COSwasrelatively
unaffected by thechangein air input under the oxygen-deficient regime used in the present study.
Theflue gassamplesfor these measurementswere collected through sampling tubeslocated 150cm
abovetheflame.

Concentrationsof sulfur speciesobtained at various pointsalong thelength of the combustor
areshownin Figure 7. M easurements showed that the SO, concentration was highest intheimme-
diatevicinity of theflame and decreased downstream; conversely, the concentrationsof H,Sand
COSincreased inregionsaway fromtheflame. Itislikely that the SO, reductioniscatalyzed by
ALO, of therefractory lining inside the combustor chamber. Thereduction wasvery effective, and
near quantitative conversion wasachieved near theexit end of the combustor tube.

The apparent discrepanci es between the measured and cal cul ated concentrations of sulfur
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gasesin the oxygen-deficient environment arein part dueto the differencesin the FPD responsefor
sulfur gasstandard mixturesin helium and the sulfur gasesin fluegas. Thefluegasfrom oxygen-
deficient flames contains significant amounts of residual methane and other hydrocarbons (Tablelll).
Theresidual hydrocarbonsin gas streamsareknown to quench S, emissionin the FPD and de-
creaseitssignal for the sulfur species(Kapilaet al., 1989).

Two-stage combustion

Another set of experimentswas carried out to explorethefeasibility of obtainingNO,-free
S0,. These experimentsinvolved the use of atwo-stage combustion process. Thefirst-stage
combustion was carried out in amanner anal ogousto the oxygen-deficient combustion described in
the previous section. The combustor was operated with the propane and airflow ratesset at 7.9L
mintand 1221 min, respectively. Thisairflow rate was 64.8% of theflow rate needed for com-
plete combustion of propane (stoichiometric combustion). Combustion of ABSin suchflameledto
theformation of H,S, COS, H,O, and molecular nitrogen. To obtainaNO,-free SO, stream, H,S
and COSwereoxidizedto SO,. The processwasfacilitated by separating the“reductive” and the
“oxidative” zoneswith aceramic baffle. A secondary air stream (10-50L min™) wasintroduced
through a25mm port located just above the baffle. Thefluetemperaturein thiszonewas approxi-
mately 750°C and |ed to fast and efficient oxidation of H,Sand COSto SO,. Theoverall reactions
occurring during the processaredepicted in Equations 10 and 11.

H,S+3/20, -~ SO,+H,0 Eg. 10

COS+3/20, - CO,+S0, Eq. 11

Concentrations of product gaseswere monitored in gas samples collected through the sam-
pling port located 150cm abovethe flame. The measurement showed that the rel ative concentra-
tionsof H_S, COS, and SO, were dependent on the secondary airflow. In the absence of the
secondary air, H,Swasthe most prevalent sulfur species. Introduction of asecondary airflow at
ratesgreater than 25L min* ledto theformation of SO, , Figure 8. The highest SO, concentration
was obtained when the secondary airflow rate was approximately 34L min. Dueto lower overal
gasflow, the SO, concentration obtained in these experimentswasin fact higher thanthe SO,
concentration obtained during the single-stage oxidative combustion. A further increaseinthe
secondary airflow resultedinthedilution of SO, inthefluegas, leading to adecreaseinthe SO,
concentration.

NO, concentrationswerefound to belessthan 30ppm under all two-stage combustion re-
gimes, and considerably below the 100 - 270ppm NO, concentrations observed during thesingle-
stage oxidative combustion. The resultsdemonstrate that the two-stage combustion approach can
lead to generation of NO, - free SO, from AS- and ABS-containing waste streams,

8-8 VolumeTwo Jour nal of Hazar dous Substance Resear ch



It should be pointed out that despite atwo-year operation in aharsh acidic environment, no
damageto the structura integrity of the combustor chamber and burner assembly hasbeen ob-
served. Thispointsto the bas ¢ soundness of the concept. However, adetail ed economic assess-
ment of acommercial-scale process has not been carried out.

CONCLUSIONS

Combustion of ammonium sulfatesin hydrocarbon/air flameswas evaluated asameansto
recover sulfur as SO, or H,S. Results showed that an oxygen-rich combustion could be used for
efficient conversion of ABSor ASto SO,. An oxygen-deficient flame can be used for converting
ABSor AStoH_S. Thelatter can beeasily oxidizedto aNO, - free SO, gas stream in atwo-stage
process. The process holds considerable potential for treatment of highly acidic ABS produced asa
by-product in methionineand methionine hydroxy analog synthesis.
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Tablel. Fluegascompositionwith and without ABSin oxidativeflames.

Flame Stoichiometry 100 104 110
Air Flow (LPM )* 188 196 207
Propane Flow (LPM )* 7.9 7.9 7.9

Flue gas composition resuiting from combustion of propane without ABS; concertrations are
in volume percents (dry gas basis - DGB).

H, 0 0 0
o, 12 20 46
N, 84.7 84.8 84.0
co 0.7 0.1 0
CH, 0 0 0
Co, 134 12.8 113
NO, (ppm) 106 130 130
Flame Temp (°C) 1318 979 1100

introduced at 10mL min-1.

Flue gas composition resuiting from combustion of

propane with 50% (w/w) ABS
Concertrations are in volume percents (DGB).

H, 0 0 0
0, 19 29 4.8

N, 83.2 83.6 83.5
CO 17 0.7 0

CH, 0 0 0

Co, 133 12.8 1.6
NO, (ppm) 106 240 160
H_S (ppm) <10 <10 <10
COS (ppm) <10 <10 <10
SO, 0.73 0.88 0.73
Flame Temp (°C) 1318 1295 1290

* Flow ratesmeasured at ambient temperature and pressure.
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Tablell. Compositionsof fluegasfrom combustion of ammonium sulfate (AS).

é)ir (sgt Svc/)vrvr:)ektratlon o5 o5
% Stoichiometry 104 110
Air input (LPM) 127 167
Propane (LPM) 52 6.3
% Volume (DGB)

5 0 0
o, 7.9 9.0

, 84.3 84.9
CO 0 0
CH, 0 0
Co, 8.0 6.1
SO, Experimental 0.6 05
SO, Theoretical 0.6 0.47
Flame Temperature (°C) 1220 1250
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Tablelll. Fluegascomposition with and without ABSinreductiveflames.

Flame Stoichiometry 50 60 70
Air Flow (LPM )* 103 108 140
Propane Flow (LPM )* 84 7.7 84

Concentrations are in volume percents (dry gas basis - DGB).

Flue gas composition resulting from combustion of propane without ABS.

H, 5.3 34 25
0, 0.9 0.7 0.9
N, 773 79.4 80.6
CO 71 6.5 39
CH, 13 11 0.3
CO, 7.9 8.7 1.7
NO, (ppm) <30 <30 40
Flame Temp (°C) 950 979 1100

Flue gas composition resulting from combustion of propane with 50% (w/w)
ABS introduced at 10mL min-1. Concentrations are in volume percents

(DGB).

H, 5.3 34 25
o, 0.9 0.7 0.9
N, 77.3 79.4 80.6
CO 7.1 6.5 39
CH, 13 11 0.3
CO, 7.9 8.7 n.7
NO, (ppm) <30 <30 45
H.S 0.79 0.8 0.77
COS 0.18 0.17 0.17
SO, <0.05 <0.05 <0.05
Flame Temp (°C) 1238 1243 1260

* Flow ratesmeasured at ambient temperature and pressure.

Jour nal of Hazar dous Substance Resear ch

VolumeTwo

8-13



kanolite
refractony
2 cm thick

0.6 cm

satn plirg
potts

1.2 cm sam pling potts

21m

15 cm

20 cm

Figurel. A cross-sectiond view of the combustion chamber.
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Figure2. A schematic of thecombustor and instrumentation used for theanalysisof fluegas
components.
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Figure3. SO2 concentration obtai ned through ABS combustionin oxidative flamesat different
flanestoichiometries.
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Figure4. Cdculated and measured SO2 concentrations obtained from ABS combustion at varied
ABSfeedrates.
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Figure5. Measured and cal cul ated SO2 concentrations obtained from ABS combustion at varied

fudl flow rates.
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Figure6. Measured SO2/H2S/COS concentrations obtained from ABS combustion in reductive
flamesat varied oxygen deficiencies.
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Figure7. Measured and cal culated SO2/H2S/COS concentrations obtained from ABS combus-
tioninreductiveflamesat different sampling pointsa ong thelength of the combustor.
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Figure8. Measured SO2 and H2S concentrations obtai ned through ABS combustion in the two-
stage combustor at varied secondary airflow.
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