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Abstract — Incineration has been regarded as the best developed technology available for organically hazardous waste.
However, permitting and siting incinerators to treat hazardous waste such as a waste containing PCBs is very difficult
due to the public concerns associated with toxic air emissions. Recently, a lot of alternatives to an incineration have been
developed and these technologies have the potential of alleviating public concerns by decreasing emissions of hazard-
ous materials such as dioxins and furans. This paper reviews currently available alternative incineration technologies for
various hazardous waste streams. Various categories of non-thermal and thermal alternative incineration technologies
have been evaluated in terms of their process operating condition, applicability of a waste stream and their emission of
secondary waste. Detailed descriptions of operating principles of several technologies are also provided.
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Table 1. Categories of hazardous waste matrix
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Table 2. Rank of waste treatment technologies as a function of off-gas
volumes and secondary waste amount

Waste treatment ~ Rank of treatment Rankof  Rankofsecondary
technology temperature off-gas volume  waste amount
Thermal destruction 1 1 4
Chemical destruction 2 2 3
Separation process 3 3 2
Biological treatment 4 4 1

Waste matrix Hazardous waste categories

Waste water, water sludge
Organic liquid, organic sludge
Miscellaneous solid

solid waste
Soil, debris
Specific waste

Pure waste water, waste sludge including waste water, waste water sludge
Organic liquid waste, waste organic sludge
Pure non-combustible solid waste, pure combustible solid waste, mixtures of non-combustible waste and combustible

Soil, sand/pebbles. organic debris, inorganic debris
POPs waste, halogenated organics(PVC, PTFE, and organic waste contains brominate flame retardants, etc),

Halogenated organics, halogenated organic solvents, waste containing volatile hazardous metals such as mercury,
Lead, cadmium, etc. mixed waste (hazardous waste containing radionuclides)

3l5rast H453 M4S 2007 8



4. 22t tAI7 =2

ekt 27 A e s Al

ey

(high-temperature treatment)

Zke] 7)zell thel] A8 W o,
2 22} H7| el tisl] 29Fste] Table 3¢l L1k
27} QiA71EE YolE photolytic

&, W7k E

elth. Table 30 YERA

7113} (dehalogenation), A&z

T Aes 224 dAlE 5%

. Table 2= 47} "/HZJV ]

I:o]

XM2AM

10O

k31574 (low-temperature oxidation),

(thermal desorption), IL-2-*]2]
59 WA For A Fatal 7
A87 s w71, well AR

oxidation, ultrasonic, electron beam 2! x-ray/gamma ray 7|3} 7+

2 radiation induced oxidation 7]

<= O

27t ool ek

321

B FFRACIAE Table 300 e of2] 714 712 Ael7)%
% Taret o712 Sol il A8490) e AL A
A2 (@A) 71%59) A2l djal S2lel wa w
B QA S TN SR 47t oAl RA
o) 71 A WMo} 8 1SS, Z F Az 7B T
SN ES AT 4 7145 Aol 7 9] e Aele

o gelstsic.

O w2
1 ki of

¢

4-1. DETOX]10, 11]

"]=2] New Mexicoll 21+ Albuquerque A}2] Delphi Research
ol g3l e FH o FHuf 3}k 5|37 (catalytic chemical
destruction processyer 33 = & 37g0lt}. o] 34 FE
ALgBt] ALSIAIE A4 O = APIA71EA fral [ AR
lsh= 317(40]5]‘ oF 150~250 °C2] A-ol|A] 4= 31 Frj|e] 543

==

A AT 0] /IEEE T8 2R A RAEAL A TS WV AR AT O B ok
Zab] offa o Aelthge] $4od LA Hel ]l Wl 9 LA o} 7kl Sy Fido] LA ket
oll 1 71 A1 AN A oLl AR A ARSI AAAIS Yl RwH B FeCl S Ak
2] (biological treatment) %! EFM|H (soil washing) 7]EE% - 4 M (reagent solutiony> HHS-ZPFol| A 2HE A oks- Mk ol2g} &
Zt Al 1 S8 el AlLlskict S A Folug |zl E3Ee] W fallead T
Table 3. Operating conditions, acceptable waste streams, DRE and secondary wastes of alternative incineration

Altem;iﬁ;?ggmﬁon Tem(‘?,%r‘;‘m P(r;Z?;)re Acceptable waste streams DRE" Off-gas streams Secondary waste streams
Wet chemical oxidation [9-20]
- Wet air oxidation 100-200 300-3,000 Aqueous, organics <10% 60->99% CO,, VOCs Organic reaction byproducts
-DETOXM 100-300 20-200  Organic sludge, soild, liquid, soil ~ >99.9%  CO,, VOcs, HCI Depleted acid, inorganic sludges
- Direct chemical oxidation 80-100 Ambient Organic sludge, soild, liquid >95% CO,, CO, VOCs Dilute aqueous, batch residuals
- Acid digestion 150-200 0-15 Organic sludge, soild, liquid, soil ~ >99.9%  CO,, VOCs, NOx Depleted acid, inorganic sludge

- Electrochemical oxidation Ambient-70 Ambient

Organic sludge, cellulose, plastic

90%->99% CO,, CO, NOx, HNO, Depleted acid, inorganic sludge

Dehalogenation [21-25]

- KPEG/APEG Ambient-115 Ambient Halogenated organics, soil, sudge  >99.5%  VOCs Biphenyls, reaction byproducts

-BCDP 320-350 Ambient Halogenated organics, soil, sludge >99.5%  VOCs, dust Biphenyls, reaction byproducts

- Birch reduction Ambient ~ Ambient Halogenated organics, soil, sludge >99.5%  Ammonia Biphenyl, CaCl,, Ca(OH),

-LARC Ambient ~ Ambient Halogenated organics, soil, sludge >99.5%  None Biphenyl and NaCl

- Photo-reduction <500 Ambient Gaseous halogenated organics Unknown HCI Hydrocarbons

- Biodechlorination Ambient ~ Ambient PCBs-contaminated aquous waste Unknown CO, Biomass

and soil

Gas phase destruction [26-33]

- Thermal reduction >850 Ambient Chlorinated organic waste >09.99% H,, CH,, CO, H,0, light hydrocarbons Scrubber sludge

- Electron beam Ambient Ambient Gaseous oranics, <3,000 ppm >99% CO,, CO, Cl,, HCI, trace phosgene  Acidic scrubber solution

- Silent discharge plasma Ambient Ambient Gaseous oranics >99% CO,, HCL;, trace PICs, PCDD/PCDF's Scrubber solution

- High energy corona Ambient ~ Ambient Gaseous oranics, 5 ppb-10,000 ppm >99% NOx, 05, HCI, Cl,; phosgene Scrubber solution

- Photolytic Ambient-700 Ambient Gaseous oranics 90->99% DCAC, phosgene, PCDD/PCDFs, PICsScrubber solution

- Packed bed reactor 870-1,010 Ambient Gaseous oranics >99.99% CO,, H,0, acid gases, <2ppm NOx  Scrubber solution

Thermal treatment [34-46]

- Molten salt 700-950 Ambient Low-ash organics, halides >99.99% CO,, CO, H,0 Recyclable salt, ash, chlorides

- Metal melting 1,300-870  Ambient Oragnc, inorganic solid and liquid >99.99% CO,, CO, VOCs, particulates, metals Slag, recyclable metals

- Steam reforming 850-1,100 Ambient Organic liquid, solid, sludge and soli >99.99% HCI, CO,, H,0 Ash, scrubber solution

- Supercritical water 450-650 Ambient Aqueous or suspended organics >99.99% CO,, H,0,N,,N,0 Salts, acids, oxides

- Plasma pyrolysis 5,000-15,000 Ambient Organic liquid >99.99% CO,, H,0, CO, NOx, particulates Powdered carbon

- Chem char 1,200 Ambient Organic liquid, sludge, soil >09.99% CO,, CO, H,0, H,, CH,, trace VOCs Depleted carbon char/slag
containing metals

- Packed bed reactor 300-3,000 Ambient Organic liquid >99.9%  CO,, H20, HCI, PICs, dioxins/furans Scrubber solution and
condensate

- Vitrification 1,000-1,600 Ambient Sludge, soli, organic liquid >99.9%  Acid Gas, CO,, CO, NOx, SOx Glass and metals

- Plasma torch/electric arc 1,500-5,300 Ambient Sludge, soli, organic liquid >99.99%  CO, CO,, HCI,NOx, SOx, VOCs, metals Slag and metals

*DRE depends on organic waste stream, residence time in the reactor, performance of additional treatment system
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Table 4. Destruction efficiency of delphi DETOX process (unstirred
reactor)

. . Absolute destruction Absolute destruction efficiency
Organic material

efficiency [%] on vermiculite [%]
O-xylene 99.9997
1,2,3 tri methyl-benzene 99.9997 99.98
Trichloroethylene 99.995 99.55
Hexachlorobenzene 99.995
Polychlorinated biphenyl 98.9
Carbon tetrachloride “complete”
Trichloroethane “complete”
3|FE AU ARH7] A7 o] Alekgd el AlGaliA F4

o] o r MIEEA dett o] Aokl EAfehe At o
w7 T2 9ES v EoE Sl A o]lg R A
o3
&

Fe(I)+ 0, +H,0+e" = Fe(Ill)+20H" (1)

o] 7% Wl g f7lEell tigh W8l 9 A &8s PCB 3}
=l i3l 98.9%, BIAs} f7]8vel thallx= 99.999%F 3
B e BAlEsS Hole 2 oF UduA QltkTable 4 %), &
3], ©F 20~200 psig®] & AelA SHE = FH O E AA|H 7| Eol
i3l 2-go] golslrt, uAH 1 E thair s Ago] 7Fssht, 2
& fAl(working fluidy = E8/9 314 wjde] g3 ofF-ol wh
2} 71 Ago] Agkerial & 4= Qi

42, ZHSISEAMS|(direct chemical oxidation: DCO)[12-14, 17

274 3}8F2 2k} (direct chemical oxidation: DCO)= 4%t 2! A2
(<100 °C)elA F3ll F7 1w E3llA7)E T8 373 (aqueous-
based process)©. % H|$}eHT7] 52 allelw AHet 7= F7t
31 et o] 7lee Aot 4718 Mol al= dtstolEl &
O] (peroxydisulfate anion: S,0,°)2 A3}A|Z o]-g-3ic}, Aksh-g-
ol 2J&] A== A~ FARFEF(sodium hydrogen sulfate)o]L} 4=
2~ 3R (ammonium hydrogen sulfate)y> 3| <ol 2]3)| t}
Al ASHA| R WEte] AR AFSINES-2 peroxydisulfate 550
st 12} REg-02 delA Qi A BE 3l A&l dist
Fall WA kA= 0.01~0.005 min™ 9]l Qlar pikslo] st S
]2 (peroxydisulfate anion)°] #1514 &/d o]211 SO, & #-3l|¥]=
So] whet A Asg-2] £t AR Hct. o] Wank-e] £
T DCO HH22] 255 80~100 °C 7H4] “d5A1714 FA 7}
sh= Zlo® delA] QI RS XEE T oo R &EW PVC
9 FITIER Rl 4 drkal A it

DCO 3732] Z5%=% Fig. 1ol JERATE. ©] 278-2 peroxydisul-
fate salts(=% sodium 3= ammonium$3)Z 47152 oaksleks
o} B F713elt), ARG = ARIAIE A=olA Adste] Ag-at
7] wistell 22} H71=2] WS Akl Qlvt. #7)E ANk
212 o o] et

SZO? +Organics =2HSO, + (CO,, H,0, inorganic residues)
)

EEEs

oX,

o]&]38t peroxydisulfate 373> 2+ 7o Q)

|

_7]

r
N

3l5rast H453 M4S 2007 8

H, separation and To offgas
recombination Precipi
ﬁ Batch stirred I
J | | J
» £ Product
Plugfl surge/
| Reactor separator
Oxidant T
Electrolysis Surge ,45‘ Waste Oxidizer
Flow Cell -
&,
&S Inorganic

products

Fig. 1. Principle of operating conditions of direct chemical oxidation
process.

719 S-golgta & 4= i}t A8k ammonium peroxydisulfate
= 7P st AEA o] dE o7 o] AkgY e B4 9F Ul
oxyfluoride ThH& 0. & 7Jsltial & A Qlt}. Peroxydisulfate?] 2Fs};
FRELS 719 BE SR fUES BT g ol R At
o AZ 9y 484 F 9l dolgkar & 4 Qltk o8 714 f
715 39k 9 80~100°CS] 204 o] DCO 4 O.= 3
F Aoy, pPvC FFA T 2 R {U1EY
peroxydisulfate]] 2|3+ AFs}x 2]l QA 140~180 °CollA] F A]
o) I3t AA et deshta gtk

o] DCO 7|&2] 7V & AL beket 4717 1A 2 49
AbsRRael] 482 4= Qo= Zoltt, i dl71=el= f718,
AA|, A, B89 7]5 (water-insoluble oil) 2 “12]2~(grease),
charcoal filter media, incinerator chars®} tars, 0|5, E3Ha2 |
Qe EepAE, A3, F3F W A3 AVER, &, B @ E2A
o} 22 f47) midel xR o] Sl RV Fol 23 vk
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Table 5. Destruction efficiency of direct chemical oxidation process

Compound Feed . Percer'lt Destruct]ion rate
concentration destruction [kg/M’-day)

Batch reactor

Kerosene 9.6 g/L 99.97 186

Triethylamine 0.96 g/LL 98.8 205

2,4,6-TNT (0.003M) 99.9 760

Polyvinyl chloride Pieces and powder 50 3

Ethylene glycol 0.80 g/L

Plug flow reactor

Ethylene glycol 6.2 ¢g/L 99.93 432
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4-3. MASl(acid digestion)[19, 20]

Acid digestion 7]&-2 AARIAFA (nitric-phosphoric acid)©% &
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oM Bl = e a7 tiAIEeln o] Ve HAaks AlshAl
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NO, 9 Noei| 98 WA=EE= 571 2] (organic radical)®] A3
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CH,(CH)CH, + NO, > CH,(OH)CH + HNO, 3)
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2
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X7 o) Al S5 gink H718] 23 fal TEEES
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0~5 psig 71%t 31l 130~150 °C L 9)o A thye) §7)315
=2 g7 AkslEo] B3 ojaksleba g 3l E). Polystyrene 0]
WA= 175°C B 5~10 7]gollA] a8 o=z &=t 0.001 M
<] palladium FiE AR&-at] Yatshehid] wWiES A8kl N,0
o] A& Has) stk WAEE NO 9 NO,E ¥Asto] 345
= HNO;9t 370 Akas} wkg712 8k Al 4= Qlth, ob&e] ik
ShrAE ARE8Ie] NOSE NO,E 3]57810] NO& HliE-S 100 ppm
olalE W& 4= 9lrkarl ). Table 60l AbA3t B9 @ 711 )
71&el g Ael&es eI

4-4. 37| J§E (steam reforming)[13]

31--(300~1,200 °C)llA 75715 =7 1EU F7 1322 HHgATA
CO, CO, ¥ H,2 T2 FJ%= 7 (synthesis gas)ys THAJA]
20t} v)Eke] wgl7 kA (CH)E 294 Hke- A ER wAer st
243} F7197152] AgAols grAsits £3shs vj7) 7
S Ak dslkEouy sitslEe] H)7]Eel| EAIE weli= SOx
4l NOx7} A=l o] 7] 7kl s f-8ll9] 7] &2 steam

Table 6. Treatment rates of acid digestion

Chemical Temperature  Pressure Rate Rate
material [°c] [psig] [g/L-h] [kg/M3-h]
EDTA 140 0-5 142 142
Cellulose 150 0-5 95 95
Neoprene 165 0-5 50 50
Polystyrene resin 170 5-10 65 65
Polypropylene 180 10-15 35 35
Nitromethane 155 0-5 “fast”  similar to EDTA

& cellulose

reforming 373> Tha9] 718-4Q1 F HAE REEA] AXHA o
712 713w w8tk agoltt
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Mo o

ol#gst 7] 7N A% kel 2A7l$ DCO(direct chemical
oxidation) 7]} Fof] A7)k MSO(molten salt oxidation) 5782}
o] Ak 4 Bt 38hEek Al FoRA RO 25 A7k
o] ARl ol gEle] 21 RISk 7se w7 = Al &
§3 Zlolgt & & Qlk

u] = 9] Synthetica Technologies @ ThermoChem, Inc.©] W=
DOE(department of energy)®] <J%|7]& (mixed waste: hazardous
and/or radioactive wasteye *|2|3F7] $]3t steam reforming & 3=
7HeFe}SITE, Synthetica Technologies A12] steam reforming plantQ!
synthetica detoxifier= -+ ©A 3702 FAEE WA #H7]1E2]
el FHoR 7] SA wet g A8He vy 455
o] H71E 7 AHlE A8 300~600 °C] 112 57] 2 I
7k29k A FsA A7 1E o f71Ee] il Ha ek

- drum feed evaporator : =3 ¥E H7|E FIE

- moving bed evaporator : &&|2|L} E2A8} ErelA U
SR ER T

- heated shredder : T4 H7|&2& FUE

- screw feeder : LUEF] A&

Z}zke] #H7)& F4A1ElA 3 fr)Ed 9 Ry o )
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Fig. 2. Flow diagram of steam reforming process.
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Fig. 4. Flow diagram of two-stage molten salt oxidation process.
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