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ABSTMCT

INTRODUCTION

~~ma~fm dmtmukm Ofhighly toxic- or mdbactivity-mwm&ed
Organicwaatesfm aeveml reasons.[1] water v!K?@dissolvesor@envise immobilize toxic duatthat might
~tiy_ti@~mti~ m&a. ~e~h-wp~d —d~ “of
thewater buflkrtheaystema gainstt hermalnmawayst hatmightr emkrnventing. Non-gasems prodmtsof
oxidation remain within the liquid medium m a f- amenable to iinther concentrationor recoveryby common
~ ~, e.g. el@m-dep@on or ion~xchange. Existing quems@m ~ inchxk mediated
eMIW&m@ oxidation (MEO)andmdated chemical Oxidatb (MCo).

Mdated eledmeham“ad OxiddOnuses a dissolvedredox ample (e.g., fWMg@’), co@YQ@), ~

Fa~, @.)ma@ge&m _@ Wmdti~o=le~ _rnti_l~
[14]. One applica.tim of MEO m nuclearwastetreatmentdaivcsfromtheabilityof AI@) to shnult=eody
destroy many organic sabatances while o*g PII02 resiks to the soluhk and recoverable plutaqd
[Pll(o&+] h Me&ted chemicaloxidation usesatermi@ oxidant activa@dbya&~k. Forexampk
theoxidant maybe hydro&nperoxide ca@yzedby Fe(II)[3km pmmurkd oxy&rIcatalyzedbyF cC13with
l%(w) and Ru(lII) co-@talyst?#4].sil~ pem@k&@ oxi&ntshave beendevelopedfbr ckBning
rmckar-indusq eqyipmeat [5]. MEO an MCO processes generally have problem with catalys rde@iom
~-d~ti

Toavoidd@ersed catalyataand umtainmeattpravkeevaluated aprocesa baacdonpero~
oxidationunder conditionsnot reqirkg diaper@ catalysts.This oxidant maybe periodicallyregenemtedb the
sulfhtebypductbyelectrolysis. S&a_db~ti-~y@ticor~-fitifi
cammtionalthermaltrea tmentaaremsuited because ofpmblems ofscakcquipment m@mi@imor
=[~ process has been called “direct chemical oxidations”to distinguish it fhxn mediated oxidation

TECHNICALBASIS

Perox@sulWe is among the smngest chemicaloxidants. It has a standard electrodepotdal of 2.07 V,
vihichis comparableto that of ozone [10].The net o*on reaction is

@H4)2s208 + {mt@cs} + 2NH4~04 + C02, H20, fim@C *-} (1).

Theinitialreactionstepisdecoqmb ““onto form the sulfkteradical anion (SRA)[7-9]:
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f@8-2= 2s04-” (2)

Thesulf&e pmductmay& rec@edto produmpemxydkil@ byelectml@sat 15-30%[10]. Typical
electrolysis cells nseaplatinum orglassyad.mn anode, agmphiteorkada anda porous ceramic
~. ~~~=:

2NH4HS04 . @H4)2S208 + 2& + 2 e- (imode) (3)

21&+2e-=H2 (cathode) (4)

@Ys+ap-wm~ andsma)lamounts ofozonearealso f-ed. Theove2allflovvdiagmmoftheprocess
isshownrn Figure L Theekc?rolytic pmdnction ofpemxy&uhte ikxnsolfkte ionconsbkd in&zm&@
ateprnthe in&&ialpmtMian ofhydrogempemxidein theiirsthalfofthis century. Water goxkikedby
WX’0~H202rn ~ti ICW@XStiT>60W,@I@ XIV- by&iktiom Ma@ialsusedto
cOntainpmqd&MW inchldeghqpomela@ stainless s&eelstamalmqand PTFE[9].

OBJECTIVES

‘rhepm’pos eofthiswork istodetemme- the ftibility oflxllk deduction of organic vvas$esusing
-~ _ t!me experimental eflbrk (1) electmlyis of ammonim m~ -
c@amim@ rec@edwasre sohltmswas invest@t@ Usillginorganic andorganicmbmimuw .-
*-%(2)a~m@ti-m~A)m~dtimm~ mmedlmion
mti~hm_- fortiof M&v~m@c~, md@)ti .@B@edmtra&edof
oxidatbtocarbondioxidevmremeasmedfahigherc0nc4mtmtionsofce2tainckac&mA . .Cwaste mmgates, i.e.
trielh-kemaenq oxaiicti ionexchange mainsimd ethyleakeglycQLRatecomtmts lveletlml usedto
eatimakthetbmugh@ ofabatchreactorfmmate&ls having similar chemicalsm@mes.

EXPERIMENTALAPPARATUSAND PROCEDURES

Ektdyds CeR AcyhWalelectrolysis celloftypicalindmhiddes@was mnatmc@ofFymxand
Teflon. Aporouaahnnina sepamordividedthe anodeandcathodechambem(L6 Leach). ‘ileano(@ were 1.3
mm Ptticoiled arolmdsix Ymter+moledPyrex tldIeswith anactive allodelu’eaof 100 Can2. sixl.27cm
gmphitemdswerecabledinparalkltofbnnacathode(72Ocm2). lleceJlvvasiniliaUy iillexivvith2.65MH2S04
+L59M~HS04 (13a& Am@Kd REq3Cn@).~+urnmt&ctrolysis wasca21iedoutatcammtsof20-
lMAtiqb8he~=16W),ti_c~~ sweeps. AdMivea (0.4s/T-ofNaN03and0.16@
ofNaSCN)were usedtoimprove anodepokkationand retard Pt coKosim [10]. Sampleswereanalyzedfbrtotal
oxidizer byquenchingdth fbrmusandtitration agaiust KMno4

OxMauonef-compcmda Integml rat&sofcamplete oxi&tion(%kemb&n”) Of diverse
coqmmdsatloo’’cm~ uaingamodMed Mmatorytotalorganic carbonanalyza(Model 7OOTOC
Tti-c~OJ.-~mhc.;tiU~*m~. ‘llequmtityof C02evolved rnafixedtime
wascempamdvvith thatcak@tedftlrtetaloxi&ion of thecarlxmrn the_sample (Table I). Bychmaing
reacticaktime sfbrwhich WA&ti C02w~ti atimm-k~ti_k*rn
ekmatkgre@ionti mesfbrchemicanysimilarwastesatlowc4m~ (5- and 50 ppm-C).

~ePTFEdige&mv esselofthet otalcarban aualyzer analyzer wasinjected vvith O.5ml of O.84N
Na&Q and 0.2 ml of O.523M H#04 Ailer removalof bckgmmd ~ . (30 s), a 0.991ml sampleof
theorganic soiutien wasiqjected overa 3sintmval. Theevolved carbon dioxide wasddembeduaingan
iWegmt@ IR absqtion apectmmeler.l%e initial concentmtions - thus: organic mhctant (0.002-0.02N);
oxidimt (0.248 ~, phosphoric acid (0.062 M). Sensitivityof COZ memmment waso.lpp!nL withsnexp&ted
acuuacyof *l%.

Batch Oxidationof Triethylandneand Kerosene. Trkthylamine was oxidizedat an initial conmntration
25mMbyreaction vvith3.6N sodiumpefox@suMteat95 ‘Crntoavvell-stimed 0.5 Lvesselunder reflux.The
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~-vverece?lmtmalby~ ofthe excess wdfate by Sa(OH)Z,arrdth.m ar@zed fm
nitrate and nitrite by cbmmatogmphy.

product

H2eaparation and
recombination

to off~as surge I
tmafment separator

1

electrolysis ‘+

flow cell
inotganic

products

Fig. I. Direct chemical oxiddm uw eleumlyfic ammonium prm@isuMte to oxidizs organic fiquida in a

Pscfced&dreactor qemtingat T- 90Y.
Keroaerre(predominate ~Ld*e)-tiotiW XIOOWdti&w-~~a

sukdionof4 N errrmanimnpemx@mh%@ + 0.1 M H#Od.Five milfiliteza ofkereaenewre added to 50mlof
0.1 M HZS04,arrdthe 4Npem~ ardrrtimrwas added at a rate of 5ml/mirI.Sirrrihup~ were
ftiowed for trirtitxetolmme,which dissolved rlornsmalf pefletx into the resction medium.

Time-dependent mfdatkm of model organic campormds and water. Experiments on thw@mdm
oxidatimrof simple organic compounds arrdofprrrewaterwere perfbrrrredirra contmffed~ fI.5 L FYIS:
vessel. Solutions of ardiiuic acid arrdammonium peroxydimdfite (300 rrd total) were prehrated to the reauion
tempemtrue just &fore samples of an organic compound were injected to produce irritiafconr.artmtkmaof 0.05-
0.5 N. A solution of 1-1.5 N (NH&&O* was generated by elecnml~ and then pumped into the reactimrveaael
at a rate of 3-5 rrdhniq urdif a quantity of oxidant equivalent to the reductant were added over a period of 3-30
ndrmtea. Semples were taken at regular intervafa and analyzed by a TCA, accuracy was pm-rwmrinedbyteats
with the same mbatarrcmirrcalibmted amqrles.

Fsckad hed reactor with ~:~alaofoff w Ffocesa scaleup patxrrrrlemwere
&ermined naingamorhdar packed Nm* c4rnsMmg of horizon@ hott-jacksted Fyex tubes 25 mm in
diameter and 0.3 L reaction volume (Figure 2). The tuba are tifled with Kaaching rings to impede mixing.
Argon was allowed to flow over a ti arrrtkceat the top of the reaction fluid to contimroualyremove gaseous
reaction pmdrrcta,which were analyzed in a qwdripole mass ape@ometer (HiderrArralytid Warringtm, UK).

EXPERIMENTAL RESULTS AND DISCUSSION

Electrolysis of Ammerdtrm Hydrogen Srdfate Sohrtfona. Cdl voltage and electrode potfmtiala(n% R/&)
were fourrdto kefineas andwithout paaaivstim ordithairml irniwimao verthecurreru denaitynmge, i= l-30
*2; WIIVOlmgSW-M5.5 v at i = 10 kA/m2. The coulombic eiliciency, e, ww ~ed tOti 82% h SII
qrmacion of Faraday’sfaw

~0]/dt = e {UFVJ. (5)

I is auren~ F is the Famday conata@ and Va is the anolyte volume. Additions &sodium nitrste, -phosphate sml
-chloride (O.1 M) did not alkerthe coulomb dliciency or yield (Figure 3). The a&ate ion cuncenhatimris excess



icids.’iheseresults indicitethat the recycle of mffate is ne4 substdafly hindered by the”presence of smafl
amounts of waste lesidwds likely to be enhained into the cycle.

Figure 2. Experimental com@m&m of the horizontal packed-lxxl reactor.

t .“”- ~

O.emv --------

Fig. 3. Electrolysis of(NH&S04 at 1 A/canz(80 A/L) alone and with Cl-, PO/-, N@” additions.

surveyof diverse coqnnnfs. Jntegmf destmdirm rates for 25 compounds kearin8 diverse fimdiend

-~ i in Tables I-III.Table I gives the numbzz ofequiwlats (n) requked for complete oxidation
of one mole to carbondioxide and (as appropriate)sulfate, chlorate, or nihate pmdwts. Also siven are the carbon
fiaetion of the reductant (fJ, the initial oxidamthednctantequivalents ratiq the themeticaf [c(o)] and apparent
[c(t)] cartmnemwma!iuns (ppnwdmk and the extent of the reaetion (E) after the lime intend At.
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Inmost casesja reactiontimeof At=2.5min aUowed4W%convemkmOforganiccaltlonto carban
dioxi&%ffomwhichanintegmlratecons@n4~, was -eahmatdu@gatiti*~&~ -

- {p(t)]-[Iqo)]}hit = MO] (6a)

{~t)]- pi(O)]}= C@ n (0.586MC1000~ (6b)
Here~O)] and Mt)]are the initial and final amemmtionsoftheorgani GIO] iSthe’iIlitid OXidUt
Culcatmtkw “pisdensity. lhefi@or 0.586comects fbrmmpkdihdim. Oxidant cmenmtiondemaaedlittle
overthe3-min. mactiontime%asdetemlked aepanUely.

Forallbuthvo compoun@the measured integral rates fellintothenmmv range of k = 0.006-O.02Inin-1.
~vh.ichkhyldwedti-e-a, wasalowesttoreact. Oxalic acidand fonnicacidpoasess
cmbonrnthe hi@estoxidation states teated C(III)and C@)mspectively. l’heslovmess of oxidation of these
~~~_n-~ofti&~* _ti*=C02~@ titietiqof
oxidationtoC02 isthesknvesL l%eakwnesa of the odation of the hiethylamine (0.0076rein-l) is mnakent
vviththe discovery of Uw@amim m the residws fdovving F@I@ttalyzed peroxide &smwion of ion
exchange resins ~.. amino groups [3]. Fourofthe tested wmpmnds aresurrogates forprodmts of the
hydrolytic or oxidative &m@mm@m of chemical warfiue agenfs(l1]. Me$hyl phosphoric ad Z2’-
thiodietbanou and di-isopmp@~yl@osphonate (DIMP),have similar bonds to those of GB, Mustm@and VX.
~=mti*_W ~ti5*tie_& oftie~~e=g mtio-[14].
TheaecQmpmdsvvel’efidsyoxidizdrnabout3min.

Table L IMegralfirst orderrateconstantka calculatedfromthe extentof oxidatiox$as measuredby
C02 ewlution wing a total carboa aaalyaer.”

NolCmqxnmd Iww n (R(O)) Ratio c(o) C(t) At E l@~
1 eqhnol mM [Ore] min Ya I/mill

,19 41.03 2.5 95 0.36
47 Uoo 25 101 0.38

1

1 urea 60.06 0 1.16 I N/A 143.
2 oxalicacid dihydrate 126.00 2 1.17 I 116.86 I 43... , . ..._ , ___
3 nitromethane 61.04 8

,..Mhylamm“e I 101.19 I
)Mm I 78.1

d ] 150.01I 21 I 0.46 I 28.04 I 43.15 139.26] 2.5
[ lll&amiqVn

I
“dine I 94.12 I 20

I 141Methy@@m tic acid I %.02 I 8 ! 1.21 I 28.20 I 22

l,tixane I 88.11 I 20 1 0.63 ! 21.73 I 46.79 I‘

%mditions ‘F 100”C; @3~4]= 0.0574 M, [S20g ‘2] = 0.245 N, 0.3 cd I%wirecatalysis.

Amino groups inwastes suchastieth_e tendtoresist aqueous oxidatkw and tie dktdmtionof
qitmgen oxidationstates in the product is not known. ‘Iheorganic fractionwas ~ymilleltlkd (> 98.8%,
as C) in 13 mi.mtes; and to <0.5 ppm (>99.97Yo)m 21 minutes. (Table III) Most amino nitrogen remains as



page6

anunmiumionnkepreaemeoflowcmeematim ofnitriteindicatepoasiblereduclionofnit2itebyorgarlic free
radicalMmme&es.

OxMadonof Organiu at IWally Eigh CoaceMmtiom.Kormeneisamixlure ofdwdecane andvarious
aromaticcunpowk. The water-ina&Mepbasehad&appamd after70min. ofvi30musdrriog. solution
analysiaindicatedl.30ppu cadxmmulin@. Afk?ranaddkkmd 70n2in. ofoxidat&q theconc@ration was
0.27ppm. kti~ti W~*titi*&~ k&@tie~_dti SMm
the aromaticdoublebo@ fdowwl bymlutionaacomplexalcohola.

Table IL OxkMon of triethylamineby peroxydlaulfMein a batchreactor.

Time Chckk@ Total maaa c N~- l@- Mok-tiaction Mel- fradion Mol-fractiq Mel- fraction’
min. equiv. E Nasnitrate Nasnitrite Nas M-k toq

o 0 100.3 1850 0 0 0 0 1.00 0
13 0.094 137 22 14 7 0.012 0.008 0.98 X.988
21 0.151 16010 34 10 0.035 0,014 0.95 XM997

Table IIL Uncatalyzcd,batcboxidationof kemaeIw(p~y dodecme)
Time Ma5sofrewtion TotalOXitkUltadd@ Calbok ppm-wt aa Carbon Extentof
2nin. medilllq g c unoxidiz@ g c @traction
o 54 0 59060 3.17 0.0
70 564 1.4 1.30 0.00073 i 0.99977

140 1073 2.8 0.27 0.00029 0.99991
●

Table IV. Summaryof the oxidathmexperhnentawith modelchemicals

Chnpund NO)], N ~~], N tf Int T, Rate,
?

@idan@
min min- “C munlin

glycol 0.23 4M02 30 0.035 94 5 1.14N+2MH@g ‘1

mxidant (excelltforl.45N) prixbedbyelecklysia cellandcktmmmd“ by titration.
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Interptatkm ofResultsMeck&tic andkineticmodelsofpero@isuWteoxidationreactionahave
beenreviemdby HoUse[7]andrexx@lyby Miniaci [8]and Peyton [9]; acidcatalyzed reactionavvithwater have
beenalndied by Koltoif and M.ilk[12] with extenaiolls tohigher c4mcentmtionainpmaemX Oforganicsby
Goulden[13]. Mildthermalorredox 3timuliofperox@iwWte prom&esf-onofthe .suWefiwradi*
SW vvhi~ is an efhclive chargetmnsferoxidantfm organicreducingaguw

S208-2 = 2 s04-” (7)

SW reactba aregaledly hatandreauk rnprodacts ddenninedby Wm@tion kindics. Beykian [14]
meaauredthe rate oftbe mmmmkmkhmmlysia reaaion (8) at 3545 C, finding the rate of fmmation lint order

.
inpem#dwe ,witharate cmstantof 1.52(10-5)min-lat 40 W,withan activatkmcm5rgyof2!kt 1Io4hnoL
MmpoUon to 90-100 W yields IG= 0.009-0.027rein-l, mnakent lviihtheratc OfdeatractionOforganicswe
have tested.

4
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lkllth? Ofl?XhKtiOnOf S208-2 finmdwith purewater atmodemte~ (30-60 “c) ia
welerwdbythe additionoforganicredwingp. Theraterncrea3edepc@onthe ide@yofthe*
agentbutianot propmtionaltoitaconc@mtkm. Theenhanced ratehaa beenexplaiwdbythe fbrmationof
organicfive-radicalhmmdht% whichacceleratethedecompositionof theperox@mUhteby (7). ‘Ihe!bmMion
ofa fieemdicalintennediate R”,iiorntheac4ionof S04-”on ~leadsto aateadyatate cquationofthe form

~R1/& = k3 [s208-2] +k4[R”][s208-21=k+[s208-2 1 (8)

Thenear conwantrateof~ of organicam our study(expremedm units of normality)indicateathat
SRAf~ ia generallyrate+k%

. .
. while the greaterrateof oxidatim of high concentmtionsmayrewdt

fromtheacceleratedformationof the SRAbyorganicradicalintermediates.

From a practical standpoirq an integral rate constant of 0.02 rein-* suggests that a digester supplied with

m~~~ “ an average umcmtration of 3 N shouldsustainorganicdestructionratesof about 0.05
equivalentsperliterperminute,at80%coulombefficiency. For organic mmpmmdahaving a typical equivalent
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wwightof3g-carbodequiv, a1m3*~__~~(Xh)rnmetiy.~_c. .
oxl&Qonofvvatcr can beminimi@ byop@a@ltiti*@m ctmdtma (0.01-0.1 M). This work at 0.1 M
acidshowedefticiewi= of about 80%forethyieuegly@ butaalowas30%fortxiethyhmine.
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