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The degradation of organoarsenic compounds tents are attached to the arsenic atom. When such
by a hydrothermal process and by photo- organoarsenic compounds are decomposed by
oxidation was studied. When 4-aminophenylar- hydrolysis, alkyl- or phenyl-arsonic acids (or
sonic acid (4-APA) was treated hydrothermally, arsinic acids) are obtained.

almost complete degradation into an inorganic Compared with the inorganic arsenic compounds
arsenic compound (arsenate, I1A) was attained by (i.e. arsenate, IA), it is not easy to recover arsonic
use of 1.0-3.0M NaOH solution at 200C. acids and arsinic acids from aqueous phases by
Phenylarsonic acid derivatives which had nitro  conventional arsenic-recovery methods, which in-
or hydroxy substituents on the phenyl ring were  clude precipitation—coagulation by use of iron(lll)
rather more efficiently degraded than those with  salts with lime and adsorption by the correct
amino-substituents. Compared with phenylarso- adsorbents. Thus it is important to decompose
nic acid derivatives with those functional groups, arsonic acids and arsinic acids into IA. Degradation
phenylarsonic acid (PA) and dimethylarsinic  of these compounds has been studied for the
acid (DMA) were hard to degrade. On the other  purpose of measuremehf. However, there have
hand, DMA was effectively degraded into IA by been almost no studies which relate to such a
TiO ,-catalyzed photo-oxidation, whereas for PA  degradation from the viewpoint of disposal.

and 4-APA the photo-oxidation treatment was In the present study, we have examined the
not efficient. Copyright © 1999 John Wiley &  degradation of commercially available organoarse-
Sons, Ltd. nic compounds (arsonic acids and arsenic acids) by

a hydrothermal process and a photo-oxidation
derivatives; dimethylarsinic acid; degradation; process. The organoarsenic compounds include
hydrothermal treatment; photo-oxidation ' Phenylarsonic acid (PA), 2-aminophenylarsonic
Y P acid (2-APA), 4-aminophenylarsonic acid (4-
Received 26 January 1998; accepted 26 May 1998 APA), 4-hydroxyphenylarsonic acid (HPA), 2-
nitrophenylarsonic acid (NPA), 4-hydroxy-3-nitro-
phenylarsonic acid (HNPA), and dimethylarsinic
acid (DMA) (Fig. 2).
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INTRODUCTION

There are many arsenic-containing chemical-weapEXPERINMIENTAL

on reagents which were prepared during World

Wars | and II; typical compounds in this category -

are shown in Fig. 1. Destruction and disposal OfChemlcals

these compounds, which have been stored an@rganoarsenic compounds, PA, 4-APA, and DMA
abandoned in many places around the world, ar@and anatase-type Tigwere purchased from Wako
urgently need but are not easy to accomptishall Pure Chemical Industries Ltd (Osaka, Japan), while
of the compounds shown in Fig. 1 are organoarse2-APA, HPA, NPA and HNPA were from Tokyo
nic compounds in which chloro or cyano substitu- Chemical Industry Co. Ltd (Tokyo, Japan).

* Correspondence to: Akira Ohki, Department of Applied Hydrothermal reaction

Chemistry and Chemical Engineering, Faculty of Engineering, . . L
Kagoshima University, 1-21-40 Korimoto, Kagoshima 890-0065, AN alka“ne_ solution (100 ml) containing the
Japan. E-mail: ohki@apc.eng.kagoshima-u.ac.jp. organoarsenic compound (1000 mg A3l and
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Figure 1 Arsenic-containingchemicalweaponreagents.

the correctconcentratiorof NaOHwasplacedin a
200ml autoclave (200H; Suzuki Seisakusho,
Tokyo, Japan).The atmospheren the autoclave
was purgedby N, and a 3kgcm 2 pressurewas
providedby Nz The autoclavewasheatedat arate
of 3-4°C min~* to the desiredtemperaturandthe
temperaturevaskeptfor adefiniteperiod. Thenthe
autoclavewas cooled by a fan and the resulting
reactionmixture wastakenout andanalyzed.

Photo-oxidation

An agueoussolution contammgthe organoarsenic
compound (100mg As|™%) and powdery TiO,
(100mg) wasplacedin avessela stopperedPyrex
tubewith 50 ml capacity) Thevesselwasirradiated
externally by a 500W xenon lamp (UXL-500D;
Ushio Denki Ltd, Tokyo, Japanwhile the solution
wasstirred magneticallyat room temperaturg24—
26°C). At a definite interval, a portion of the
solutionwastakenandanalyzed.

Analysis of reaction mixture

The reactionmixture after the hydrothermaltreat-
mentor thephoto-oxidatiorwasanalyzedy HPLC
andAA spectroscop§.The HPLC wascarriedout
with a ShimadzuLC-6A pump equippedwith a
Hamilton PRP-X100 anion-exchange column
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Figure 2 Organoarseic compoundsisedin this study.
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(150mm x 5.0mm) and a Rheodyneinjector; the
mobile phasewas a buffered aqueoussolution
containingé mm potassiumhydrogenphthalatgpH
4.0)exceptfor DMA, for which abufferedaqueous
solution containing 15mm ammonium carbonate
(pH 8.5)wasused.The flow ratewas0.5ml min~*
andtheeluentwascollectedat a fixed intervalby a
fraction collector. The arsenic concentrationof
eachfraction was determinedby an AA spectro-
meter(JapanJarrelAsh AA-890) with a flameless
atomizer(FLA-1000).

RESULTS AND DISCUSSION

Determination of organoarsenic
compounds and IA

When phenylarsoni@acid derivatives,suchas PA,
2-APA, 4-APA, HPA, NPA and HNPA, are
degraded]A is the mostlikely arsenic-containing
degradationproduct. Thus, we tried to determine
eachof the phenylarsonicacid derivativesin the
presenceof IA. Figure 3 showsa chromatogram
when an aqueoussolution containing4-APA and
IA is injected.Otherphenylarsoni@cid derivatives
provided similar chromatograms. Calibration
curvesfor thosearseniccompoundsvere made.
When DMA is degraded,methylarsonicacid
(MMA) is producedin addition to IA. Figure 4

Intensity

0 2 4 6 8 10
Elution volume (ml)

Figure 3 Chromatogramfor 4-APA and IA. An aqueous
solution (20 ul) containingequalconcentration®f 4-APA and
IA (2.0mgAsl~! each)was injected. HPLC conditions are
givenin thetext. Intensityis in arbitraryunits.
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Figure 4 Chromatogramfor DMA, MMA and IA. An
aqueoussolution (20pl) containing equal concentrationsof
DMA, MMA, andIA (2.0mgAsl~* each)wasinjected. HPLC
conditionsaregivenin thetext. Intensityis in arbitrary units.

showsa chromatogranwhen an aqueoussolution

containing DMA, MMA and IA is injected.

Calibration curves for these arsenic compounds
werealsoprepared.

Degradation of 4-APA by a
hydrothermal process

In Fig. 5 is shownthe degradatiorof 4-APA when
the organoarseniccompound is hydrothermally
treatedat 200°C undervariousalkalineconditions,
for which 1.0-9.0m NaOH solutionswereused.In
all cases,the arsenic-containingcompound pro-
ducedby the degradatiorof 4-APA wasIA only,
andthe massbalancewas confirmed.

When3.0M NaOHsolutionwasused,78%of the
4-APA initially addedwas degradedafter 3h of
reaction whereas almost all the 4-APA was
decomposedfter 10h of reaction.For 1.0m and
6.0M NaOH solutions37% and 71%, respectively,
of the 4-APA addedinitially were degradedafter
3 h of reaction.Theseresultssuggesthatthe useof
3.0M NaOH is most efficient. The autoclave
pressureobservedwhen 3.0m, 6.0M, and 9.0Mm
NaOH solutionswere usedat 200°C were 14.5,
13.2and12.0kg cm ™%, respectively Thereforeit is
proposedthat the lowering in degradationeffi-
ciency observedwhen high NaOH concentrations
wereuseds causedy thedecreasén theautoclave
pressure.

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 5 Time courseof thedegradatiorof 4-APA (autoclave
temperature200°C).

Effect of temperature

Figure 6 indicatesthe degradatiorof 4-APA when
the organoarseniccompoundwas treated hydro-
thermally at 100-20C0°C for 12h under various
alkaline conditions.
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Figure 6 Effect of temperatureon the degradatiorof 4-APA
(reactiontime 12h).
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When 3.0M NaOH solution was used, no
degradatiorof 4-APA occurredup to 125°C; the
degradatiorgraduallyincreasedisthe temperature
wasraisedabovel25°C, reachingalmostcomplete
decompositionat 200°C. When 1.0M NaOH
solution was used,no degradatiorof 4-APA took
place up to 150°C, then it gradually increased,
becomingalmost 100% at 200°C. However, for
6.0M and 9.0m NaOH solutions degradationof
4-APA was 81% and 70%, respectively,even at
200°C. Consequentlyjt is shownthat 200°C is
neededto attain completedegradationof 4-APA
when1.0m or 3.0M NaOH solutionis used.

Degradation of various
phenylarsonic acid derivatives

Figure 7 showsthe degradatiorof variousphenyl-
arsonicacidderivatives(PA, 2-APA, 4-APA, HPA,
NPA and HNPA) when these compoundsare
hydrothermally treated for 3h by using 3.0Mm
NaOH solution. For 175°C, NPA, HPA, and 4-
APA were degradedby 98%, 39% and 15%,
respectively,whereasalmost no degradationwas
observedin the caseof 2-APA, HNPA and PA.
Whentheseorganoarsenicompoundsveretreated
at200°C, HNPA, HPA, NPA, 4-APA, 2-APA and
PA weredegradedy 100%,99%,98%, 76%,33%
and ca 0%, respectively.For PA, which has no
substituenon the phenylring, almostno degrada-
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Figure 7 Degradatiorof PA andits derivativegreactiontime
3h; 3.0m NaOH solutionwasused).
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tion took place up to 300°C, but 84% was
decomposedvhenthe temperaturevas350°C.

It appearshattheattachmenof nitro or hydroxy
substituentsto the phenyl ring greatly enhances
degradationithat of amino substituentsalso pro-
motesthe degradationalthoughthe efficiency is
somewhatinferior to that for nitro and hydroxy
substituentsThe detectionof degradatiorproducts
otherthanlA wasnot successfulprobablybecause
the aromaticpart of the organoarsenicompounds
undergoesomplexreactions.Both electron-with-
drawing groups, (such as nitro) and electron-
donating groups (such as hydroxy and amino)
enhancethe degradationThis result suggestghat
degradationdoes not proceedvia a simple ionic
mechanismThe detailedmechanisnis now under
study.

Degradation of DMA

As shown in Fig. 8, when DMA was treated
hydrothermallyat 350°C for 3 h underthreesetsof
alkaline conditions for which 0.5-1.0v NaOH
solutions were used, both MMA and IA were
detectedasdegradatiorproducts.The useof 3.0M
NaOHsolutionled to productionof 40%MMA and
41% IA (percentage®f the equivalentof DMA
initially added) Comparedvith phenylarsoni@cid
derivativeswhich have nitro, hydroxy or amino
substituents DMA is hard to degrade,probably
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Figure 8 Degradatiorof DMA (reactiontime 3 h; autoclave
temperature850°C).
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Figure 9 Degradatiorof DMA by photo-oxidation.

becausesimilarly to PA, it has no substituents
which canpromotethe degradation.

Degradation by photo-oxidation

A photo-oxidation with a TiO, catalyst was
attemptedin order to degradethe organoarsenic
compoundsWhen an agueoussolution containing
100mg Asl™* of DMA was irradiated in the
presenceof TiO, powder, the concentrationof
DMA in the aqueoussolution decreasedradually
and the degradatiorwas almost completeafter a
12h reaction (Fig. 9). On the other hand, the
concentrationof MMA increasedup to 3h of
reaction and then decreasedslightly, reaching
13mg As I~1 after a 12h reaction;meanwhilethe
concentratiorof IA increasedaontinuouslybecom-
ing 84mg As| L. Theseresultssuggesthatalarge
proportionof DMA is degradedo IA. However for
PA and 4-APA, degradationby photo-oxidation
underthe sameconditionswasonly 18% and15%,
respectively aftera 12 h reaction.

It is known that generationof the hydroxyl
radical is usually involved in photo-oxidation
processesusing the TiO, catalyst® Thus, it is
anticipated that the degradation mechanismis
different from that for the hydrothermalprocess,
which mayleadto a differencein the susceptibility
to degradationof DMA and phenylarsonicacids
between the photo-oxidation process and the
hydrothermalprocess.

Copyright© 1999JohnWiley & Sons,Ltd.

CONCLUSION

Degradation of organoarseniccompounds was
performed by a hydrothermal processand by
photo-oxidationFor phenylarsoni@cidderivatives
which havenitro, hydroxy and amino substituents
on the phenylring, hydrothermaltreatmentusing
3.0m NaOH solutionwasquite effective,andthus
these compoundswere degradedup to 250°C.
However,whenPA wastreated 350°C wasneeded
to attainefficientdegradationFor DMA, consider-
ableamountsof undegraded¢ompoundsincluding
MMA andunreactedMA, remainedaftereventhe
350°C reaction.On the otherhand,whena TiO»-
catalyzed photo-oxidationwas performed, DMA
was degradeceffectively. However,phenylarsonic
acidderivativeswerenot easyto degradeby photo-
oxidation.
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