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ABSTRACT

Roxarsone, an arsenic-containing poultry-feed additive, is stable in fresh
poultry litter but degrades to inorganic arsenic among other products when
thelitter iscomposted. Inorganic arsenic isobviously formed viathe cleav-
age of the C-As bond but the mechanism of the cleavage of this bond
remains obscure. In this work, cyclic voltammetry was used to study the
redox behavior of roxarsone at a gold electrode. An oxidation peak which
was absent in blanks and which could not be attributed to redox activities at
the nitro and the arsonic acid groups was observed at more positive poten-
tials. The peak appeared even when the anodic scan was initiated at poten-
tials more positive than the peak potential for the first reduction peak indi-
cating that it was due to the oxidation of the bulk analyte, roxarsone. This
could be due to the oxidative aromatic fission of roxarsone which will sub-
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sequently lead to the cleavage of the C-As bond.
© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Roxarsone (ROX), 3-nitro-4-hydroxyphe-
nylarsonic acid, isan arsenic-containing feed additive
that isused extensively inthe poultry industry to pro-
motegrowth by contralling coccidid intestind parasites.
Themanagement of poultry litter (PL) isachallenging
environmenta problem!® and the practice of amending
soilswith arsenic-containing PL and the use of uncov-
ered windrowsfor PL storage could becausing arsenic
contamination of surfaceand ground water. Therecent
reduction of the maximum contaminant leve for arsenic
indrinkingwater from 50 ppb to 10 ppb and theresult-
ant political debate havefocused public attention on

thiselement. Thenew arsenic contaminant level hasa
sgnificantimpactinthepoultry industry andintheman-
agement of PL.

Numerous reports have shown that most of the
ROX ingested by chickensisexcreted unchanged in
themanure bedding despite an earlier study by Moody
and Williamg? in which 3-amino-4-hydroxyphe-
nylarsonic acid, ametabolite of ROX, wasdetectedin
urineof hensfed with ROX. A recent study by Basu et
al ¥ showed that ROX, likeAs(l11), promote angio-
genic phenotypeinhuman epithdid cdls. ROX hasbeen
shown to be stable in fresh poultry litter but is con-
vertedtoAg(V) and Ag(I11) among other productswhen
the PL iscomposted and PL collected from atypical
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42-day feeding period containsfrom 30 to 50mg K g*
of total arsenic. Garbarino, et a.[, examined theague-
ous extractability of ROX from PL after one hour at
room temperature and reported that the extract con-
tained 70% of the total arsenic. After 48 hours of
anaerobic conditionsat room temperature, theROX in
thislitter had beentotdly transformedinto different ar-
senic-contai ning components. Thetransformationrate
followed the usua temperature dependence; however,
sterilization rendered the ROX stablefor at least 10
days, which suggested theinvol vement of microorgan-
isms. Two different soil typeswere amended with PL
and examined to determinethe effects of soil typeon
ROX degradation. The aqueousextractsof bothasited
and clay pasture soil and asandy agricultura soil were
found to contain mostly arsenate, As (V). In contrast,
arsenite, As(I11), wasthe predominate speciesfound
intheextract of thefinefraction of bed sediment froma
ditch adjacent totheagricultura soil.

It has been suggested that reduction of the nitro
group, oxidativearomatic ring fission, and rupture of
the C-Asbond arethe possible environmental reaction
mechanisms of ROX. Thisimplies that 3-amino-4-
hydroxyphenylarsonic acid, methylarsines, arsenate
(AsO,*), and arsenite (AsO,*) are possibl e degrada-
tion products. Jackson and Bertsch® found that 92%
of thetotal arsenicin PL waswater-soluble after ex-
traction of 1g of thelitter with 10-mL of water for two
hours. They identified ROX asthemgjor species(61%)
intheextract. Bednar et. al .1, showed that arsenite,
themost toxic form of arsenic, can be photochemically
cleaved from ROX at pH 4-8 and then rapidly oxi-
dized to thelesstoxic arsenate. This suggests photo-
induced reductive cleavage of thearsonic acid group
from ROX. The degradation rateincreased with pH,
nitrate concentration and the amount of natura organic
matter. They proposed amechanism in which nitrite,
formed by the photolytic reduction of nitrate, replaces
thearsonic acid group whichleavesasthearsenite. This
proposed mechanism, however, can not explain the
degradation mechanismof ROX insoil conditionswhere
light can not penetrate. Inaddition, 2, 4-dinitrophenols
have not been identified as some of the products of
ROX transformation asthis mechanismwould suggest.

Inarecent study, Cortinaset. al. showed that ROX
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israpidly transformed to 4-hydroxy-3-aminophenyl-
arsonic acid (HAPA) under anaerobic conditiong™.
Arsenitewasidentified astheman product of thedeg-
radation of HAPA and 4-aminophenylasornic acid un-
der methanogeni c and sulfate-reducing conditions. They
however did not identify the other productsand neither
did they elucidate the mechanism of the formation of
inorganic arsenic. The cleavage of the C-Asbond with-
out fission of the aromatic ring should produce 2-
aminophenol among other products. Stolz et. al @ dso
identified HAPA and inorganic arsenic asthe major
anaerobic biotransformation productsof ROX. Based
on electron structure analysis, they suggested that re-
ducing equiva enceshould goto thenitro groupinstead
of thearsenate group, and that the liberation of inor-
ganicarsenic fromthe cleavage of the C-Asbond from
theintact benzeneringwasvery unlikely. Their dectro-
chemical analys swork suggested that the benzenering
should beoxidizedfirst, leading therd ease of inorganic
arsenic. Thisiscons stent withwork by Lowry et. a.
in which a proposed redox mechanism involving
phenylarsine oxidedid not involvethe cleavage of the
C-Asbond.

Watson et. a.[**1 proposed anirreversiblefour-
€l ectron reduction mechanism of phenylasronicacidto
phenylarsenoxide. The phenyl arsenoxide produced was
further reduced in areversible four electron step to
phenylarsing; with arsenobenzene being thefind prod-
uct. Thenitro-substituted phenylarsonic acidsgaverise
to two waves of equal height on adropping mercury
electrode. Thelessnegative wave wasattributed to the
reduction of the nitro group to the hydroxylaminede-
rivative while the more negative one was dueto the
reduction of the arsonic acid group. Accordingly, re-
duction can not possibly lead to the production of inor-
ganic arsenic. Theredox behavior of theorganic ar-
seni ¢ oxides studied was however not fully explored
for the potential reductive cleavage of the C-Asbond
or the oxidativefission of the aromatic ring; both of
whichwould giverisetoinorganicarsenic.

Themain objective of thiswork wasthereforeto
fully exploretheredox behavior of ROX usinggoldAu
electrode, evaluating any potential evidence for the
mechanism of theformation of inorganic arsenicfrom
ROX.

— a%a['yttaa[’ CHEMISTRY

Hn Tndéan g%wumé



282

Arsenic from roxarsone,3-nitro-4-hydroxyphenylarsonic, by cyclic voltammetry

ACAIJ, 9(2) June 2010

Full Peper —
EXPERIMENTAL

Roxarsone, 3-nitro-4-hydroxyphenylarsonic acid
(andyticd standard), wasobtained from SigmaAldrich
(St. Louis, MO) and reagent-grade or higher chemi-
cals (Fisher Scientific, Chicago, IL) wereused inall
experiments. All solutionswere prepared with Milli-Q
(millipore, Billerica, MA) deionized distilled water.
Glassware used was acid-washed (10% HNO,), oven
dried (160-170°C) and rinsed with 70% isopropy! al-
cohol. Thegold (Au) working electrodewas obtained
fromBAS Bioanaytical Systemsinc. (West Lafayette,
IN, USA). In between experiments, the electrode was
polished usngtheBASsuppliedduminapolishandthen
rinsed with distilled water. The electrode was further
sonicated indistilled water using aSonic Dismembrator
(Modéel 100; Fisher Scientific) for about 10 minutesto
ensure completeremoval of thealuminaparticles. An
Epsilon Potentiostat coupled toaC3 Cell Stand was
usedfor all theexperiments. AnAg/AgCl andaPtwire
(BAS Bioandytica Systemslinc., West Lafayette, IN,
USA) wereused asthereferenceeectrode and counter
electrode respectively. A model 2100 pH/Temp/mV
meter (VWR Scientific Products, West Chester, PA)
was used to measure the pH of solutions.

Cyclicvoltammetry experimentsweredesigned to
study the oxidation-reduction mechanism of ROX us-
ing an Au electrode. Blanks were made of dionized
water and theacetate buffer pH 4.6. Thesolutionswere
purged for about 10 minuteswith ultrapureargon gas
beforeand in between experiments. Preiminary 2-cycle
experiments had showed reduced pesk currentsfor the
first reduction peak on the second cycle; anindication
that the anal yte was adsorbing on the working el ec-
trode. The adsorption effectswere dleviated by pol-
ishing, rinsing and soni cating theworking electrodein
between experiments. All theglassware used, including
cdl vias, wasovendried and rinsed with isopropyl a-
cohal after washingto avoid potentid microbid degra-
dation of ROX during and in between experiments.

RESULTSAND DISCUSSION

Figure 1 showsthe electrochemical behavior of
ROX at thegold e ectrode under the conditionsinvesti-
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gated. Themagnitudes of thefour reduction peaksand
thethree oxidation peaksincreased with scanrate. The
first two oxidation peaks, E and F, weremuch smaller
relativeto the oxidation pesaks; adiagnostic featurefor
acoupled chemica reaction involving product(s) of the
reduction reactions. Peak G wasindependent of the
reduction productsand their fateindicating that it was
dueto the oxidation of the bulk analyte. Asshownin
Figure 2, the oxidation-reduction peak currents gener-
ated at the gold éectrodeweredirectly proportiona to
thesguareroot of scanrate. Thisisconsistent with the
Randles—Sevcik equationfor diffusion-controlled cur-
rents

i =(2.69x 109n*°AD Yv¥C * 1)
where: i ] iscurrent in amperes, nisnumber of elec-
trons, A iselectrodesurfaceareain cnv, D isdiffusion
coefficientin cm?/sec, visscanratein volts/sec, and
C,* isbulky concentrationin moles/'cm?.

Theredox system also obeyed the Laviron equa
tionfor irreversible adsorbed systemsasshowninfig-
ure3:

Ep=E°®+RT/(anF)[In[(RTk)/(anF)] —Inv 2

Where: k isthe chargetransfer rate constant, o.is
electron transfer rate constant, F isthe faraday con-
stant, Risthe Universal gasconstant, T isthe Kelvin
temperatureand E°/ istheformal reduction potential .
Thisimpliesthat ROX diffused tothe e ectrode surface
and got adsorbed before being oxidized or reduced in
amechanism cons stent with that proposed by Forryan
et. d. for 4-nitrophenal at agold el ectrode?. Electro-
chemical reversibility isamatter of degree and most
redox systemstend to be quasi-reversibleas scan rate
isincreased, with reduction pesks shiftingto morenega:
tive potentia sand oxidation pesksshiftingto morenega-
tivepotentials. Thiswasthe casewith the ROX redox
systeminthisstudy asshowninfigure4. Adsorption of
andyteontheworking el ectrode wasevident from pre-
liminary multi-cycleexperimentsinwhichthefirst re-
duction peak decreased in size on the second cycle.
The adsorption effects on successive scanswereadle-
viated by polishing, rinsng and sonicating theworking
electrodein between experiments. A similar observa
tionwasreported by Hutton et d. for nitrophenolsona
bismuth film electrode®?.

Accordingtoliterature, reducing equivaentsshould

Au Tudian Yournal



ACAIJ, 9(2) June 2010

Tsanangurayi Tongesayi 283

= Fyll Poper

1000 mi/s
BDD mVi/s
GO0 miVy/s
400 miv/s
200 mV/s

25 |

-67

1500 750 o ~750 ~1500

EFf

®)

Figurel: (a) Cathodic-anodic scansand (b) anodic-cathodic scansfor 1.2mM roxar sonein pH 4.6 acetate buffer
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Figure?2: Effect of scanrateon peak current for a1.2mM solution of roxar sonein acetate buffer pH 4.46: (a) peak current
versusscanrate; (b) peak current ver sussquareroot of scan rate
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Figure3: Effect of scan rateon peak potential for a1.2mM solution of roxar sonein pH 4.46 acetatebuffer : (a) cathodic-anodic

scansand (b) anodic-cathodic scans
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Figure4: Effect of scanrateon peak potential for a1.2 mM
solution of roxar sonein pH 4.46 acetatebuffer with cathodic-
anodic scans(open symbols) and anodic-cathodic scans(solid
symbols) onthe sameaxis
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Figure5: Anodic-cathodic scansfor a 1.2 mM solution of
roxar sonein pH 4.46 acetate buffer. Red: 0 mV to 1500 mV
scan range; Blue: 750 mV to 1500 mV scan range
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Figure6: Theproposed redox reaction mechanisminvolving ROX at agold dectrode. | : ROX (3-nitr o-4-hydr oxyphenylar sonic
acid); I1: 3-Nitroso-4-hydr oxyphenylar sonic acid; 111: 4-Hydroxy-3-hydroxylaminephenylar sonic acid; |V: 4-Hydroxy-3-
minophenylar sonic acid; V: 4-Hydr oxy-3-aminophenylar senoxide; V1: Oligomer; V11: Oxidation inter mediates/pr ecur sor sof
ROX; VIII: Productsof oxidativearomaticfisson; | X: Asrsenite (product of oxidativearomatic fission) and X: Arsenate
(product of oxidativearomaticfission). A, B, C, & D correspondsto electrochemical processesresponsiblefor peaksA, B, C,

D onthegold electrode

go to the nitro group first® so peak A is probably a
result of aone-electron reduction of ROX tothenitroso
derivativewhileB isathree-eectron reduction of this
product to 4-Hydroxy-3-hydroxylamine phenylarsonic
acid. Peak Cislikely dueto the reduction of the hy-
droxylamine derivativeto 4-Hydroxy-3-aminopheny-
larsonic acid. Peak D could be dueto the reduction of
the arsonic acid group of 4-Hydroxy-3-aminopheny-
larsonic acid to 4-Hydroxy-3-aminophenylarsenoxide
whichisexpected tothenforman oligomer. Phenylarsen-
oxides have been shown toform oligomerg4,
Thisgivesan dectrochemica-€ectrochemica-eec-
trochemi cal-chemical (EEEC) reaction mechanism.
Similar redox behaviorswere reported for nitro- and
arsonic acid substituted aromatic compounds. Asare-
sult of the proposed chemical step (formation of the
oligomer), thereturn peaks E and F, corresponding to
the oxidation of 4-Hydroxy-3-aminophenylarsenoxide

and 4-Hydroxy-3-hydroxylaminephenylarsenoxidere-
spectively, werevery smal and virtualy absent at Sow
scan rates. Peak G was the most important peak for
this study becauseit has not been reported beforefor
ROX and similar compounds. The peak is probably
dueto the oxidation of the benzenering which would
eventually lead to the cleavage of the C-Asbond. Ar-
senic (V) and A(111) have been shown to be some of
themajor degradation products of ROX inthe natural
environment®2% and our work suggest that they could
beformed viaoxidative aromaticfisson. Asshownin
Figure4, peak G appeared even when theanodic scan
wasinitiated at apotentia more positivethan the po-
tential at whichpesk A, thefirst reduction pegk of ROX,
was appearing, suggesting that the peak wasdueto the
oxidation of thebulky analyte, ROX. However, the pesk
(G) becamelarger when the anodic scan wasinitiated
at apotentid just negetiveof the peak potentia for pesk
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A. Thiscould have been dueto an overlap betweenthe
oxidation of ROX and the oxidation of the nitroso-de-
rivativeto ROX. The peak was absent in the blanks.
Theproposed schemeof reactionsisshowninfigure6.
Theproposed aromaticring fissonishypothesized
to be preceded by hydroxylation of the unsubstituted
aromatic positionsand denitro/deaminati on-hydroxy-
lation reactions. Cleavage of the C-Asbond whichis
hypothesized to occur after ring fission could aso oc-
cur prior to ring fission viaadearsonification-hydroxy-
lation mechanism. Other products for the proposed
oxidativearomaticfisson of ROX whicharenot shown
infigure 6 include CO,, NO, and NO,". TheAs(I11)
produced is expected be methyl ated and transformed
viathe Challenger mechanism. Arsenoakyl acidsin-
termediates can be converted to alkylarsines under
anaerobic conditionsbut will berapidly oxidized to ar-
Senate upon exposureto aerobic conditions.
Thetransformation of ROX into toxic arsenic spe-
ciesmakesthemanagement of PL ared environmentd
chdlengeandthepotential contamination of surfaceand
groundweter cannot be overemphas zed. Fish and other
edibleaguaticorganismswill bicaccumulaetheAscom-
poundsand passthem on to human beingsthrough the
food chain. Volatilearsines, which aresomeof thetrans-
formation products of ROX, can be accessed by hu-
mansthroughinhaation. Eating chickenexposadtoROX
could beoneof thedirect sourcesof ROX for humans.
There are some communitiesthat consider the chicken
gut adelicacy, making themselvesmorevulnerableto
theeffectsof ROX and itstransformation products.

CONCLUSION

Inthiswork, experimental evidencefor possible
oxidative aromatic fission of roxarsonewhich could
explainwhy inorganic arsenicisoneof themajor deg-
radation productsof roxarsone has been shownfor the
first time. Morework isbeing doneinmy laboratory to
fully elucidate the el ectrochemica mechanism of the
oxidativearomaticfission of ROX and the subsequent
release of inorgani c arsenicin composted PL. Consid-
ering thepotential contamination of freshwater sources
with ROX and itsdegradation products, the potential
toxicity of ROX and the devastating health effects of

—— Fyll Peper

As, it may beprudent totreat PL for Asbefore apply-
ingitontoland asmanureor better still find safer alter-
nativesto ROX.
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